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Cannabinoid receptor agonist WIN55,212-2 and fatty acid amide
hydrolase inhibitor URB597 ameliorate neuroinflammatory
responses in chronic cerebral hypoperfusion model by blocking
NF-κB pathways
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Abstract The present study explored the protective effects of
cannabinoid receptor agonistWIN55,212-2 (WIN) and fatty acid
amide hydrolase inhibitor URB597 (URB) against neuroinflam-
mation in rats with chronic cerebral hypoperfusion (CCH).
Activated microglia, astrocytes, and nuclear factor kappa B
(NF-κB) p65-positive cells were measured by immunofluores-
cence. Reactive oxygen species (ROS) was assessed by
dihydroethidium staining. The protein levels of cluster of differ-
entiation molecule 11b (OX-42), glial fibrillary acidic protein
(GFAP), NF-κB p65, inhibitor of kappa B alpha (IκB-a), IκB
kinase a/β (IKK a/β), phosphorylated IKK a/β (p-IKK a/β),
cyclooxygenase-2 (COX-2), inducible nitric oxide synthase
(iNOS), tumor necrosis factor (TNF)-α, and interleukin-1β
(IL-1β) were examined by western blotting or enzyme-linked
immunosorbent assay. All the protein levels of OX-42, GFAP,
TNF-a, IL-1β, COX-2, and iNOS are increased in CCH rats.
WIN and URB downregulated the levels of OX-42, GFAP,
TNF-α, IL-1β, COX-2 and iNOS and inhibited CCH-induced
ROS accumulation in CCH rats, indicating that WIN and URB
might exert their neuroprotective effects by inhibiting the
neuroinflammatory response. In addition, the NF-κB signaling
pathway was activated by CCH in frontal cortex and hippocam-
pus, while the aforementioned changes were reversed by WIN
and URB treatment. These findings suggest that WIN and URB
treatment ameliorated CCH-induced neuroinflammation through

inhibition of the classical pathway of NF-κB activation, resulting
in mitigation of chronic ischemic injury.
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Introduction

A substantial amount of evidence indicates that chronic cerebral
hypoperfusion (CCH) is a common pathological process associ-
ated with many cerebrovascular diseases (Hasumi et al. 2007;
Hainsworth and Markus 2008; Hai et al. 2009; Su et al. 2013,
2014). CCH, a chronic state of reduced cerebral blood flow, may
cause neural impairment and delayed apoptotic cell death in brain
regions that are vulnerable to cerebral hypoperfusion (Smith et al.
1984). Studies on the effects of CCH on the central nervous
system showed that microglial and astrocytic responses were
enhanced and that both microglia and astrocytes released various
neurotoxic factors, such as tumor necrosis factor (TNF)-α,
interleukin-1β (IL-1β), cyclooxygenase-2 (COX-2), inducible
nitric oxide synthase (iNOS), and reactive oxygen species
(ROS) (Liu and Hong 2003; Block and Hong 2005; Farkas
et al. 2006). Microglial and astrocytic activation along with
neuroinflammatory responses were shown to induce inflamma-
tory neuronal cell death (Boje and Arora 1992; Abramov et al.
2004), which could further result in clinical symptoms such as
cognitive dysfunction, neurological deficits, neurodegeneration,
etc. Collectively, neuroinflammation might be an important
mechanism associated with the initiation and progression of neu-
ronal cell damage. Nuclear factor kappa B (NF-κB), a family of
DNA-binding proteins, is involved in regulating many aspects of
cellular activity including cellular differentiation, proliferation,
apoptosis, oxidative response, and immune response.
Activation of the NF-κB pathway has been reported to induce
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transcriptions of many pro-inflammatory mediators such as
TNF-α, IL-1β, COX-2, and iNOS (Surh et al. 2001). In the
central nervous system, NF-κB modulates neuroinflammatory
responses by inducing nuclear translocation (Lu et al. 2010,
2011). Hence, protection against neuroinflammation and block-
age of NF-κB-mediated inflammatory signaling are considered
potential therapeutic strategies for CCH.

The endocannabinoid system (ECS) is a group of elements
including the endogenous ligands (e.g., anandamide (AEA) and
2-arachidonoyl glycerol (2-AG)), endocannabinoid modulatory
enzymes regulating ligand biosynthesis and degradation (e.g.,
fatty acid amide hydrolase (FAAH)) and two cannabinoid re-
ceptors (i.e., CB1 and CB2). Both receptors have been impli-
cated in the modulation of neurodevelopment, synaptic trans-
mission, synaptic plasticity, inflammation, and cognitive devel-
opment (Demuth and Molleman 2006; Tagliaferro et al. 2006;
Bosier et al. 2010; Hill et al. 2010). Recent data suggested that
pharmacological agents that enhance ECS signaling provide a
novel approach to the treatment of neurological disorders after
CCH (Lin et al. 2010; Hai et al. 2013; Su et al. 2015, 2016). In
our previous studies (Su et al. 2015, 2016), we found that
WIN55,212-2 (WIN), a non-selective cannabinoid receptor ag-
onist and URB597 (URB), an FAAH inhibitor which facilitates
CB1 signaling through a more subtle mechanism (Hwang et al.
2010), exerted neuroprotective effects on neuronal cells in fron-
tal cortex and hippocampus in response to CCH-induced neu-
ronal apoptosis, cognitive dysfunction, and impaired neuronal
plasticity. In addition, Naidu et al. (2010) reported thatWIN and
URB ameliorated chronic inflammatory pain in peripheral sys-
tems. Martín-Moreno et al. (2012) demonstrated that WIN
showed beneficial effects concomitant with reduced neuroin-
flammation and increased Aβ clearance in a mice model of
Alzheimer’s diseases. Rezende et al. (2012) presented that
URB was involved in the analgesic effects of celecoxib in the
central nervous system in a rat model of inflammatory pain.
However, to the best of our knowledge, the animal models
which were used in the published studies regarding the effects
of WIN and URBwere totally in acute ischemic phase. Little is
known about the effects of WIN and URB on neuroinflamma-
tion induced by chronic ischemic insult in the central nervous
system. Based on these considerations, this study attempted to
explore the aforementioned issue and investigate the potential
mechanisms underlying WIN and URB action in the frontal
cortex and hippocampus of rats with CCH.

Materials and methods

Animal administration and drug treatment

Male Sprague-Dawley rats (240 g ± 10) were purchased from the
experimental animal center of Shanghai Sippr-BK Laboratory
Animals Ltd. (Shanghai, China). Prior to experiments, the rats

were group-housed in climate-controlled facilities with a 12:12-h
light/dark cycle and with free access to food and water. After
acclimatization to these conditions for 1 week, rats were random-
ly divided into five treatment groups (10 rats per group). Based
on our pilot studies, low doses of WIN (0.3 mg/kg) and URB
(0.06 mg/kg) had little effect while median doses (1.0 and
0.3 mg/kg, respectively) alleviated the neurological impairment
induced by CCH. However, high doses (3.0 and 1.5 mg/kg,
respectively) induced side effects in 40% of rats. WIN and
URB were therefore administered at 1 and 0.3 mg/kg body
weight/day using 0.1% dimethyl sulfoxide (DMSO) as vehicle,
respectively, in our study, which are doses similar to those report-
ed in other studies (Baek et al. 2009; Hu et al. 2010; Slusar et al.
2013;Katz et al. 2015). Each group received one of the following
treatments: (1) Sham-operated group: daily administration of ve-
hicle; (2) Bilateral common carotid artery occlusion (BCCAo)
group: daily administration of vehicle; (3) BCCAo + WIN
(Sigma, St. Louis, MO, USA) group: daily administration of
WIN (1 mg/kg/day, i.p.); (4) BCCAo + URB (Cayman
Chemicals, Tallinn, Estonia) group: daily administration of
URB (0.3 mg/kg/day, i.p.); (5) BCCAo + WIN + URB group:
daily administration of WIN (1 mg/kg/day, i.p.) and URB
(0.3 mg/kg/day, i.p.). All the drugs were given after surgery
procedure of animal model. After 12 weeks of treatment, rats
were sacrificed and brain tissues were immediately collected
for experiments or stored at − 70 °C for later use.

All experiments were performed according to international
guidelines and the guidelines of Chinese legislation on the use
and care of laboratory animals and were approved by Tongji
university and Shanghai Jiao Tong university for animal ex-
periments (No.: 81271212).

Surgery procedure

CCH in rats was conducted based on previously described pro-
tocols (Ni et al. 1994). Twelve weeks is the longest time for a
CCHmodel of rats with BCCAo (Farkas et al. 2007), which was
used in this study. Each rat was anesthetized with pentobarbital-
sodium (50 mg/kg, i.p.). Through a midline cervical incision,
both common carotid arteries were exposed and ligated with 5–
0 silk sutures in the BCCAo group. Sham-operated animals were
similarly subjected to the surgery without undergoing carotid
arteries ligations.

Brain tissue preparation

As described previously (Su et al. 2015, 2016), four rats in each
groups were deeply anesthetized with an overdose of sodium
pentobarbital and perfused transcardially with 200 ml 0.1-M
phosphate-buffered saline (PBS, pH 7.4) at 4 °C followed by
200 ml 4% buffered paraformaldehyde phosphate. The brains
were removed and postfixed for 24 h in 4% paraformaldehyde
and then divided into two hemibrains along the midline. The
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hemibrains were serially dehydrated, embedded in paraffin, and
then cut into 5-μm-thick coronal sections for immunofluores-
cence. The other groups were also deeply anesthetized with an
overdose of sodium pentobarbital and sacrificed. Hippocampi
and frontal cortices were dissected and homogenized in
ice-cold buffer (20 mM Tris–HCl, pH 7.5, 1 mM EGTA,
1 mM EDTA, 25 μg/ml aprotinin, 25 μg/ml leupeptin, 1 mM
Na4P2O7, 500 μM phenylmethylsulfonyl fluoride, 4 mM para-
nitrophenylphosphate, 1 mM sodium orthovanadate, and 20 μl
of protease inhibitor mix per gram of tissue). The homogenates
were then centrifuged at 10,000 rpm for 5 min at 4 °C.
Supernatants were collected and stored at − 70 °C for western
blot studies. NF-κB p65 expression in cytoplasm and nucleus

was extracted from brain tissues using a nuclear/cytoplasmic
isolation kit (Beyotime Biotech Inc., Nangjing, China). Protein
levels of the supernatants were determined using the
bicinchoninic acid (BCA) protein determination assay (Pierce
Biotechnology, Inc., Rockford, IL, USA).

Immunofluorescence

Briefly, after dewaxing, paraffin-embedded sections were
washed three times with PBS for 5 min. Then, the sections were
immersed in EDTA-Tris solution (pH 9.0) for 30min at 98 °C for
antigen retrieval and rinsed three times with PBS for 5 min.
Subsequently, the slides were incubated with 10% non-immune

Fig. 1 Effects of WIN55,212-2 and URB597 on the protein expressions of
GFAP in rats hippocampus and frontal cortex after chronic cerebral
hypoperfusion. a Representative immunofluorescence for GFAP in
hippocampal CA1 region (magnification = × 200, scale bars = 50 μm). b
Representative immunofluorescence for GFAP in frontal cortex
(magnification = × 200, scale bars = 50 μm). c Representative immunoblot

and relative optical density analysis for GFAP in hippocampus (F[4,
20] = 45.122). d Representative immunoblot and relative optical density
analysis for GFAP in frontal cortex (F[4, 20] = 99.360). Data are expressed
as mean ± SEM (n = 5). * P < 0.05 versus sham group. **P < 0.05 versus
BCCAo group. BCCAo bilateral common carotid artery’s occlusion; GFAP
glial fibrillary acidic protein
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goat serum for 30 min at room temperature to block non-specific
staining before overnight incubation with primary antibodies:
rabbit anti-cluster of differentiation molecule 11b (OX-42)
(1:80, Santa Cruz, Santa Cruz, CA, USA), rabbit anti-GFAP
(1:200, Santa Cruz) and rabbit anti-NF-κB p65 (1:550, Cell
Signaling Technology, Beverly,MA,USA), in humidified cham-
bers at 4 °C. After washing these sections in PBS,
tetramethylrhodamine isothiocyanate (TRITC)-conjugated
anti-rabbit secondary antibodies (1:200, Santa Cruz) were then
applied for 1 h at 37 °C. Nuclei were counterstained with
4′,6-diamidino-2-phenylindole (DAPI) (KeyGen Biotech,
Nanjing, China). All stained specimens were observed under a
fluorescent microscope (Olympus IX71, Olympus Optical Co.

Ltd., Tokyo, Japan). For the quantitative analysis, the average
score of six randomly selected areas (three slides for each brain)
was calculated using National Institutes of Health (NIH) Image
Pro Plus 6.0 software.

Dihydroethidium staining

ROS was assessed by dihydroethidium (DHE) staining as de-
scribed previously (Poulet et al. 2005). Briefly, the sections
were incubated in 10 mmol/l DHE (Sigma) at room tempera-
ture for 30 min and protected from light. All stained slices
were observed under a fluorescent microscope (Olympus
IX71, Olympus Optical Co. Ltd). For the quantitative

Fig. 2 Effects of WIN55,212-2 and URB597 on the protein expressions of
OX-42 in rats hippocampus and frontal cortex after chronic cerebral
hypoperfusion. a Representative immunofluorescence for OX-42 in
hippocampal CA1 region (magnification = × 200, scale bars = 50 μm). b
Representative immunofluorescence for OX-42 in frontal cortex
(magnification = × 200, scale bars = 50 μm). c Representative immunoblot

and relative optical density analysis for OX-42 in hippocampus (F[4,
45] = 67.869). d Representative immunoblot and relative optical density
analysis for OX-42 in frontal cortex (F[4, 20] = 494.77). Data are expressed
as mean ± SEM (n = 5). *P < 0.05 versus sham group. **P < 0.05 versus
BCCAo group. BCCAo bilateral common carotid artery’s occlusion, OX-42
cluster of differentiation molecule 11b
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analysis, the average score of six randomly selected areas
(three slides for each brain) was calculated using NIH Image
Pro Plus 6.0 software. The ROS level (DHE-positive cells/
mm2) in the sham group was normalized to 1.

Enzyme-linked immunosorbent assay

Quantitative measurements of TNF-α and IL-1β were per-
formed by an enzyme-linked immunosorbent assay kit
(R&D Systems, Minneapolis, MN, USA), according to the
manufacturer’s instructions. Briefly, equal amounts of pro-
teins were loaded into all wells, followed by measurements
of optical density (OD) in a plate reader at a wavelength of
450 nm, with analyses for concentrations based on a standard
curve. For convenience, all results were expressed as pico-
gram per milligram protein.

Western blot analysis

Equal amounts of samples (20 μg proteins) were separated by
10% sodium dodecyl sulfate (SDS)-polyacrylamide gels and

transferred onto nitrocellulose membranes. The membrane was
blocked with 5% non-fat milk and 0.1% Tween-20 in
Tris-buffered saline (TBS-T) for 1 h, incubated overnight with
appropriate primary antibodies against OX-42 (1:600, Santa
Cruz); glial fibrillary acidic protein (GFAP) (1:1000, Santa
Cruz); NF-κB p65 (1:2000, Cell Signaling Technology); inhibi-
tor of kappa B alpha (IκB-a) (1:2000, Cell Signaling
Technology); IκB kinase a/β (IKK a/β) (1:500, Bioworld, MN,
USA); phosphorylated IKK a/β (p-IKK a/β) (1:500, Bioworld),
COX-2 (1:1500, Cell Signaling Technology); iNOS (1:1000,
Chemicon International Inc., Temecula, CA, USA); β-actin
(1:5000, Abcam, Cambridge, UK); and Histone-H3 (1:800,
Santa Cruz), followed by detection with an enhanced chemilu-
minescent substrate solution (Millipore,Watford, UK) after incu-
bationwith horseradish peroxidase-conjugated goat anti-rabbit or
mouse IgG secondary antibody for 1 h at room temperature. The
proteins were quantified by OD ratio using β-actin as a control.
In case of nuclear NF-κB p65, histone-H3 was employed as the
loading control. The extent of phosphorylation of IKK a/β was
evaluated with respect to IKK a/β abundances (p-IKK a/β/IKK
a/β).

Fig. 3 Effects of WIN55,212-2 and URB597 on the level of ROS in rats
hippocampus and frontal cortex after chronic cerebral hypoperfusion. a
Representative DHE fluorescence staining for ROS in hippocampal CA1
region (magnification = × 200, scale bars = 50 μm). b Representative DHE
fluorescence staining for ROS in frontal cortex (magnification = × 200, scale
bars = 50 μm). c Relative level of ROS (DHE-positive cells/mm2) in

hippocampal CA1 region (F[4, 20] = 380.736). d Relative level of ROS
(DHE-positive cells/mm2) in frontal cortex (F[4, 20] = 715.586). The ROS
level in shamgroupwere normalized to 1.Data are expressed asmean ± SEM
(n = 5). *P < 0.05 versus sham group. **P < 0.05 versus BCCAo group.
BCCAo bilateral common carotid artery’s occlusion; DHE dihydroethidium
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Statistical analysis

The data are reported as mean ± standard error of the mean
(SEM). Statistical analyses were double-blinded and were per-
formed by one-way ANOVA, followed by Dunnett’s test as
the post hoc analysis. P values of less than 0.05 were used as
the criterion for significance in all types of data analyses.

Results

WIN and URB treatment decreases the number
of activated microglia and activated astrocytes in frontal
cortex and hippocampus of CCH-induced rats

Previous studies suggested that microglial and astrocytic activa-
tion are being considered as a pathological hallmark in neurode-
generative disorders and chronic ischemic injury (Kwak et al.
2012). In the present study, activated microglia (OX-42-stained
cells) and astrocytes (glial fibrillary acidic protein
(GFAP)-stained cells) were rarely detected in frontal cortex and
hippocampal CA1 region in sham control rats, while CCH sig-
nificantly increased the number of OX-42-positive microglial
cells and GFAP-positive astrocytes as compared with the control
group (Figs. 1 and 2). Nevertheless, treatment with WIN, URB,

or WIN + URB abrogated the CCH-induced increase in the
number of OX-42-positive microglia and GFAP-positive astro-
cytes in the frontal cortex and hippocampus relative to the
BCCAo group.

WIN and URB treatment reduces ROS accumulation
in rat frontal cortex and hippocampus

Dihydroethidium (DHE) is oxidized by intracellular ROS to
produce fluorescent ethidium that is subsequently intercalated
in DNA, further amplifying its fluorescence, indicating that an
increase in DHE oxidation and a subsequent increase in fluo-
rescence are highly suggestive of ROS generation (Gross et al.
2003). As shown in Fig. 3, compared with the sham group, the
levels of ROS in the CCH group were significantly increased.
Notably, WIN as well as URB inhibited CCH-induced ROS
accumulation markedly.

WIN and URB treatment suppresses the expression
of inflammatory markers in frontal cortex
and hippocampus of CCH-induced rats

We further examined the expression of inflammatory markers,
including TNF-α, IL-1β, COX-2, and iNOS in frontal cortex
and hippocampus of each group (Fig. 4). CCH induced a

Fig. 4 Effects of WIN55,212-2 and URB597 on the expression of
inflammatory markers in rats hippocampus and frontal cortex after
chronic cerebral hypoperfusion. a, b The protein levels of TNF-a in
hippocampus and frontal cortex, respectively. c, d The protein levels of
IL-1β in hippocampus and frontal cortex, respectively. e, fRepresentative
western blot and relative optical density analysis of COX-2 andβ-actin in
hippocampus and frontal cortex respectively. g, h Representative western

blot and relative optical density analysis of iNOS and β-actin in
hippocampus and frontal cortex, respectively. Data are expressed as
mean ± SEM (n = 5). *P < 0.05 versus sham group. **P < 0.05 versus
BCCAo group. a F(4, 20) = 343.672; b F(4, 20) = 89.979; c F(4,
20) = 332.599; d F(4, 20) = 159.676; e F(4, 20) = 13.583; f F(4,
20) = 63.252; g F(4, 20) = 191.409; h F(4, 20) = 472.357; BCCAo
bilateral common carotid artery’s occlusion
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significant increase of TNF-α, IL-1β, COX-2, and iNOS
levels in rat frontal cortex and hippocampus as compared with
the sham group. Administration ofWIN and URB significant-
ly attenuated these increases in the frontal cortex and hippo-
campus of the BCCAo group. However, protein levels in the
frontal cortex and hippocampus of BCCAo +WIN, BCCAo +
URB, and BCCAo +WIN + URB groups were not restored to
a normal level.

.WIN and URB treatment blocks NF-κB activation
through inhibiting NF-κB p65 nuclear translocation
in frontal cortex and hippocampus of CCH-induced rats

NF-κB signaling is involved in the regulation of several path-
ological conditions associated with inflammation, including
ischemic stroke and neurodegeneration (Pizzi et al. 2009;
Khan et al. 2012). Recent studies showed that CCH activated
NF-κB-mediated inflammatory pathways, resulting in neuro-
nal damage (Fu et al. 2014). In the present study, we evaluated
the activation of NF-κB p65 and its nuclear translocation
using immunofluorescence and western blot (Figs. 5 and 6).
In agreement with the aforementioned results, CCH signifi-
cantly increased NF-κB activation by increasing the phos-
phorylation of IKK a/β, inducing the degradation of IκB-a

and stimulating nuclear translocation of NF-κB p65 in rat
frontal cortex and hippocampus. However, WIN and URB
treatment significantly reversed these changes.

Discussion

A robust inflammatory response is one of the most important
delayed mechanisms after the onset of brain ischemia (Wang
et al. 2007). Chronic neuroinflammation is tightly associated
with neuronal loss, neuronal cell death, cognitive dysfunction,
and neurodegeneration (Bond and Rex 2014; Hovens et al.
2015; Lozano et al. 2015; Macchi et al. 2015). Therapeutic
strategies targeting the delayed inflammatory reaction may
inhibit the progression of the tissue damage and provide an
extended therapeutic window for neuroprotection. According
to our previous studies (Su et al. 2015, 2016), WIN and URB
could exert neuroprotective effects against CCH-induced neu-
ronal apoptosis, cognitive dysfunction, and impaired neuronal
plasticity in the frontal cortex and hippocampus. However,
limited studies have examined the effects of WIN and URB
on neuroinflammation induced by CCH in the central nervous
system. Therefore, the major focus of the present study was to

Fig. 5 Effects of WIN55,212-2 and URB597 on the NF-κB signaling
alterations in rats hippocampus and frontal cortex after chronic cerebral
hypoperfusion. a, e Representative western blot and relative optical
density analysis of p-IKK a/β, IKK a/β, and β-actin in hippocampus
and frontal cortex, respectively. b, f Representative western blot and
relative optical density analysis of IκB-a and β-actin in hippocampus
and frontal cortex, respectively. c, g Representative western blot and
relative optical density analysis of cytoplasmic NF-κB p65 and β-actin

in hippocampus and frontal cortex respectively. d, h Representative
western blot and relative optical density analysis of nuclear NF-κB p65
and Histone-H3 in hippocampus and frontal cortex respectively. Data are
expressed as mean ± SEM (n = 5). *P < 0.05 versus sham group.
**P < 0.05 versus BCCAo group. a F(4, 20) = 32.660; b F(4,
20) = 60.274; c F(4, 20) = 41.523; d F(4, 20) = 234.127; e F(4,
20) = 105.729; f F(4, 20) = 15.335; g F(4, 20) = 19.517; h F(4,
20) = 95.100; BCCAo bilateral common carotid artery’s occlusion
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determine the role of WIN and URB in regulating
CCH-induced neuroinflammation in vivo.

It has been reported that cerebral ischemic injury may trig-
ger the activation of microglia and astrocytes (Kato et al.
2003), which can release pro-inflammatory cytokines includ-
ing TNF-α, IL-1β, COX-2, and iNOS (Pickering and
O’Connor 2007; Kaushal and Schlichter 2008; Kim et al.
2009; Jin et al. 2010). Subsequently, the accumulation of these
pro-inflammatory factors could further exacerbate ischemic
damages (Batti and O’Connor 2010). Taken together, neuro-
inflammation is a key contributor in the ischemic cascade after
cerebral ischemia that leads to neuronal damage and death.
Consistent with these previous reports, we observed that
CCH could efficiently induce microglial and astrocytic acti-
vation. Furthermore, CCH increased the expression of
TNF-α, IL-1β, COX-2, and iNOS. However, WIN and
URB treatment decreased the number of activated microglia
and astrocytes in frontal cortex and hippocampal CA1 region.
BothWIN and URB significantly downregulated the levels of

the aforementioned inflammatory factors, indicating thatWIN
and URB might exert their neuroprotective effects via inhibi-
tion of the neuroinflammatory response.

Oxidative stress occurs when the intracellular antioxidant
defense system is overwhelmed by the generation of ROS,
leading to the increase of toxic molecules (Lee et al. 2014).
ROS is one of the crucial signaling molecules in the oxidative
stress response. Cerebral ischemic injury may evoke many
intracellular events including oxidative damage and the accu-
mulation of ROS (Geng et al. 2015), which cause the destruc-
tion of cell proteins, lipids, nucleic acids, and DNA (Chan
2001). Post-ischemic ROS generation may eventually lead
to neuronal death (Chan 2001; Ye et al. 2014). Moreover,
ROSmay contribute to inflammation through the involvement
of specific signaling pathways (Wang et al. 2004). In agree-
ment with these studies, we found that CCH significantly
increased the level of ROS in frontal cortex and hippocampal
CA1 region. Nevertheless, WIN as well as URB inhibited
CCH-induced ROS accumulation markedly, suggesting that

Fig. 6 Immunofluorescence staining of the nuclear translocation of NF-
κB p65 in each group. a Representative immunofluorescence for NF-κB
p65 in hippocampal CA1 region (magnification = × 200, scale
bars = 50 μm). b Representative immunofluorescence for NF-κB p65
in frontal cortex (magnification = × 200, scale bars = 50 μm). In sham
group, the immunoreactive staining occurred less in the cytoplasm and

nucleus, while in the BCCAo group, strong immunoreactive staining
occurred in the cytoplasm and nucleus, especially in the nucleus.
However, in the BCCAo + WIN55,212-2, BCCAo + URB597, and
BCCAo + WIN55,212-2 + URB597 groups, immunoreactive staining
was predominantly detected in the cytoplasm rather than in the nucleus.
BCCAo bilateral common carotid artery’s occlusion
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WIN and URB may have antioxidant properties, which acti-
vated its neuroprotective mechanisms against the adverse ef-
fects of ischemia.

NF-κB p65 is a major subunit that is sequestered in the
cytoplasm and kept inactive through its association with
IκB-a. The stimulation of pro-inflammatory cytokines induces
a rapid degradation of IκB-a, causing the release and nuclear
translocation of NF-κB for gene regulation. Activated NF-κB
may be one of the crucial regulators of inflammatory damage
by acting as an essential transcription factor for further pro-
motion of target genes such as TNF-α, IL-1β, COX-2, and
iNOS (Hayden and Ghosh 2004; Lawrence and Fong 2010),
thereby triggering the vicious cycle and exacerbating inflam-
matory injury (Denes et al. 2011). Furthermore, ROS overpro-
duction, which exacerbates the oxidative stress and mitochon-
drial damage, can serve as a second messenger to diverse
active downstream signaling molecules including the nuclear
translocation of NF-κB (Flohé et al. 1997). In addition, the
activation of NF-κB signaling is associated with apoptosis and

cognitive deficits (Kuhad et al. 2009; Tusi et al. 2010), where-
as inhibition of the NF-κB pathway may not only decrease
inflammatory responses but also prevent apoptosis and cogni-
tive dysfunction (Lawrence et al. 2001; Kuhad et al. 2009). In
our previous studies, we also confirmed that neuronal apopto-
sis and impaired learning and memory induced by CCH was
accompanied by DNA fragmentation, a decrease of Bcl-2 to
Bax ratio and activation of caspase-3 (Su et al. 2015, 2016).
Hence, we further investigated whether CCH could activate
NF-κB signaling and whether this activation was modulated
by WIN and URB treatment. In the current study, we showed
that the NF-κB signaling pathway was activated by CCH in
frontal cortex and hippocampus, as evidenced by marked up-
regulation of p-IKK a/β, degradation of IκB-a, and nuclear
translocation of NF-κB p65, while the aforementioned chang-
es were reversed by WIN and URB treatment. These results
demonstrated that WIN and URBmight exert neuroprotective
effects in part by suppressing the classical pathway of NF-κB
activation.

Fig. 7 Schematic diagram for neuroprotective effects of WIN and URB
against CCH-induced neuronal apoptosis, cognitive dysfunction, and
inflammatory responses. WIN and URB blocked JNK phosphorylation
as well as the decrease in Bcl-2/Bax ratio and caspase-3 activation
induced by CCH. WIN and URB reversed the decreased levels of
phosphorylated AKT (p-AKT), p-CREB, p-GSK-3β, p-FOXO3A, p-

BAD, and BDNF and synapse loss induced by CCH. WIN and URB
suppressed the nuclear translocation of NF-κB p65, downregulated the
generation of ROS, decreased the accumulation of pro-inflammatory
cytokines and inhibited the activation of microglia and astrocytes
induced by CCH
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As described previously (Su et al. 2015, 2016), FAAH
inhibition (which blocks AEA inactivation) is a possible ther-
apeutic strategy for indirectly enhancing cannabinergic signal-
ing by targeting regions of endocannabinoid synthesis and
release (Hwang et al. 2010). FAAH inhibitors may thus offer
greater protection without the undesirable side effects ob-
served with non-specific cannabinoid receptor agonists
(Janero andMakriyannis 2009). Thus, it may not be surprising
that we found superiority of URB to WIN in terms of neuro-
protection. Although we observed anti-inflammatory function
of WIN and URB in the present study, other studies on the
contributions of WIN and URB to neuroinflammation remain
scarce. Hence, future investigations are necessary to gain
more information to verify our viewpoints. In particular, the
mechanisms behind the WIN- and URB-mediated inhibition
of neuroinflammatory responses require further clarification.

In conclusion, our in vivo data showed a key role for the
NF-κB signaling pathway in mediating CCH-induced neuroin-
flammation. WIN and URB treatment reduced CCH-induced
activation of microglia and astrocytes, decreased ROS genera-
tion, and reduced the expression of inflammatory markers
through inhibition of the NF-κB pathway, resulting in mitiga-
tion of chronic ischemic injury. Combined with our previous
studies (Su et al. 2015, 2016), we proposed a signaling sche-
matic diagram for neuroprotective effects of WIN and URB
against CCH-induced neuronal apoptosis, cognitive dysfunc-
tion, and inflammatory responses (Fig. 7). Collectively, these
findings suggest therapeutic effects forWIN andURB in chron-
ic cerebral ischemic insults.
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