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Abstract
Brain injury has been proposed as the major cause of the poor outcomes associated with intracerebral hemorrhage (ICH). 
Emerging evidence indicates that the nuclear receptor, peroxisome proliferator-activated receptor β/δ (PPAR-β/δ), plays a 
crucial role in the pathological process of central nervous impairment. The present study was undertaken to evaluate the 
protective effects of PPAR-β/δ activation using a selective PPAR-β/δ agonist, GW0742, against brain injury after ICH in 
a mouse model. ICH was induced by intravenous injection of collagenase into the right caudate putamen. To examine the 
protective effect of PPAR-β/δ activation against ICH-induced brain injury, mice were either intraperitoneally injected with 
GW0742 (3 mg/kg, body weight) or saline (control group) 30 min before inducing ICH. Behavioral dysfunction was evaluated 
24 and 72 h after injury. Then, all mice were killed to assess hematoma volume, brain water content, and blood–brain barrier 
(BBB) permeability. TUNEL and Nissl staining were performed to quantify the brain injury. The expression of PPAR-β/δ, 
interleukin (IL)-1β, tumor necrosis factor (TNF)-α, Bcl-2-related X-protein (Bax), and B-cell lymphoma 2 (Bcl-2) in the 
perihematomal area was examined by immunohistochemistry and western blotting analysis. Mice treated with GW0742 
showed significantly less severe behavioral deficits compared to the control group, accompanied by increased expression of 
PPAR-β/δ and Bcl-2, and increased expression of IL-1β, TNF-α, and Bax decreased simultaneously in the GW0742-treated 
group. Furthermore, the GW0742-pretreated group showed significantly less brain edema and BBB leakage. Neuronal loss 
was attenuated, and the number of apoptotic neuronal cells in perihematomal tissues reduced, in the GW0742-pretreated 
group compared to the control group. However, the hematoma volume did not decrease significantly on day 3 after ICH. 
These results suggest that the activation of PPAR-β/δ exerts a neuroprotective effect on ICH-induced brain injury, possibly 
through anti-inflammatory and anti-apoptotic pathways.
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Introduction

Intracerebral hemorrhage (ICH) is a serious global health 
problem, accounting for 10–15% of all strokes worldwide 
[1]. The mortality rate of patients with ICH is about 30% 
within 1 month of disease onset, and survivors are left with 
varying degrees of disability and neurological complications 
[2]. Although advances have been made in the treatment of 
patients with ICH in recent years, few treatments have shown 
obvious clinical benefits. Therefore, there is a need to devise 
new therapeutic strategies for ICH.

ICH is usually caused by rupture of a blood vessel in 
the brain parenchyma, which leads to mechanical injury 
due to hematoma and toxicity from certain blood com-
ponents [3]. ICH-induced pathophysiological changes 
include neuroinflammation, excitotoxicity, and neural 
cell apoptosis. The inflammatory response is a significant 
element of the pathological process of ICH, resulting in 
brain injury and neurobehavioral damage [4]. The most 
important features of the inflammatory response are the 
activation of microglia, infiltration of leukocytes, and 
release of a large number of cytokines and chemokines [5]. 
Numerous studies have shown that the inflammatory reac-
tion plays a vital role in brain injury caused by ICH [6]. 
Tumor necrosis factor-α (TNF-α) and interleukin-1 (IL-1) 
are secreted by neuronal cells and activated glial cells, 
such as microglia and astrocytes [7, 8]. These cytokines 
ultimately destroy the blood–brain barrier (BBB) and 
cause neuronal death [9]. Inhibiting TNF-α alleviates brain 
edema, inflammation, and neurological impairment, but 
has no influence on hematoma volume [10]. Serum IL-β 
levels are closely associated with the seriousness of the 
disease and cerebral edema [11]. High IL-β levels not only 
cause an inflammatory response, but also lead to cerebral 
edema and necroptosis after ICH. Inhibiting the produc-
tion of mature IL-β suppresses matrix metalloproteinase 
(MMP)-9 expression and activity, and reduces degradation 
of zonula occludens-1, which attenuates BBB leakage and 
brain edema after ICH [12]. Apoptosis is another type of 
cell death that occurs in perihematomal brain tissue after 
ICH. Up to now, the B-cell lymphoma 2 (Bcl-2) family 
protein was thought to participate in aspects of apoptotic 
regulation. Bcl-2 and Bcl-2-related X-protein (Bax) are 
important members of the Bcl-2 family; they are expressed 
in the central nervous system and are strongly linked to 
apoptosis. A previous study reported that the number 
of apoptotic cells in the brain gradually increases post-
ICH, peaking at 72 h, accompanied by a decrease in gene 
and protein expression levels of Bcl-2 and increased Bax 
expression [13]. Treatment with dexamethasone, an anti-
inflammatory corticosteroid, reduced the number of termi-
nal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL)-positive cells in the area surrounding the hema-
toma on day 3 in rats [14].

Peroxisome proliferator-activated receptor β/δ (PPAR-
β/δ) is a ligand-activated transcription factor of the PPAR 
nuclear receptor family that plays important roles in the reg-
ulation of cellular metabolism by binding to sequence-spe-
cific DNA elements [15]. PPAR-β/δ plays a vital physiologi-
cal role by regulating inflammation, energy homeostasis, cell 
proliferation, and differentiation [16, 17]. Besides its expres-
sion in peripheral organs, PPAR-β/δ is also highly expressed 
in the central nervous system [18]. The anti-inflammatory 
effects of PPAR-β/δ occur via a reduction in the binding of 
nuclear factor (NF)-κB to DNA by interfering with NF-κB 
subunit p65, thereby inhibiting the transcription of NF-κB 
target genes, such as inducible nitric oxide synthase (iNOS), 
cyclooxygenase-2 (COX-2), and TNF-α [19, 20]. PPAR-β/δ 
agonists play a neuroprotective role by exerting anti-inflam-
matory effects in neurological disorders, such as stroke and 
neurodegenerative disorders [20]. Treatment with GW0742, 
a PPAR-β/δ agonist, decreased cerebral infarction volume, 
BBB leakage, and the levels of proinflammatory cytokines, 
such as IL-1β, TNF-α, and IL-6, in patients with cerebral 
ischemic stroke [21]. Moreover, PPAR-β/δ promotes the sur-
vival of neurons under stress conditions by inhibiting apop-
tosis [22, 23]. One study showed that GW0742 decreased 
brain infarct volume in a middle cerebral artery occlusion 
(MCAO) model, partly by reducing apoptosis [24]. In PPAR-
β/δ knockout mice, the cerebral ischemia-induced infarct 
size was increased two-fold compared to that in wild-type 
mice [25]. Overexpression of PPAR-β/δ alleviates neuronal 
apoptosis by inhibiting the NF-κB/MMP-9 pathway and 
relieving early brain damage in subjects with a subarachnoid 
hemorrhage [26]. However, whether activation of PPAR-
β/δ has a neuroprotective effect against ICH-induced brain 
injury remains to be determined. To examine this hypoth-
esis, the current study pretreated collagenase-induced ICH 
mice with GW0742. The results indicated that activation of 
PPAR-β/δ significantly improved brain injury, possibly by 
reducing inflammation and apoptosis.

Materials and Methods

Experimental Animals and the ICH Model

The adult male C57BL/6 mice (aged 8–10 weeks; weight, 
25–30 g) used in this study were obtained from the Com-
parative Medical Center of Yangzhou University. All mice 
were housed in an air-conditioned (22 ± 1 ℃) room with a 
12 h light/dark cycle and freely available water and food. 
All animal use and experimental protocols were approved 
by the Institutional Animal Care and Use Committee and the 
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Animal Ethics Committee of Yangzhou University [SYXK 
(Su) IACUC 2017-0045].

To generate the ICH model, mice were anesthetized with 
10% chloral hydrate (0.25 ml/100 g, intraperitoneally, i.p.) 
and placed in a stereotaxic frame. Bacterial collagenase type 
IV (0.05 U) (Sigma-Aldrich Co. St. Louis, MO, USA) in 
0.2 μL of saline was injected into the right caudate putamen 
3.7 mm laterally and 0.2 mm anteriorly to the bregma, at a 
depth of 3.8 mm, as described previously [27].

The injections took 5 min, and the needle was left in 
place for an additional 5 min. Bone wax was used to seal 
the burr hole and the scalp was sutured. During the entire 
surgery, the body temperature of the mice was maintained 
at 36.5–37.5 ℃ with a heating blanket. Sham-operated mice 
were treated identically, except they were injected with an 
equal volume of normal saline.

Agent Administration and Experimental Protocol

The selective PPAR-β/δ agonist GW0742 was dissolved 
in dimethyl sulfoxide (DMSO) and then diluted in saline 
(final DMSO concentration, 0.1%). The mice were randomly 
divided into three groups: sham group, vehicle (control) 
group (pretreated with saline at the same concentration as for 
DMSO 30 min before ICH), and GW0742 group (pretreated 
with GW0742 3 mg/kg i.p. 30 min before ICH). The dura-
tion and dose of GW0742 were based on in-house experi-
ments and previous studies [21, 24].

Evaluation of Neurological Impairment

Forelimb Placement Test

The forelimb placement test was carried out by a blinded 
investigator as described previously [28, 29]. The mice 
(n = 9/group) were grasped by the torso, allowing the fore-
limbs to hang free. Each mouse was moved up and down 
lightly to prevent struggling. Each forelimb was tested by 
slightly touching the ipsilateral vibrissae on the corner edge 
of a countertop. Animals without cerebral hemorrhage 
quickly placed the forelimb on the countertop. The ICH mice 
that placed the forelimb contralateral to the hematoma side 
were considered potentially brain-damaged. All mice were 
tested ten times, and the percentage of mice that placed the 
left forelimb was calculated as the forelimb placing score.

Corner Turn Test

The animals (n = 9/group) were placed in an area with a 
30° corner, and turned left or right to exit that area. Only 
turns including full rearing along either wall were recorded. 
According to the extent of injury, ICH mice tend to turn to 
the side ipsilateral to the damage [29]. The test was repeated 

ten times, with an interval of at least 30 s between each test, 
and the percentage of right turns was recorded.

Rotarod Test

Motor coordination was assessed with the rotarod test, as 
described previously [30, 31]. In brief, animals (n = 9/group) 
were placed on a rotating rod located 22 cm above the plat-
form. The diameter of the rod was 3 cm and it rotated at a 
speed of 4–40 rpm over a 5-min period. Mice that achieved 
stable baseline performance during the 3-day training period 
were included in the experiment. Mice that fell off the testing 
rod were placed back on the rod with minimal disturbance. 
The baseline latency for the animal to fall off the rod was 
recorded on the final day of training. After the ICH opera-
tion, selected mice were tested three times/day on days 1 and 
3, and the average latency to falling was recorded.

Blood–Brain Barrier Permeability

Extravasation of Evans blue (EB) dye and fluorescein iso-
thiocyanate (FITC)-dextran was performed to examine the 
BBB permeability on day 3, [32, 33].

Evans Blue Extravasation

Briefly, 4 ml/kg EB dye (E8010-1; Solarbio, Shanghai, 
China; 2% in saline) was injected into the tail vein of ani-
mals (n = 5/group) 3 h before they were killed. Then, the 
mice were perfused with 40 ml of cold saline transcardially. 
The cerebral tissues were rapidly harvested, weighed, and 
homogenized in 0.1 M phosphate-buffered saline (PBS). The 
samples were centrifuged at 14,000 rpm and 4 ℃ for 30 min 
after grinding. The same volume of 50% trichloroacetic acid 
was mixed with the supernatant, and the mixture was left to 
incubate overnight at 4 ℃. The samples were centrifuged 
again, and the EB dye was measured by a spectrophotom-
eter at 610 nm and quantified according to a standard curve. 
The results are provided as micrograms of EB dye/grams 
of tissue.

FITC‑Dextran Leakage

BBB permeability was also evaluated using 70 kDa FITC-
dextran. Mice (n = 5/group) were injected with 70 kDa 
FITC-dextran (MS0905; MKbio, Shanghai, China) in PBS at 
50 mg/kg into the tail vein. Animals were perfused with pre-
chilled PBS 15 min after the dextran injection. Following 
perfusion, the brain tissue was removed, homogenized with 
20% trichloroacetic acid, and centrifuged at 12,000 rpm for 
10 min. The supernatant was isolated, and relative fluores-
cence was measured at excitation and emission wavelengths 
of 493 and 520  nm. The results were calculated using 
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FITC-dextran as the standard, and the values are expressed 
as ng/g brain tissue.

Brain Water Content

The wet/dry method was applied to assess brain water 
content and identify cerebral edema, as described previ-
ously [34]. In short, animals (n = 5/group) were decollated 
under deep anesthesia 3 days after ICH, and their brains 
were quickly harvested and separated into the ipsilateral 
and contralateral cerebral hemispheres. The wet weight of 
each part was weighed directly with an electric analytic bal-
ance. To obtain the dry weights, the samples were dried at 
100 ℃ for 24 h. Brain water content was calculated as fol-
lows: brain water content (%) = [(wet weight − dry weight)/
wet weight] × 100%.

Nissl Staining

Nissl staining was used to quantify ICH-induced brain 
injury, as described previously [35]. The brains (n = 5/group) 
were dehydrated in a 10% sucrose solution for 1 day fol-
lowed by a 30% sucrose solution for 2–3 days. Then, the 
brains were cut with a freezing microtome to obtain coro-
nal sections (20 μm). Cresyl violet (C9140-1; Solarbio) was 
used to stain the brain sections at 37 ℃ for 15 min. Next, the 
brain sections were washed in distilled water, treated with 
95% ethanol for 30 s, covered with 50% glycerin, and dried. 
A light microscope and digital camera were used to take 
images. To evaluate whether the number of surviving neu-
rons differed significantly among the groups, cells in three 
independent microscopic fields were examined. The surviv-
ing neurons had round and pale nuclei, while the damaged 
neurons had shrunken and condensed nuclei.

TUNEL Assay

Double TUNEL and neuronal nuclei (NeuN) staining was 
carried out to evaluate neuronal apoptosis on day 3 after 
ICH. Briefly, the slides were incubated with the primary 
antibody, rabbit anti-NeuN (1:100, GB11138, Servicebio, 
Wuhan, China), and then co-incubated with AlexaFluor488-
conjugated secondary antibodies (goat anti-rabbit, 1:400, 
GB25303; Servicebio,) using an apoptosis detection kit 
(G1501; Servicebio) for 2 h. Similar to fluorescent double 
labeling, TUNEL-positive cells were imaged under the fluo-
rescence microscope. Images were captured in three micro-
scopic fields of the perihematomal area using Image-Pro 
Plus 6.0 (Media Cybernetics, Silver Spring, MD, USA). 
Data are presented as TUNEL-positive cells/mm2.

Western Blot Analysis

Western blot was performed as described previously [36, 
37]. The tissues surrounding the hematoma of the right brain 
hemispheres of five mice from each group were harvested 
on day 3 after ICH or the sham operation. The samples were 
weighed and homogenized in ice-cold lysis buffer, and the 
lysates were centrifuged at 13,000 rpm for 30 min at 4 ℃. 
The protein concentration of the lysates was assayed using 
a bicinchoninic acid (BCA) protein assay kit (P0010; Beyo-
time Institute of Biotechnology, Shanghai, China). An equal 
amount of protein (50 μg) in the sample was diluted in load-
ing buffer, denatured, separated by 8–12% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis, and blotted onto 
a polyvinylidene difluoride membrane. The membranes were 
blocked for 2 h at room temperature with Tris-buffered 
saline Tween-20 (TBST) containing 5% nonfat milk, and 
incubated in a primary antibody (β-actin, AC004; ABclonal, 
Woburn, MA, USA; PPAR-β/δ, ab23673; IL-1β, ab9722; 
TNF-α, ab1793; Bcl-2, ab182858, GFAP, ab7260, Iba1, 
ab178847; Abcam, Cambridge, UK; Bax, AF820; R&D 
Systems, Minneapolis, MN, USA) overnight at 4℃. The 
membranes were washed with TBST (pH 7.4) and incubated 
with secondary antibody for 2 h at room temperature. Then, 
the membranes were washed with TBST buffer and detected 
by super enhanced chemiluminescence detection reagents. 
Immunoreactive bands were quantitatively analyzed with 
ImageJ software (NIH, Bethesda, MD, USA).

Immunohistochemical Staining 
and Immunofluorescence

Mice (n = 5/group) were killed 3 days after ICH and per-
fused transcardially with sterile saline and 4% paraformal-
dehyde in 0.1 M phosphate buffer. The brains were harvested 
and fixed overnight in 4% paraformaldehyde, and dehydrated 
successively in 15, 20, and 30% sucrose for 24 h until they 
had sunk. Serial 20-μm-thick coronal sections were pre-
pared using a freezing microtome through the hematoma 
and stored in PBS at 4 ℃. The sections in PBS were exposed 
to 0.25% Triton X-100 and 3%  H2O2 to eliminate endog-
enous peroxidase activity, blocked in 5% normal goat serum, 
and incubated overnight at 4 ℃ with the primary antibodies 
anti-PPAR-β/δ (diluted 1:300; Abcam), anti-IL-1β (1:100; 
Abcam), anti-TNF-α (1:200; Abcam), anti-Bcl-2 (1:500; 
Abcam), anti-Bax (1:100; R&D Systems), followed by 
horseradish peroxidase (HRP) goat anti-mouse IgG (H + L) 
(1:200, AS003; ABclonal) or HRP goat anti-rabbit IgG 
(H + L) (1:200, AS014; ABclonal). Sections were devel-
oped with a DAB kit (Zymed Laboratories Inc., San Fran-
cisco, CA, USA). Hematoxylin was used for counterstaining. 
A digitized image of each section was obtained and ana-
lyzed using an Axioplan 2 microscope (Zeiss, Oberkochen, 
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Germany). Four nonoverlapping sections (200 × 200 μm2) 
were randomly but systematically selected from the perihe-
matomal areas, and cell counts were performed blindly to 
quantify the number of positive cells.

The sections for double immunofluorescence labeling 
were prepared as described previously. After rinsing with 
PBS containing 0.3% Triton X-100 for 1 h, the brain sections 
were blocked with 5% normal goat serum for 2 h at room 
temperature and then incubated with rabbit anti-PPAR-β/δ 
(diluted 1:300; Abcam), rabbit anti-NeuN (1:100, GB11138; 
Servicebio, Wuhan, China), mouse anti-Iba1 (1:200, 
GB12105; Servicebio), and mouse anti-GFAP (1:400, 
GB12096; Servicebio) overnight at 4 ℃. After washing 
with PBS, the slices were incubated with AlexaFluor488-
conjugated secondary antibodies (goat anti-mouse, 1:400, 
GB25301; goat anti-rabbit, 1:400, GB25303; Servicebio) in 
a dark box for 2 h at room temperature. The brain slices were 
washed with PBS and mounted with cover slips after adding 
DAPI. The cellular localization of PPAR-β/δ was observed 
and photographed under a fluorescence microscope.

Statistical Analysis

The experimental data are presented as mean ± stand-
ard error. Data from all experiments were quantified and 

analyzed using GraphPad Prism 7.0 software (GraphPad 
Software Inc., La Jolla, CA, USA). Comparisons between 
groups were carried out using the t test or analysis of vari-
ance. P-values < 0.05 were considered significant.

Results

The Expression of PPAR‑β/δ was Mainly 
Observed in Neurons and the Levels Increased 
in the Perihematoma After ICH

Double immunofluorescence labeling and western blot-
ting were performed to determine the cellular localization 
and protein levels in perihematomal tissues after ICH. The 
results showed that the PPAR-β/δ colocalized with NeuN-
positive neurons, but not with GFAP/Iba1-positive astro-
cytes/microglia, 3 days after ICH in mice. Western blotting 
analysis showed that the levels of PPAR-β/δ decreased sig-
nificantly in the perihematomal tissue on day 1 after ICH 
compared to the sham-control group (P < 0.05, Fig. 1). 
However, the PPAR-β/δ protein level increased 3 days 
after ICH (P < 0.05, Fig. 1). This result indicated that ICH 
promoted the expression of PPAR-β/δ 3 days after ICH in 
mice and was mainly expressed by neurons.

Fig. 1  Peroxisome proliferator-activated receptor β/δ (PPAR-β/δ) 
levels decreased on day 1, but increased on day 3 after intracerebral 
hemorrhage (ICH), mainly in neurons. a Representative microphoto-
graphs of double immunofluorescence labeling showing that PPAR-
β/δ (red) co-localized with neuronal nuclei (NeuN)-positive neurons 
(green) in the sham and ICH groups. b Western blot was used to 

detect the PPAR-β/δ protein level in the perihematomal area on days 
1 and 3. c The density of the bands in the different groups is illus-
trated by the quantification graph. β-actin was used as the internal 
control. Values are mean ± SD; *P < 0.05 vs. sham group, **P < 0.05 
vs. sham group (n = 5/group)



842 Neurochemical Research (2020) 45:837–850

1 3

Effect of GW0742 on Neurological Deficits 
and Hematoma Volume After ICH

A range of behavioral tests were performed to estimate acute 
effects of GW0742 on sensory and motor functions on days 
1 and 3 after ICH. The corner test, rotarod test, and forelimb 
placement test were used to evaluate nerve dysfunction in 
the mice. No significant difference was observed between 
the vehicle and GW0742 groups on day 1, but the GW0742 
pretreatment significantly reduced the increase in right 
turns in the vehicle group on day 3 (P < 0.05, Fig. 2a). No 
significant differences were observed between the vehicle 
and GW0742 groups on the rotarod test on day 1. How-
ever, GW0742 significantly prolonged the time spent on the 
rotarod by the ICH mice on day 3 compared to the vehicle 
group (P < 0.05, Fig. 2b). The frequency of left paw place-
ments in the GW0742 group increased significantly com-
pared to that in the vehicle group (P < 0.05, Fig. 2c). Mor-
phometric measurements were used to determine the effect 
of GW0742 on hematoma volume. The result revealed that 
the GW072 pretreatment did not affect hematoma size on 
day 3 after ICH (P > 0.05, Fig. 3).

Effect of GW0742 on Brain Edema and Blood–Brain 
Barrier Permeability

Mice subjected to ICH showed significantly increased brain 
water content, as well as BBB leakage in the ipsilateral hem-
ispheres, on day 3 after the operation. As shown in Fig. 4, 
administering GW0742 significantly reduced brain edema 
on day 3 after ICH compared to the vehicle group (P < 0.01, 
Fig. 4a). In addition, a high level of EB dye extravasation 
was detected on day 3 after ICH, and GW0742 pretreatment 
attenuated the EB leakage compared to the vehicle group 
(P < 0.01, Fig. 4b). Leakage of FITC-dextran was also evalu-
ated. As shown in Fig. 4c, a low FITC-dextran level was 
detected in the sham group. The level of brain FITC-dextran 
increased significantly 3 days post-ICH, which was reduced 
by administering GW0742 (P < 0.05, Fig. 4c).

Effect of GW0742 on Neuronal Death 
in the Perihematoma After ICH

The neuroprotective role of the GW0742 pretreatment 
was assessed in mice with ICH-induced brain injury in 

Fig. 2  Analysis of behavioral changes on days 1 and 3. a The num-
ber of right turns indicated the neurological deficits that occurred 
on day 3 post-ICH, with recovery on day 3 occurring in response to 
the GW0742 treatment; b The time on the rotarod in the rotarod test 

increased significantly in response to GW0742 on day 3; c Left paw 
placement on the forelimb placing test was improved by GW0742 
on day 3. Values are means ± SD; *P < 0.05 vs. vehicle group (n = 9/
group)

Fig. 3  Analysis of hematoma 
size. a Hematoma volumes on 
day 3 were calculated based on 
morphometric measurements. 
Scale bar = 2 mm; b Quantifi-
cation of hematoma volume. 
Values are mean ± SD. n.s., no 
significant difference (n = 5/
group)



843Neurochemical Research (2020) 45:837–850 

1 3

the following ways. First, TUNEL staining was used to 
determine neuronal apoptosis in the perihematomal brain 
tissue on day 3. The TUNEL-positive neurons increased 
significantly in the tissue surrounding the hematoma 
in the ICH mice (Fig. 5a). The GW0742 pretreatment 
decreased the number of TUNEL-positive neurons post-
ICH compared to the vehicle group (P < 0.01, Fig. 5b). 
Nissl staining was performed to assess the diversity of 
neurons that survived (Fig. 6). The number of surviv-
ing neurons decreased significantly in the ICH mice. The 
morphology of the dead neuronal cells included small, 
darkly stained, shrunken nuclei in the perihematoma 
on day 3 (Fig. 6a). After the GW0742 pretreatment, the 
number of surviving neurons increased compared to the 
vehicle group (P < 0.05, Fig. 6b).

GW0742 Upregulates the PPAR‑β/δ Level 
in the Perihematoma After ICH

We explored the effect of ICH on the level of PPAR-
β/δ and determined whether the GW0742 pretreatment 
increased the level of PPAR-β/δ in perihematomal tis-
sue. The levels of PPAR-β/δ were verified by western 
blot analysis and immunohistochemical staining on day 
3 after ICH. Western blotting indicated that the PPAR-
β/δ level was higher after ICH, and GW0742 pretreatment 
further increased the PPAR-β/δ level (P < 0.05, Fig. 7a, 
b). Immunohistochemical staining also demonstrated that 
there were more PPAR-β/δ-positive cells in the GW0742 
group than in the vehicle group (P < 0.05, Fig. 7c, d).

Fig. 4  Brain edema and blood–brain barrier (BBB) damage on day 3. a Brain water content, b Evans blue extravasation. c Fluorescein isothiocy-
anate (FITC)-dextran extravasation. Values are mean ± SD; *P < 0.01 vs. vehicle group (n = 5/group)

Fig. 5  Apoptotic neuronal cell analysis. a Representative photographs 
showing double terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL)-positive (green) and neuronal nuclei (NeuN) (red) 

immunostaining in the perihematomal area on day 3 (bar = 50 μm). 
b Quantification of TUNEL-positive neuronal cells. Values are 
mean ± SD; *P < 0.05 vs. vehicle group (n = 5/group)
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Fig. 6  Pretreatment with GW0742 increased the number of surviving 
neurons in the perihematomal area after ICH. a Representative Nissl-
stained image showing the surviving and disintegrated neurons in the 

perihematomal area on day 3 (bar = 50 μm). b Quantification of sur-
viving neurons. Values are mean ± SD; *P < 0.05 vs. vehicle group 
(n = 5/group)

Fig. 7  Pretreatment with GW0742 increased the PPAR-β/δ levels 
in ICH lesions on day 3. a Western blotting for PPAR-β/δ, assessed 
using perihematomal tissue on day 3. b The optical density of 
PPAR-β/δ relative to β-actin in the different groups is illustrated by 

the quantification graph. c Representative photographs of PPAR-β/δ 
immunostaining in the perihematomal area on day 3 (bar = 50 μm). d 
The positive cells shown in C were counted. Values are mean ± SD; 
*P < 0.05 vs. vehicle group (n = 5/group)
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GW0742 Attenuates the ICH‑Induced 
Neuroinflammatory Response in the Perihematoma

The inflammatory response exacerbates the brain dam-
age that occurs after ICH, eventually resulting in cerebral 
injury, BBB dysfunction, and massive brain cell death 
[38]. In our experiment, the localization of TNF-α and 
IL-1β proteins was identified by immunohistochemistry 
on day 3 after ICH. The levels of TNF-α and IL-1β in 
perihematomal tissue are shown in Fig. 8a. Strong positive 
TNF-α and IL-1β staining was observed in the perihemato-
mal area after ICH. Administering GW0742 significantly 
decreased the number of positive cells expressing TNF-α 
and IL-1β on day 3 after ICH compared to the vehicle 
group (P < 0.05, Fig. 8b).

Western blotting was used to further investigate the 
expression levels of TNF-α and IL-1β. Consistent with 
the immunohistochemistry results, ICH induced a signifi-
cant increase in TNF-α and IL-1β protein levels (Fig. 8c). 
GW0742 significantly reduced the levels of TNF-α and 
IL-1β compared to the vehicle group (P < 0.05, Fig. 8d).

GW0742 Mitigates the ICH‑Triggered Apoptotic 
Response in the Perihematoma

Previous studies have shown that activation of apoptosis 
plays an important role in the pathology of brain injury 
triggered by ICH [39, 40]. The results of TUNEL staining 
(Fig. 5) demonstrated that GW0742 strongly inhibited ICH-
induced apoptosis. To further study the anti-apoptotic effect 
of GW0742 in ICH-induced brain injury, the Bax and Bcl-2 
proteins were localized by immunohistochemistry on day 3 
after ICH (Fig. 9a). A significant increase in the number of 
Bax-positive cells was observed in the surrounding hema-
toma tissue of the ICH mice. After administering GW0742, 
Bax immunoreactivity decreased significantly in the perihe-
matomal tissue (Fig. 9b). The number of Bcl-2-positive cells 
decreased following ICH, which was significantly reversed 
by the GW0742 pretreatment (P < 0.01, Fig. 9b).

The current study also used western blotting to detect 
Bax and Bcl-2 levels (Fig. 9c). Similar to the immuno-
histochemistry results, the Bax level decreased in the 
GW0742 group after ICH. In addition, the Bcl-2 level 

Fig. 8  GW0742 reduced ICH-induced production of tumor necrosis 
factor (TNF)-α and interleukin (IL)-1β in the perihematomal area on 
day 3 after ICH. a Representative photographs of TNF-α and IL-1β 
immunostaining in the perihematomal tissue on day 3 after ICH 
(bar = 50  μm). b The numbers of TNF-α- and IL-1β-positive cells 
were counted in each group. c TNF-α and IL-1β expression in the 

perihematomal tissue was determined by western blot; β-actin was 
the loading control. d The optical density of TNF-α and IL-1β rela-
tive to β-actin in the different groups is illustrated by the quantifica-
tion graph. Values are mean ± SD; *P < 0.05 vs. vehicle group (n = 5/
group)
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increased in the GW0742 group (P < 0.01, Fig. 9d). There-
fore, the Bcl-2/Bax ratio increased after the GW0742 pre-
treatment on day 3 after ICH (P < 0.01, Fig. 9e).

GW0742 Inhibits Microgliosis and Astrogliosis 
in the Perihematoma After ICH

Emerging evidence suggests that activation of microglia 
and astrocytes contributes to brain injury after ICH. It 
may be possible to alleviate ICH-induced tissue damage 
by modulating the inflammatory processes mediated by 
microglia and astrocytes [41]. A western blot of Iba1 (a 
microglia marker) and GFAP (an astrocyte marker) was 
performed to further elucidate the effects of PPAR-β/δ 
activation by GW0742 on microgliosis and astrogliosis 
in perihematomal tissue on day 3 after ICH. As shown in 
Fig. 10a, the Iba1 protein level increased significantly on 
day 3 after ICH. GW0742 significantly decreased the Iba1 
level compared to the vehicle group (P < 0.05, Fig. 10c). 
In addition, GW0742 reduced the level of GFAP in the 
perihematomal tissue after ICH (P < 0.05, Fig. 10b, d).

Discussion

Here, we report that activation of PPAR-β/δ by GW0742 
in an ICH model alleviated brain injury by reducing 
inflammation and apoptosis. Importantly, pretreatment 
with the PPAR-β/δ agonist conferred remarkable neuro-
protection by reducing ICH-induced neuronal cell loss. 
Neuronal death is a crucial pathological characteristic of 
ICH. Loss of neurons is strongly linked to the poor out-
come of patients with ICH [40]. Many factors that acti-
vate post-ICH pathophysiological pathways cause cell 
death in perihematomal tissue. The current research links 
PPAR-β/δ-mediated attenuation in brain injury with the 
conservation of neurons in a collagenase-induced mouse 
model of ICH. The current study showed that the neu-
roprotective effect of PPAR-β/δ activation may not have 
occurred through any reduction in the hematoma volume. 
In the present study, the number of surviving neurons in 
the perihematoma decreased, and the number of apoptotic 
neuronal cells increased, after ICH, which was attenuated 
by the GW0742 pretreatment. These results suggest that 

Fig. 9  GW0742 decreased Bcl-2-related X-protein (Bax) levels and 
increased B-cell lymphoma 2 (Bcl-2) levels and the Bcl-2/Bax ratio 
in the perihematomal area on day 3 after ICH. a Representative pho-
tographs of Bax and Bcl-2 immunostaining in the perihematomal tis-
sue on day 3 (bar = 50 μm). b The numbers of Bax and Bcl-2-positive 

cells were counted. c The relative protein levels were determined by 
western blot; β-actin was the loading control. d, e The optical density 
of Bax and Bcl-2 relative to β-actin, and the Bcl-2/Bax ratio in the 
different groups are illustrated by the quantification graph. Values are 
mean ± SD; *P < 0.01 vs. vehicle group in all graphs (n = 5/group)
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activating PPAR-β/δ mitigated brain injury in experimen-
tal ICH mice.

In our study, the GW0742 pretreatment decreased the 
production of cytokines, microgliosis, and astrogliosis 
in perihematomal tissue after ICH. This finding strongly 
supports the hypothesis that PPAR-β/δ activation attenu-
ates the expression of pro-inflammatory cytokines; this 
mitigates disruption of the BBB and decreases brain water 
content simultaneously [21, 24]. Many studies have shown 
that IL-1β and TNF-α contribute to the pathogenesis of, 
and exacerbate, Alzheimer’s disease, spinal cord injury, 
and MCAO-induced brain damage [42–44]. Increas-
ing evidence indicates that iNOS, COX-2, and various 
chemokines increase in response to activated IL-1β and 
TNF-α, leading to the inflammatory response as well as 
brain damage [45]. Numerous cytokines increase in the 
ICH brain, where many of those, such as IL-1β and TNF-
α, play a role in brain injury [8]. It was demonstrated in a 
model of spinal cord injury that the progression of tissue 
injury is regulated by IL-1β and TNF-α [46]. However, 
GW0742 reduced the expression of IL-1β and TNF-α 
in spinal cord tissue from spinal cord injured mice [47]. 
TNF-α is involved in the damage to the BBB that leads 

to brain edema [48]. Previous studies have suggested that 
suppressing TNF-α alleviates the inflammatory process 
[49]. Anti-TNF-α with an infliximab analog attenuated 
neurological impairment in an ICH model by reducing 
the brain edema caused by neuroinflammation, indicat-
ing that TNF-α is involved in the pathological progress of 
brain damage after ICH [10, 50]. Di Paola et al. reported 
that GW0742 pretreatment reduced acute inflammation by 
attenuating IL-1β and TNF-α production in an acute lung 
injury model [51]. Our data showed that microgliosis and 
astrogliosis were aggravated, and the levels of IL-1β and 
TNF-α increased, on day 3 after ICH. However, GW0742 
pretreatment decreased the levels of GFAP, Iba1, and 
cytokines, accompanied by attenuation of BBB damage 
and brain water content. The GW0742 treatment allevi-
ated ICH-induced neurofunctional deficits compared to 
the vehicle group. Furthermore, the GW0742 treatment 
significantly improved behavioral impairments, as evi-
denced by a decrease in the number of right turns during 
the corner test and increased time spent on the rotarod, 
and by an increase in the number of left paw placements 
during the forelimb placement test. The present data indi-
cate that GW0742 activates PPAR-β/δ, which suppresses 

Fig. 10  Pretreatment with GW0742 inhibited the activation of micro-
glia and astrocytes in the perihematoma on day 3 following ICH. a, b 
Western blotting for Iba1 and GFAP as assessed in the perihemato-
mal tissue on day 3. c, d The optical density of Iba1 and GFAP rela-

tive to β-actin in the different groups is illustrated by the quantifica-
tion graph. Values are mean ± SD; *P < 0.05 vs. vehicle group (n = 5/
group)
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the neuroinflammatory response after ICH, supporting the 
idea that PPAR-β/δ has a significant regulatory effect on 
inflammation-induced brain injury.

Mounting evidence indicates that PPAR-β/δ is involved 
in the antiapoptotic process in many neurological diseases, 
such as subarachnoid hemorrhage, MCAO, and Alzheimer’s 
disease [26]. It is clear that apoptosis of neurons plays a 
crucial role in stroke-induced brain injury. Thrombin, blood 
components, and the induction of inflammation stimulate 
central factors leading to neuronal apoptosis after ICH [52]. 
The apoptosis pathways have been classified into extrinsic 
and intrinsic apoptotic pathways. The extrinsic apoptotic 
pathway requires cell surface receptors, whereas the intrin-
sic pathway is initiated by mitochondrial outer membrane 
permeabilization and the Bcl-2 family. Bax is a member 
of the Bcl-2 family that promotes neuronal apoptosis; the 
other member is the anti-apoptotic protein Bcl-2 [40]. The 
Bax-Bax heterodimer forms with increased Bax expres-
sion, resulting in apoptosis. In contrast, the formation of the 
Bcl-2-Bax heterodimer results from the expression of Bcl-2 
increases, which leads to anti-apoptosis. The Bcl-2/Bax ratio 
indicates the likelihood of cell apoptosis or survival. Cell 
survival following brain injury can be improved by increas-
ing the Bcl-2/Bax ratio [53]. The importance of apoptosis 
in brains injured by ICH has been demonstrated [54]. Peak 
expression of apoptosis is observed on day 1 and lasts up 
to 3 days after ICH. Most of the apoptotic cells are neurons 
surrounding the hematoma [55]. Inhibition of the apoptosis-
related protein Bax or activation of the anti-apoptotic protein 
Bcl-2 occurs in experimental ICH [52]. In an MCAO model, 
GW0742 promoted the expression of Bcl-2 and reduced the 
expression of Bax and apoptotic cells [24]. An intrahip-
pocampal infusion of GW0742 ameliorated Aβ1-42-induced 
apoptosis in the hippocampus by increasing the Bcl-2/Bax 
ratio [14]. According to our data, activating PPAR-β/δ with 
GW0742 significantly relieved the ICH-induced apoptotic 
response, as indicated by lowered expression of Bax and 
increased expression of Bcl-2 in the perihematomal tissue on 
day 3 post-ICH. The number of surviving neurons decreased 
significantly after ICH, which was improved by the GW0742 
treatment. Furthermore, GW0742 reduced the number of 
TUNEL-positive neurons in the perihematoma after ICH. 
Thus, this study demonstrated that ICH-induced neuronal 
apoptosis was decreased though the activation of PPAR-β/δ 
by GW0742.

We utilized a collagenase-induced ICH model to explore 
the changes in PPAR-β/δ protein expression in the different 
groups. The perihematomal tissue from sham-operated mice 
was used to examine the expression of PPAR-β/δ, which was 
downregulated significantly on 1 day but upregulated on day 
3. PPAR-β/δ expression increased in response to GW0742 
on day 3 in the ICH mice. Death of neurons in the perihema-
toma tissue could have led to the decrease of PPAR-β/δ seen 

on day 1 after ICH, as it is highly expressed in cells in the 
caudate putamen area of the mouse brain [56, 57]. The acute 
inflammatory response induced by ICH may have triggered 
negative feedback to downregulate the expression of PPAR-
β/δ. The decrease in PPAR-β/δ is in agreement with results 
pertaining to experimental spinal cord injury, MCAO, and 
subarachnoid hemorrhage [21, 26, 47]. However, PPAR-β/δ 
expression increased in the surviving neurons of the peri-
hematomal tissue 3 days after ICH, as indicated by immu-
nohistochemistry. A study using an MCAO model showed 
that PPAR-β/δ gene expression increased significantly in 
the ischemic hemispheres on days 1, 4, and 7 [25]. In addi-
tion, our results showed that pretreatment with GW0742 did 
not significantly decrease hematoma volume 3 days after 
ICH. It is clear that PPARs should be considered as part 
of the regulatory network, rather than as single receptors. 
PPARγ expression can be increased by activating PPAR-
β/δ or PPARγ [58]. Preclinical and experimental studies 
have shown that PPARγ activators are capable of promot-
ing endogenous hematoma clearance [59]. However, it is 
difficult to determine whether GW0742-activated PPAR-β/δ 
accelerated resolution of the hematoma in the delayed stage 
of ICH. Thus, future studies are needed to explore the effect 
of GW0742 pretreatment on hematoma clearance in the later 
stages of ICH.

In conclusion, the current study demonstrated that acti-
vating PPAR-β/δ with GW0742 significantly prevented ICH-
induced brain injury and improved neurological impairment 
through anti-inflammatory and anti-apoptosis mechanisms. 
These data enhance our understanding of the role of PPAR-
β/δ in the pathophysiology of neurological damage after 
ICH, and indicate that activation of PPAR-β/δ may be a 
potential target for ICH therapy.
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