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Abstract 

Background: Increasing evidences suggest that innate immunity is involved in cerebral ische-
mia-reperfusion (I/R) injury, but the liable innate immune receptors have not been completely eluci-
dated. Here, we explored the role of the nucleotide-binding oligomerization domain (NOD)2, a 
member of the cytosolic NOD-like receptor family, in acute focal cerebral I/R injury.  
Methods: An in vivo middle cerebral artery occlusion (MCAO) model that in wild type (WT) and NOD2 
deficient (NOD2−/−) mice and in vitro model of oxygen glucose deprivation and reoxygenation (OGD/R) 
in cultured primary microglia and astrocytes were used to investigate the expression of NOD2 and 
explore the roles of NOD2 in ischemic stroke.  
Results: Our results showed that NOD2 expression was significantly increased in microglia and as-
trocytes in response to the I/R insult. Pretreatment with muramyl dipeptide, an extrinsic ligand of 
NOD2, significantly increased the infarct volume and neurological dysfunction in mice subjected to 
MCAO. Genetic ablation of the NOD2 gene significantly improved stroke outcomes and reduced in-
flammation, as evidenced by a lower expression of the pro-inflammatory cytokines IL-1β, IL-6 and 
TNFα in conjunction with attenuated activation of nuclear factor κB (NF-κB), p38 mitogen activated 
protein kinases (MAPK) and JNK. Moreover, NOD2 deficiency prevented the upregulation of the 
NADPH oxidase (NOX) 2 and ROS generation induced by I/R. Mechanistically, NOD2-induced pro-
duction of IL-6 in primary cultured microglia was mediated through activation of NOX2.  
Conclusions: This study showed the contribution of NOD2 to inflammatory response and provided 
direct evidence that NOX2-mediated oxidative stress as an important target molecule linked NOD2 to 
inflammatory damage in ischemic stroke. Pharmacological targeting of NOD2-mediated inflammatory 
response at multiple levels may help design a new approach to develop therapeutic strategies for 
prevention of deterioration of cerebral function and for the treatment of stroke. 

Key words: Nucleotide-binding oligomerization domain (NOD)2; cerebral ischemia-reperfusion; NADPH ox-
idase; NF-κB; MAPK; inflammation. 

Introduction 
Acute ischemic stroke is the second leading 

cause of death and the most frequent cause of per-
manent disability in adults worldwide [1]. Although 
reperfusion is critical for ischemic brain tissue to re-

store normal function, it can paradoxically result in 
secondary damage, called ischemia-reperfusion (I/R) 
injury. Increasing evidences indicate that the 
post-ischemic inflammatory response plays a detri-
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mental role in stroke outcome [2, 3]. Thus, modulation 
of inflammatory signaling may be a useful therapeutic 
approach to treat acute stroke. 

Innate immunity is not only the first line of de-
fense against infection, but also is implicated in a 
number of sterile inflammatory events, including 
cerebral injury [4, 5]. The innate immunity depends 
on transmembrane toll-like receptors (TLRs) and cy-
toplasmic nucleotide-binding oligomerization domain 
(NOD)-like receptors (NLRs) to induce inflammatory 
responses. The NLRs have recently emerged as central 
regulators of immunity and inflammation associated 
with human diseases [6, 7]. Recently, it was reported 
that the inflammasome complex is formed after focal 
brain ischemia and inhibition of NLRP1 by a neutral-
izing antibody reduced the detrimental consequences 
of post-ischemic inflammation [8]. NLRP3 deficiency 
also ameliorates neurovascular damage in experi-
mental ischemic stroke [9]. Another two members of 
the NLR family, NOD1 and NOD2, have also been 
studied with regards to inflammatory diseases re-
cently. NOD1 and NOD2, via their caspase recruit-
ment domain (CARD), signal to the nuclear factor κB 
(NF-κB) and mitogen activated protein kinases 
(MAPKs) pathways [10, 11]. In particular, the im-
portance of NOD2 in inflammatory homeostasis is 
underscored by the observation that variants in 
CARD15 gene are associated with susceptibility to 
Crohn’s disease [12, 13]. Moreover, we proved that 
enhanced NOD2-mediated innate immunity is in-
volved in atherosclerosis by up-regulating the pros-
taglandin E2 pathway [14]. NOD2 has also been 
demonstrated to be up-regulated in microglia [15] and 
astrocytes [16] following bacterial infection [17]. 
However, little is known about the role of NOD2 in 
cerebral I/R. Therefore, in the present study, we used 
an in vivo middle cerebral artery occlusion (MCAO) 
model in wild type (WT) and NOD2 deficient mice 
and in vitro model of oxygen-glucose deprivation and 
reoxygenation (OGD/R) in cultured cells to investi-
gate the expression of NOD2 in ischemic brains and 
further explore the relevance of NOD2 mediated sig-
naling in cerebral I/R injury and inflammation. 

Materials and Methods  
Animals 

NOD2-deficient (NOD2-/-) mice on a C57BL/6 
background and wild type (WT) C57BL/6 mice were 
purchased from Jackson Laboratory (Bar Harbor, 
ME). Mice were housed under specific pathogen free 
conditions with a 12 h light/dark cycle and with free 
access to food and water. All studies were performed 
following institutional approval in accordance with 
Shandong University Guide for the Care and Use of 

Laboratory Animals. The protocol was approved by 
the Committee on the Ethics of Animal Experiments 
of the Shandong University (Permit Number: 
ECAESDUSM2012016). All surgeries were performed 
under sodium pentobarbital anesthesia, and all efforts 
were made to minimize suffering. 

Model for transient focal cerebral ischemia  
Transient MCAO was induced in both NOD2-/- 

and WT mice (25-28 g) as previously described by 
Jasmin [18] and Yang [9]. A successful occlusion was 
indicated by a severe reduction in the regional cere-
bral blood flow to < 20% of the baseline by a la-
ser-Doppler flow meter (Perimed, Sweden) using a 
probe attached to the skull in the area of cerebral cor-
tex supplied by the MCA. After 2 h of MCAO, the 
monofilament was carefully retracted to allow reper-
fusion confirmed by an immediate increase in region-
al cerebral blood flow. Rectal temperature was main-
tained at 36.5-37.5°C with a homeothermic blanket 
throughout the procedure until complete recovery of 
the mice from anesthesia. For muramyl dipeptide 
(MDP) group, an extrinsic ligand of NOD2, MDP was 
intraventricularly administered to mice 30 min before 
MCAO. MDP (200 μM in normal saline) or the vehicle 
(normal saline) was injected using a Hamilton syringe 
(3 μL, 0.4 mm posterior and 1.0 mm lateral to the 
bregma and 2.2 mm from the duramater). Mice were 
anesthetized and then decapitated after reperfusion at 
2 h, 6 h, 12 h, 24 h or 48 h. The sham animals were 
subjected to the same procedure except for the 
MCAO.  

Infract volume and neurological function as-
sessment  

Stroke outcomes were evaluated at 24 h after 
reperfusion by a blinded investigator using 4-point 
grade scale neurological scoring system [19]. Follow-
ing neurological examination, mice were euthanized 
and the brains were immediately removed. 2-mm 
brain coronal sections were made and stained by 
2,3,5-triphenyltetrazolium chloride (TTC). The stain-
ing images were recorded by a digital camera and 
quantified by C imaging 1280 software. The infarct 
volume was numerically integrated across each sec-
tion and over the entire ipsilateral hemisphere[19]. 
Animals experienced a subarachnoid hemorrhage 
were excluded from the study. 

Morphological examinations  
 The brains were fixed with 4% paraformalde-

hyde and subsequently embedded in paraffin and cut 
into 5-μm-thickness sections. The sections were 
stained with haematoxylin and eosin (H&E) to ob-
serve the neural morphology in the cerebral cortex 
and hippocampus. 
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Measurement of reactive oxygen species 
(ROS) 

NADPH oxidase (NOX) activity was determined 
by measurement of ROS production in brain or cell 
homogenates. A modified dihydroethidium fluores-
cence spectrometric assay was used to evaluate ROS 
production as previously described by Yi [20]. 

Primary Cell Cultures and treatment 
Primary microglia and astrocytes were isolated 

and cultured as described by del Zoppo GJ [21]. The 
purity of microglia and astrocytes were evaluated by 
immunofluorescent staining using antibodies against 
CD11b (Abcam, Cambridge, UK), and glial fibrillary 
acidic protein (GFAP, Chemicon, Temecula, CA, 
USA), respectively.  

For OGD/R experiments, cells were incubated in 
OGD buffer (51 mM NaCl, 65 mM K-gluconate, 0.13 
mM CaCl2, 1.5 mM MgCl2, 10 mM HEPES pH 6.8, 
penicillin and streptomycin). The buffer was deoxy-
genated using nitrogen for 30 min before the cell 
treatment. Cells were incubated for 1 h at 37°C in a 
humidified incubator set to 5% CO2 and 95% N2. Re-
oxygenation was induced by changing the media and 
returning the cells to the regular humidified incubator 
with 5% CO2 and ambient O2 concentration 
(non-hypoxic conditions). Control cells were incu-
bated in regular media in non-hypoxic conditions. For 
drug treatment, MDP (10 μg/ml) was added at the 
beginning of reoxygenation. Apocynin (100 μM) was 
added 30 min before OGD. 

Immunofluorescence staining  
Staining was performed on brain sections and 

cultured cells as previously described [18]. Primary 
polyclonal antibody NOD2 (sc-30199, Santa Cruz Bi-
otechnology; 1:100 dilution) was used in this study. 
To determine the lineage of NOD2-positive cells, an 
anti-neutron nuclei (NeuN) antibody (Invitrogen, 
Carlsbad, CA; 1:200 dilution) was used to identify 
neurons, An anti-GFAP antibody (Chemicon; 1:200 
dilution) was used to identify astrocytes, an an-
ti-CD11b antibody (Abcam; 1:200 ) and an anti-Iba-1 
antibody (Proteintech; 1:100 dilution) were respec-
tively used to characterize microglia/macrophages. 
Following immunofluorecence, an antifading solution 

containing 200 mg/ml of DAPI was used to mount the 
sections. 

RNA extraction and real-time RT-PCR  
RNA extraction and reverse-transcription were 

performed as described previously [22]. Quantitative 
real time-PCR analysis was performed with SYBR 
green (Invitrogen Applied Biosystems, Carlsbad, CA, 
USA) using a Bio-Rad iCycler system (Bio-Rad, Her-
cules, CA, USA). The mRNA levels of target gene 
were normalized by the housekeeping gene β-actin. 
Relative expression was determined by the 2-ΔΔCT 
method. The specific primers for target and house-
keeping genes in this study are listed in Table 1. 

Measurements of TNFα, IL-1β and IL-6 in the 
supernatants of the ipsilateral hemisphere 

TNFα, IL-1β and IL-6 in brain homogenate su-
pernatants were measured by ELISA (R&D Systems, 
Abingdon, UK) following the manufacturer’s proto-
col. 

Western blot analysis  
Western blotting was performed as previously 

reported [23]. Primary antibodies anti-NOD2 (Santa 
Cruz Biotechnology, Inc. Dallas, TX, USA), an-
ti-NADPH oxidase 2 (NOX2 , BD Transduction La-
boratories, Lexington, KY, USA), anti-phospho-NF-κB 
p65, anti-IκBα, anti-JNK, anti-phospho-JNK, anti-p38, 
anti-phospho-p38 MAPK (Cell Signaling Technology, 
Beverly, MA, USA), anti-ERK1/2 and an-
ti-phospho-ERK1/2 (Sigma-Aldrich, St. Louis, MO, 
USA) were used in this study. To document the 
loading controls, the membrane was reprobed with a 
primary antibody against the housekeeping proteins 
GAPDH or β-actin.  

Statistics  
All data are presented as mean ± S.E.M. The data 

of the neurological deficits and cerebral infarct vol-
umes were analyzed by the Kruskal-Wallis test fol-
lowed by Dunn's test. One-way analysis of variance 
(ANOVA) and Tukey's multiple comparisons test 
were used to evaluate the significance of differences 
in other data. P<0.05 was considered statistically sig-
nificance. 

 

Table 1. List of primer sets for SYBR-Green based real time PCR. 

Target gene Sequence of forward primer (5’-3’) Sequence of reverse primer (5’-3’) 
β-actin GAATTGCTATGTGTCTGGGT CATCTTCAAACCTCCATGATG 
NOD2 GCCTTCCTTCTACAGCACGT TGGCAGGGCTCTTCTGCAAG 
IL-1β ACCTTCCAGGATGAGGACATGA AACGTCACACACCAGCAGGTTA 
IL-6 ACAACCACGGCCTTCCCTAC CATTTCCACGATTTCCCAGA 
TNFα GTGAAGGGAATGGGTGTT GGTCACTGTCCCAGCATC 
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Results 
The NOD2 expression was up-regulated in the 
mouse brain subjected to focal cerebral is-
chemia reperfusion 

Firstly, by real-time RT-PCR (Fig. 1A) and west-
ern blotting (Fig. 1B) analyses, we found that NOD2 
expression was markedly enhanced in the ischemic 

penumbra with a peak expression at 24 h after reper-
fusion. We further found that NOD2 was significant 
upregulated in microglia/macrophages and astro-
cytes by double immunofluorescent analysis (Fig. 1C), 
which was further confirmed by double immunoflu-
orescence staining (Fig. 2A) and western blot analysis 
(Fig.2B) in primary cultured microglia and astrocytes 
subjected to 1 h OGD and 24 h reoxygenation in vitro. 

 
Figure 1. The expression of 
NOD2 in wild type (WT) mice 
was increased after cerebral 
ischemia-reperfusion injury. (A) 
Relative quantitative mRNA levels of 
NOD2 were determined by real-time 
RT-PCR analysis in penumbral cortex 
from WT mice after 2 h occlusion of 
the middle cerebral artery (MCAO) 
and 2 h, 6 h, 12 h, 24 h, 48h reperfu-
sion. (B) Western blot analysis of 
NOD2 protein levels in the penum-
bral cortex from WT mice after 2 h 
MCAO and 2 h, 6 h, 12 h, 24 h and 48 
h reperfusion. Results are repre-
sentative of six independent experi-
ments. *P<0.05, I/R WT mice vs. 
sham-operated WT mice. (C) Rep-
resentative images of double immu-
nolabeling for NOD2 and glial fibril-
lary acidic protein antibody (GFAP, 
astrocyte marker), CD11b (myeloid 
cell marker), Iba-1 (microgli-
al/macrophage marker) or NeuN 
antibody (neuron marker) in the 
penumbral cortex from WT mice 
after 2 h MCAO and 24 h reperfusion. 
DAPI indicates 4',6-diamidino-2- 
phenylindole. Scale bars: 50 μm. 
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Stimulation of NOD2 exacerbated stroke 
outcomes  

Next, we determined if the NOD2 signaling 
pathway was involved in I/R insult. Pretreatment 
with MDP showed worse neurological dysfunctions 
(Fig. 3A) and larger infarction volume (Fig. 3B and 
3C) as compared with WT mice at 24 h after reperfu-
sion. To further assess the role of NOD2 stimulation in 
ischemia-evoked neuronal injury, H&E staining was 
used to show morphological features of injured neu-

rons in hippocampus and cerebral cortex. It was 
found that the neuronal damage was exacerbated in 
mice pretreated with MDP (Fig. 3D). Collectively, 
these results implicate that the activation of NOD2 is 
detrimental to the brain during ischemia. 

NOD2 deficiency alleviated I/R injury  
Genetic deletion of NOD2 resulted in a signifi-

cant decrease in neurological scores in comparison 
with WT mice at 24 h after reperfusion (Fig. 3A). In 
accordance, NOD2-/- mice also had a significantly 

smaller infarct volume (Fig. 3B and 3C) 
(11.5% reductions vs the control, P<0.05); 
I/R-induced neuronal damage and loss 
was consistently attenuated in 
NOD2-/-mice (Fig. 3D). Moreover, there 
were no statistical differences in the neu-
rological scores, infarct volume and neu-
ronal damage between the MDP and I/R 
groups in NOD2-/-mice. However, com-
pared to WT mice, NOD2-/-mice pre-
treated with MDP had better stroke out-
comes. Collectively, these results impli-
cate that NOD2 deficiency could protect 
the brain against I/R injury. 

NOD2 deficiency attenuated the I/R 
induced inflammation 

To gain the mechanistic insights into 
the role of NOD2 in cerebral I/R injury, 
the proinflammatory cytokine responses 
were determined. The data showed that 
brain TNFα, IL-1β and IL-6 concentrations 
(Fig. 4A-4C) and mRNA expression (Fig. 
4D-4F) were induced at 24 h after the 
reperfusion insults in WT mice. Com-
pared to the WT mice, the up-regulation 
of TNFα, IL-1β and IL-6 was significantly 
decreased in the NOD2-/- mice. 

Activation of NF-κB and p38 MAPK, 
JNK mediated NOD2-induced in-
flammation in cerebral I/R injury 

The NF-κB signaling pathway plays 
an important role in the inflammatory 
process following the I/R injury [24]. We 
assessed the I/R-induced activation of 
NF-κB in the absence of NOD2. As shown 
in Fig. 5A, the NF-κB pathway was 
markedly activated as evidenced by the 
phosphorylation of NF-κB subunit p65 
and degradation in IκBα in the brain of 
WT mice in response to I/R insult. These 
changes in the NF-κB pathway were sig-
nificantly inhibited in NOD2-/- mice sub-

 
Figure 2. The expressions of NOD2 in astrocytes and microglia cells were upregulated after 1 h 
oxygen-glucose deprivation (OGD) and 24 h reperfusion in vitro. (A) Immunofluorescent staining 
indicating that NOD2 is expressed and enhanced by OGD both in microglial cells and in astrocytes, scale 
bars: 50 μm. (B) Western blot analysis of NOD2 expression in astrocytes and microglial cells subjected 
to 1 h OGD and 24 h reperfusion in vitro. Results are representative of four independent experiments. 
*P<0.05, OGD/R group compare with control group.  
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jected to 2 h of MCAO and 24 h of reperfusion (Fig. 
5B). We also assessed I/R-injury induced changes in 
the MAPKs signaling pathway, including extracellu-
lar signal-regulated kinase (ERK) 1/2, Jun N-terminal 
kinase (JNK) and p38 MAPK. The results showed that 
cerebral I/R also resulted in strong phosphorylations 
of ERK1/2, JNK and p38 MAPK in the WT mice (Fig. 
5C). However, I/R-induced activations of JNK and 
p38 MAPK were remarkably suppressed in NOD2-/- 
mice, and the activation of ERK was obviously unaf-
fected (Fig. 5D).  

NOX2-mediated oxidative stress contributed 
to NOD2-induced inflammatory responses in 
cerebral I/R injury  

It has been demonstrated that intracellular ROS 
is required in TLRs - dependent inflammatory re-
sponses [25-27]. However, it is unclear whether NOD2 
signaling mediates ROS production and whether this 
mechanism contributes to cerebral I/R injury. In an in 
vivo study, consistent with the up-regulation of 

NOD2, the ROS production and expression of 
NADPH oxidase subunit NOX2 were dramatically 
increased after reperfusion (Fig. 6A and 6B). Interest-
ingly, we found that the expression and activation of 
NOX2 were significantly inhibited in the NOD2-/- 
mice compared to WT mice (Fig. 6C and 6D). In an in 
vitro study, WT microglia was treated with MDP, a 
selective agonistic ligand of NOD2, and we found that 
MDP significantly induced NOX2 expression and 
ROS production in a time-dependent manner (Fig. 7A 
and 7B). To elucidate the role of NADPH oxidase on 
the NOD2 induced IL-6 production further, a 
well-known NADPH oxidase activity inhibitor, 
apocynin was used in this study. As shown in Fig. 7C, 
IL-6 production was markedly enhanced by OGD and 
MDP, and apocynin significantly inhibited the in-
crease of IL-6 induced by OGD and MDP. The results 
suggest that NADPH oxidase activation is involved in 
the NOD2-mediated inflammatory response after 
cerebral I/R injury. 

 
Figure 3. NOD2 stimulation exacerbated stroke outcomes and NOD2 deficiency improved stroke outcomes. Wild type (WT) and NOD2 deficient (NOD2-/-) 
mice were suffered from 2 h occlusion of the middle cerebral artery (MCAO) and 24 h reperfusion. For muramyl dipeptide (MDP) group, MDP, an extrinsic ligand of NOD2 was 
intraventricularly administered to mice 30 min before MCAO. (A) Neurological deficit scores (B) Representative photographs of coronal brain sections following infarction, 
stained with 2, 3, 5-triphenyltetrazolium chloride. Red tissue is healthy; white tissue is infarcted. (C) Summary of cerebral infarct volume in brains. The infarct volume was 
expressed as the percentage of the contralateral hemispheric area. (D) Representative photomicrographs of H&E staining in the cortex and hippocampus. For magnification ×40, 
scale bars: 200 μm; for magnification ×400, scale bars: 20 μm. Results are representative of eight independent experiments. *P<0.05, compared with indicated groups.  
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Figure 4. NOD2 deficiency reduced the production of inflammatory cytokines after cerebral ischemia-reperfusion injury. (A-C) The levels of proinflammatory 
cytokines, including IL-6, IL-1β and TNFα, in penumbral cortex were determined by ELISA at 24 h after reperfusion. (D-F) Relative quantitative mRNA levels of IL-6, IL-1β and 
TNFα in penumbral cortex were determined by real-time RT-PCR analysis at 24 h after reperfusion. Results are representative of six independent experiments. * P<0.05, vs. 
sham-operated WT mice; # P<0.05, vs. sham-operated NOD2-/- mice; $ P< 0.05, vs. I/R WT mice.  

 
Figure 5. NOD2 deficiency inhibited NF-κB and MAPK signaling activation after cerebral ischemia-reperfusion injury. (A and C) p-p65, IκBα, p-ERK , p-JNK 
and p-p38 MAPK protein expressions in the penumbral cortex from wild type (WT) mice at 2 h, 6 h, 12 h, 24 h and 48 h after reperfusion. (B and D) p-p65, IκBα, p-ERK , p-JNK 
and p-p38 MAPK protein expressions in the penumbral cortex from WT and NOD2-/- mice at 24 h after reperfusion. Statistical results from the densitometric measurements 
after normalization were calculated as the mean ± S.E.M. Results are representative of six independent experiments. * P<0.05, vs. sham-operated WT mice; # P<0.05, vs. 
sham-operated NOD2-/- mice; $ P<0.05, vs. I/R WT mice.  
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Figure 6. NOD2 deficiency inhibited NADPH oxidase activity and NOX2 expression after cerebral ischemia-reperfusion injury. (A) Summarized data 
showing NADPH oxidase activity (reactive oxygen species production) in the penumbral cortex from WT mice after 2 h MCAO and 2 h, 6 h, 12 h, 24 h and 48 h reperfusion. 
(B) Western blot analysis of NOX2 protein levels in the penumbral cortex from WT mice after 2 h MCAO and 2 h, 6 h, 12 h, 24 h, 48 h reperfusion. (C) Summarized data 
showing NADPH oxidase activity in the penumbral cortex from NOD2 deficiency mice at 24 h after reperfusion. (D) Western blot analysis of NOX2 protein levels in the 
penumbral cortex from NOD2 deficiency mice at 24 h after reperfusion. Results are representative of six independent experiments. * P<0.05, vs. sham-operated WT mice; # 
P<0.05, vs. sham-operated NOD2-/- mice; $ P< 0.05, vs. I/R WT mice.  

 

Discussion 
Here, we reported that NOD2 contributed to 

cerebral injury by NOD2-mediated inflammatory 
signaling in mice after ischemic stroke. We further 
demonstrated that NOX2-dependent oxidative stress 
was an important target molecule links NOD2 to in-
flammatory damage in ischemic stroke.  

There is an acute inflammation phase and a 
subsequent persistent phase of inflammation follow-
ing cerebral I/R injury. The acute inflammation is 
characterized by rapid activation of resident cells 
(mainly microglia), production of pro-inflammatory 
mediators, and infiltration of various types of hema-
topoietic inflammatory cells into the ischemic brain 
tissue [28]. Although infiltrated immune cells con-
tribute to inflammatory responses in the brain, 
growing evidences suggest that resident glial cells 
play important roles in the initiation and progression 
of inflammation following I/R insult [29, 30]. NOD2 
has been demonstrated to be up-regulated in micro-
glia and astrocytes and play an important role in the 
inflammatory responses following central nervous 
system bacterial infection [17]. We wondered whether 

NOD2 is also induced in cerebral resident cells after 
I/R. We then detected the expression of NOD2 in 
three major types of cerebral cells including microglia, 
astrocytes and neurons. In this study, our data clearly 
showed that the expression of NOD2 was rapidly and 
markedly up-regulated in response to the I/R insult 
in microglia and astrocytes in ischemic brain rather 
than in neurons, indicating that NOD2 from resident 
glial cells, microglia and astrocytes may play an im-
portant role in the regulation of immune responses in 
cerebral ischemia injury.  

 To define the role of NOD2 in the brain ische-
mia, we further compared cerebral I/R injury induced 
in WT mice and NOD2-/- mice with or without MDP, 
an extrinsic ligand of NOD2, stimulation. Pretreat-
ment with MDP to stimulate NOD2 significantly in-
creased the infarct volume and neurological dysfunc-
tion in WT mice subjected to I/R injury. However, 
there were no statistical differences in stroke outcome 
between the MDP and I/R groups in NOD2-/- mice. 
Convincingly, mice lacking NOD2 had a significantly 
better stroke outcome than mice that expressed nor-
mal levels of NOD2 after cerebral I/R injury.  
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Figure 7. The NADPH oxidase inhibitor apocynin attenuates IL-6 gener-
ation in response to MDP/OGD in microglia. (A) Summarized data showing 
that MDP (10 μg/ml) significantly activated NADPH oxidase in a time-dependent 
manner. (B) Representative Western blot and quantified data showing that MDP (10 
μg/ml) significantly induced NOX2 expression in a time-dependent manner. (C) 
Summarized data showing that apocynin attenuated MDP/OGD stimulated IL-6 
generation in microglia. Results are representative of four independent experiments. 
*P<0.05, vs. control group; # P<0.05, vs. OGD/R group; ΔP<0.05, vs. MDP group, $ 
P<0.05, vs. OGD+MDP group. 

 
Inflammation contributes to secondary cerebral 

ischemic injury [21], and NOD2 play a critical role in 
the innate immunity and inflammation [7], therefore, 
NOD2 may also be involved in the inflammatory re-
sponses to I/R insult and the associated brain dam-
age. Our results showed that fewer pro-inflammatory 
mediators including IL-1β, IL-6 and TNFα, were 
produced in NOD2 deficient mice compared with WT 
substrains subjected to cerebral I/R. It has been 
shown that NOD2 activates NF-κB and MAPKs sig-
naling pathways, which induce the transcription of 

many pro-inflammatory genes [10]. Moreover, cere-
bral I/R injury triggers the activation of several tran-
scription factors involved in the inflammatory re-
sponse. Among them, the activation of NF-κB and 
subsequent degradation of IκBα are the key events in 
cerebral I/R[24]. The activated NF-κB further induces 
the expression of genes encoding many 
pro-inflammatory mediators, thereby triggering and 
exacerbating inflammatory injury in ischemic stroke 
[31]. Our results also showed that I/R injury increased 
the phosphorylation of p65 and promoted the degra-
dation of its endogenous inhibitor IκBα. Consistent 
with the down-regulations of IL-1β, IL-6 and TNFα 
levels in the brain, the activation of NF-κB was sig-
nificantly inhibited in NOD2 deficient mice. MAPKs 
signaling pathways also regulate transcription of in-
flammatory genes in the subsequent ischemic brain 
damage [32]. The MAPK family includes the follow-
ing major members: ERK, p38, and JNK, representing 
three different signaling cascades. The role of ERKs in 
cell growth and proliferation is well established. In 
contrast, JNKs and p38 MAPKs are regarded as 
stress-induced kinases and these kinases are impli-
cated in regulation of cytokine release and apoptosis. 
Increasing evidences have demonstrated that inhibi-
tion of MAPKs could be of benefit for the inhibition of 
neuroinflammation [33]. JNK and p38 MAPK have 
been identified as specific markers in neuroinflam-
matory signaling pathways. Inhibition of p38 and 
JNK, could lead to a reduction in pro-inflammatory 
molecule production by inflammatory cells after an 
ischemic injury [34, 35]. Consistently, we found that 
MAPKs were activated after cerebral I/R injury in WT 
mice, while NOD2 deficiency significantly restrained 
the activation of p38 MAPK and JNK. These data 
suggested that activation of NF-κB, p38 MAPK and 
JNK mediated NOD2-dependent immune activation 
in brain damage after ischemia.  

NOX-derived ROS is central to the oxidative 
stress induced by cerebral ischemia and NOX2 is the 
most important subtype for mediating cerebral injury 
[36, 37]. Emerging evidence suggests that ROS con-
tribute to innate immunity mediated signaling pro-
cesses [38]. It has been demonstrated that NOX2 plays 
an essential role in TLR2/3-dependent inflammatory 
responses [25, 27]. Additionally, TLR4-dependent 
ROS generation is essential for innate immunity via 
the TRAF6/ASK1/p38 axis [26].The NOX family 
member DUOX2 was recently demonstrated to in-
volve in NOD2-dependent ROS production in intes-
tinal epithelial cells [39]. Therefore, it is important to 
determine whether NOX2-derived ROS signaling is 
involved in NOD2-induced inflammatory responses 
in cerebral I/R. Indeed, our results showed that cere-
bral I/R-induced NOX2 expression and ROS genera-



Int. J. Biol. Sci. 2015, Vol. 11 
 

 
http://www.ijbs.com 

534 

tion were significantly diminished in NOD2 deficient 
mice. MDP induced a robust burst of ROS production 
and increased the expression of NOX2 in WT micro-
glia. However, inhibition of NOX activity significantly 
reduced the production of the inflammatory mediator 
IL-6 in microglia via OGD or MDP stimulation. Our 
results indicated that NOX2 was an important source 
of NOD2-induced ROS and NOX2-derived ROS was 
essential for the generation of inflammatory media-
tors such as IL-6. It should be noted that the present 
study did not further explore the regulatory mecha-
nisms of NOD2 activating NOX2, and further studies 
are needed to address this issue.  

In summary, this study for the first time showed 
NOD2 was a novel innate immune signaling partici-
pant in brain inflammatory response and provided 
direct evidence that NOX2-mediated oxidative stress 
as an important target molecule linked NOD2 to in-
flammatory damage in ischemic stroke. Pharmaco-
logical targeting of NOD2-mediated inflammatory 
response at multiple levels may help design a new 
approach to develop therapeutic strategies for pre-
vention of deterioration of cerebral function and for 
the treatment of stroke. 
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