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Abstract
Excess production of reactive oxygen species (ROS) critically contributes to occurrence of reperfusion injury, the paradoxical response 
of ischemic brain tissue to restoration of cerebral blood flow. However, the enzymatic sources of ROS generation remain to be unclear. 
This study examined Nox2-containing NADPH oxidase (Nox2) expression and its activity in ischemic brain tissue following post-isch-
emic reperfusion to clarify the mechanism of enzymatic reaction of ROS. Male Sprague-Dawley rats were subjected to 90-minute middle 
cerebral artery occlusion, followed by 3 or 22.5 hours of reperfusion. Quantitative reverse transcriptase PCR and western blot assay were 
performed to measure mRNA and protein expression of Nox2. Lucigenin fluorescence assays were performed to assess Nox activity. Our 
data showed that Nox2 mRNA and protein expression levels were significantly increased (3.7-fold for mRNA and 3.6-fold for protein) in 
ischemic brain tissue at 22.5 hours but not at 3 hours following post-ischemic reperfusion. Similar results were obtained for the changes of 
NADPH oxidase activity in ischemic cerebral tissue at the two reperfusion time points. Our results suggest that Nox2 may not contribute to 
the early burst of reperfusion-related ROS generation, but is rather an important source of ROS generation during prolonged reperfusion.
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Nox2-containing NADPH oxidase expression and activity in ischemic brain tissue after 
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Introduction
Timely restoration of cerebral blood flow (reperfusion) is the 
most effective treatment strategy for acute ischemic stroke. 
However, reperfusion can also exacerbate ischemic brain in-
jury through a mechanism called “reperfusion injury”, which 
results in a paradoxical enlargement of infarct size and worse 
outcome when compared to the damage caused by perma-
nent cerebral ischemia (without reperfusion) (Jung et al., 
2010). To maximize the beneficial influence of reperfusion 
on tissue recovery, great efforts have been made to define the 
molecular and cellular basis of this unique injury response 
following postischemic reperfusion. Excessive production of 
reactive oxygen species (ROS) derived from the imbalance 
between the rate of ROS generation and tissue’s ability to 
detoxify these reactive species has been widely accepted as a 
key mediator for reperfusion injury in ischemic stroke (Am-
aro and Chamorro, 2011; Tang et al., 2014), however, the 
sources of reperfusion-associated ROS generation remain to 
be defined. 

The Nox family of NADPH oxidases are multi-subunit 
enzymes including membrane bound subunits, cytoplasmic 
subunits, and G protein, which catalyze the reduction of 
molecular oxygen and oxidation of NADPH to generate su-
peroxide anion (Babior, 2004). Among the five Nox family 
proteins (Nox1–5), Nox2 (formerly known as gp91phox) 
is originally found in phagocytic cells. Besides its expres-
sion in phagocytes, Nox2 is also extensively expressed in 
the central nervous system (CNS) and contributes to ROS 
generation in a variety of CNS pathological conditions 
including ischemic stroke (Serrano et al., 2003; Abram-
ov et al., 2005; Manea et al., 2015; Rodriguez-Perez et al., 
2015). In models of stroke, Nox2 and several other subunits 
have been found to be increased in ischemic brain tissue 
during postischemic reperfusion (Beske and Jackson, 2012; 
Kleikers et al., 2012; Kahles and Brandes, 2013), and inhi-
bition of Nox2 with pharmacological inhibitors or genetic 
approaches (knock-out or knock-down) results in reduced 
ROS generation and smaller infarct size (Chang et al., 
2011; Knox et al., 2014). These studies clearly support an 
important role of Nox2 in reperfusion-associated injury to 
the ischemic brain. However, the temporal profile of Nox2 
expression is not fully characterized in the brain during 
postichemic reperfusion. 

Restoration of blood flow to the ischemic brain triggers 
an early burst of ROS generation and sustained ROS gen-
eration during prolonged reperfusion, which critically con-
tributes to reperfusion associated ischemic neuronal dam-
age (Thompson et al., 2012; Rodrigo et al., 2013). Although 
several mechanisms, such as mitochondrial dysfunction 
(Sanderson et al., 2013), xanthine oxidase activation (Ono 
et al., 2009), neutrophil infiltration (Liou et al., 2003), and 
Rac1 GTPase induction (Ozaki et al., 2000) have been pro-
posed to mediate reperfusion-associated ROS generation 
within ischemic brain tissue, the enzymatic sources of ROS 
generation at different stages of reperfusion have not yet 
been characterized. 

In this study, we investigated the implication of Nox2 

in reperfusion-induced ROS generation during the early 
and late phases of reperfusion in rats after transient focal 
cerebral ischemia. The data demonstrated that Nox2 was 
upregulated in ischemic brain tissue at 22.5 hours but not at 
3 hours of reperfusion following 90-minute middle cerebral 
artery occlusion (MCAO), implicating a role for Nox2 in 
late reperfusion- but not early reperfusion-associated injury 
in ischemic stroke. 

Materials and Methods
Animals 
Forty-eight male Sprague-Dawley rats (SCXK (Yue) 2011-
0015, Laboratory Animal Center of Southern Medical 
University, China) weighing 280–320 g were anesthetized 
with 4% isoflurane for surgical induction and their body 
temperature was maintained at 37.5 ± 0.5°C during the sur-
gical procedure. All animal procedures were approved by the 
Laboratory Animal Care and Use Committee of Shenzhen 
University, China. 

Middle cerebral artery occlusion/reperfusion (MCAO/R)  
According to a previous report (Liu et al., 2008), MCAO 
was induced by proximal occlusion of the right middle ce-
rebral artery with a 4.0 monofilament nylon suture with a 
silicon coated tip. After 90-minute occlusion, the monofila-
ment was carefully removed to establish reperfusion. Then, 
the rats were returned to their cages for 3 hours or 22.5 
hours before sacrifice. Forty-eight MCAO/R rats were ran-
domly divided into two groups: 90 min-I + 22.5 h-R group 
(90-minuate ischemia followed by 22.5-hour reperfusion, n 
= 24) and 90 min-I + 3 h-R group (90-minute ischemia fol-
lowed by 3-hour reperfusion, n = 24). Eight MCAO/R rats 
were respectively used for each assay. For all rats used in 
this study, successful MCAO was confirmed by 2,3,5-triph-
enyltetrazolium chloride (TTC) staining as we described 
previously (Liu et al., 2012), and pale white region was 
considered as the area of tissue infarction in the ischemic 
hemispheres. 

Tissue preparation 
Emerging evidence suggests that blood-brain barrier dam-
age occurred within the 3.0–4.5 hours thrombolytic time 
window (Hacke et al., 2008), so the rats were exposed to 
early-phase (3-hour) reperfusion and late-phase (22.5-
hour) reperfusion respectively after 90-minute ischemia 
to assay Nox2 expression pattern in early reperfusion- and 
late reperfusion-associated injury in ischemic stroke. After 
3-hour (early phase) or 22.5-hour (late phase) reperfusion, 
rats were sacrificed and brain tissues were collected and 
placed in ice-cold PBS. An 8-mm-thick brain region 3 mm 
away from the tip of the frontal lobe were then cut into eight 
1-mm-thick coronary slices, which contained the main in-
farction area, indicative of success in MCAO as confirmed  
by 2% TTC staining, according to our previous study (Liu 
et al., 2004). After removal of meninges, non-ischemic and 
ischemic tissues were collected for detecting Nox2 protein 
and mRNA expression as well as NADPH oxidase activity. 
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Figure 1 Expression of Nox2 protein in ischemic brain tissue after 90-minute middle cerebral artery occlusion followed by 3 or 22.5 hours of 
reperfusion. 
Nox2 protein level was detected by western blot assay. The membrane was stripped and re-blotted with β-actin antibody. (A) Representative im-
munoblots of Nox2 and the loading control β-actin. (B) Quantitative data of protein band intensity (gray value) after normalization to β-actin. 
Experiments were repeated four times. *P < 0.05, vs. non-ischemic brain tissue (mean ± SEM, n = 8, paired t-test). I: Ischemia; R: reperfusion; Min: 
minute; h: hour.

Figure 2 Nox2 mRNA expression in the ischemic brain tissue after 
90-minute middle cerebral artery occlusion followed by 3 or 22.5 
hours of reperfusion. 
Nox2 mRNA level was measured by real time quantitative reverse tran-
scription-polymerase chain reaction. Ct values were normalized to rpl 32 
and the comparative mRNA levels were determined by the 2−ΔΔCt method. 
Experiments were repeated four times. *P < 0.05, vs. non-ischemic brain 
tissue (mean ± SEM, n = 8, paired t-test). Min: Minute; h: hour.  

Figure 3 NADPH activity in ischemic brain tissue after 90-minute 
middle cerebral artery occlusion followed by 3 or 22.5 hours of 
reperfusion. 
Nox activity was assayed by the lucigenin-enhanced chemilumines-
cence method. Experiments were repeated four times. *P < 0.05, vs. 
non-ischemic brain tissue (mean ± SEM, n = 8, paired t-test). Min: 
Minute; h: hour. 

Quantitative reverse transcription-polymerase chain
reaction 
Non-ischemic and ischemic brain tissues were collected 
after 3-hour or 22.5-hour reperfusion, and total RNA was 
isolated from brain tissue and homogenized using Trizol 
reagents (Thermo Fisher Scientific, Waltham, MA) accord-
ing to manufacturer’s protocols. RNA samples (2 μg) were 
reverse-transcribed to generate first-strand cDNA using 
TaqMan® Reverse Transcription Kits (Thermo Fisher Scien-
tific, Waltham, MA). Reverse-transcribed products (0.5 μL) 
were amplified with the Vii7 real-time PCR System (Applied 
Biosystems, Foster City, CA, USA) in a 10 μL final reaction 
volume using SYBR® Green PCR Master Mix (Applied Bio-
systems) and the condition comprised an initial incubation 
at 95°C for 10 minutes, followed by 40 cycles of denaturation 
at 95°C for 15 seconds and annealing and extension at 60°C 
for 1 minute. Primer sequences and the length of amplified 
product were as follows: rat Nox2 forward: 5′-CAG CCT 

GCC TGA ATT TCA ACT-3′ and reverse: 5′-GGA GAG 
GAG ATT CCG ACA CAC T-3′, 62 bp; rat rpl 32 forward: 
5′- GTG AAG CCC AAG ATC GTC-3′ and reverse: 5′-GAA 
CAC AAA ACA GGC ACA C-3′, 412 bp. The fluorescence 
threshold value (Ct value) was calculated using the ABI 
Vii7 Real-time PCR system software (Applied Biosystems, 
Foster City, CA, USA). Ct values were normalized to rpl 32 
and the relative mRNA expression levels were determined 
by the 2−ΔΔCt quantification method, where ΔΔCt = ΔCt(tar-
get sample) −ΔCt(reference sample). 

Western blot analysis for Nox2 protein expression
Non-ischemic and ischemic brain tissues were collect-
ed and then homogenized in RIPA lysis buffer (50 mM 
Tris-base, 150 mM NaCl, 2 mM EDTA, 10% glycerol, 
1% TritonX-100, 1 mM phenylmethylsulfonyl fluoride) 
containing 1 mM Na3VO4 and protease inhibitor cocktail 
(Sigma-Aldrich) at 4°C. The tissue lysates were centrifuged 
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for 15 minutes at 12,000 × g at 4°C and protein concentra-
tions were determined using Pierce™ BCA Protein Assay Kit 
(Thermo Fisher Scientific, Waltham, MA, USA). The cell 
lysates were subjected to electrophoresis on 10–12% sodium 
dodecyl sulfate (SDS)-polyacrylamide gels and transferred to 
polyvinylidene difluoride membrane. The membranes were 
blocked in Tris-buffered saline with 0.1% Tween-20 contain-
ing 5% nonfat milk and membranes were then incubated 
overnight with monoclonal anti-Nox2 antibody (1:1,000; 
BD Transduction Laboratories, Forest Grove, OR, USA), 
The membranes were washed and incubated for 1 hour with 
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (1:1,000, Jackson ImmunoResearch, West Grove, PA, 
USA). The protein was detected using a chemiluminescence 
kit (Thermo Fisher Scientific) according to the manufactur-
er’s instructions, and the bands were visualized and quanti-
fied on a chemiluminescence and fluorescence gel Imaging 
System (Alliance, Uvitec Cambridge, UK). Nox2 protein 
expression was standardized to an equivalent β-actin protein 
amount and expressed as a ratio of band intensity (gray val-
ue) of ischemic brain tissue to non-ischemic brain tissue.

NADPH oxidase activity assay 
NADPH oxidase activity was analyzed by the lucigenin-en-
hanced chemiluminescence method as described previously 
(Ostrowski et al., 2006). In brief, ischemic brain tissue was 
collected and then homogenized in ice-cold modified Krebs 
HEPES buffer containing NaCl 119 mM, HEPES 20 mM, 
KCl 4.6 mM, MgSO4 1.0 mM, CaCl2 1.2 mM, Na2HPO4 0.15 
mM, KH2PO4 0.4 mM, NaHCO3 5 mM, glucose 5.5 mM, 
phenylmethylsulphonyl fluoride and a protease inhibitor 
cocktail (Sigma-Aldrich). To measure the enzymatic activity 
of Nox, 20 μL of homogenate was added to 80 μL Krebs buf-
fer supplemented with 6.25 μM of lucigenin (Sigma-Aldrich). 
The reaction was initiated by the addition of 1 μL NADPH 
solution (Sigma-Aldrich) to a final concentration of 0.1 mM. 
Chemiluminescence counts were recorded using a Lumi-
nometer TD 20/20 (Turner Designs, Sunny-vale, CA, USA). 
The chemiluminescence was expressed in relative light units 
(RLU) per minute per mg protein. 

Statistical analysis	
All data are expressed as the mean ± SEM. Statistical analysis 
was evaluated using paired t-test using SPSS 13.0 software 
(SPSS, Chicago, IL, USA). A value of P < 0.05 was consid-
ered statistically significant. 

Results
Nox2 protein expression within ischemic brain tissue after 
early-phase and late-phase reperfusion
The expression of Nox2 protein in the ischemic brain was 
detected after 90-minute MCAO followed by 3-hour (early 
phase) or 22.5-hour (late phase) reperfusion. Western blot 
analysis showed that non-ischemic brain tissue expressed 
low levels of Nox2 protein, while in ischemic brain tissue, 
Nox2 protein level was significantly increased after 22.5 
hours of reperfusion (Figure 1A) (P < 0.05). This increase 

was not detected in the ischemic brain tissue after 3- hour 
reperfusion (Figure 1A). Nox2 protein band intensity was 
quantified and expressed as band intensity ratio of ischemic 
brain tissue to non-ischemic brain tissue (Figure 1B). 

Nox2 mRNA expression within ischemic brain at 
early-phase and late-phase reperfusion
Nox2 mRNA expression in ischemic brain tissue was exam-
ined using real time quantitative RT-PCR. After 90-minute 
MCAO followed by 22.5-hour reperfusion, Nox2 mRNA 
expression was significantly increased in the ischemic brain 
tissue than in the non-ischemic brain tissue (P < 0.05; Fig-
ure 2). Similar to its protein results, Nox2 mRNA levels were 
comparable between non-ischemic and ischemic brain tis-
sues after 3 hours of reperfusion (P > 0.05; Figure 2). 

NADPH oxidase activity within ischemic brain at 
early-phase and late-phase reperfusion
NADPH oxidase activity was examined in the ischemic 
brain tissue after 90-minute MCAO, followed by 3 or 22.5 
hours of reperfusion using lucigenin-enhanced chemi-
luminescence. As shown in Figure 3, NADPH oxidase 
activity was significantly increased in ischemic brain tis-
sue than in non-ischemic brain tissue after 22.5 hours of 
reperfusion (P < 0.05), while no significant change was ob-
served after 3 hours of reperfusion (P > 0.05), which was 
consistent with the results obtained above for Nox2 mRNA 
and protein expression. 

Discussion
Restoration of blood flow to the ischemic brain is absolutely 
required for rescuing neuron-starving energy in ischemic 
stroke (Weaver and Liu, 2015). However, reperfusion is in-
volved in massive ROS generation, which is believed to cause 
extra damage to the brain, resulting in post-ischemic hemor-
rhage, vasogenic brain edema, and neuronal death (Singhal, 
2007; Rodrigo et al., 2013). Great efforts have been directed 
to the characterization of the sources of reperfusion-associ-
ated ROS generation within the brain (Bozkurt et al., 2014; 
Wu et al., 2015). Our results suggest that Nox2 may be an 
important enzymatic source of ROS generation at late-phase 
reperfusion, but may not contribute to reperfusion-associat-
ed early burst of ROS generation.

Nox2 is originally discovered in polymorphonuclear neu-
trophils and this enzyme is also expressed in many other 
non-phagocytic cells. In the past decades, the effect of Nox2 
in ischemia/reperfusion brain damage has been increasingly 
appreciated as increased Nox2 expression is detected in isch-
emic brain tissue and inhibition of Nox2 by pharmacological 
inhibitors or genetic approaches significantly reduces cere-
bral infarct size and blood-brain barrier injury in vivo (Liu 
et al., 2008; Kim et al., 2009; Thompson et al., 2012; Cooney 
et al., 2013; Kahles and Brandes, 2013; McCann et al., 2014). 
Of note, the majority of these studies have focused on Nox2 
change in ischemic brain tissue following prolonged reperfu-
sion. Similarly, results of this study showed that Nox2 mRNA 
and protein expression levels were upregulated in ischemic 
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brain tissue after 22.5 hours of reperfusion, and this upreg-
ulation was accompanied by an increase in NADPH oxidase 
activity. However, unlike prolonged reperfusion, the role of 
Nox2 in early reperfusion remains inconclusive. There are two 
recent studies showing that Nox2 is upregulated at 3 hours 
after reperfusion in ischemic stroke rats (Kochanski et al., 
2013; Cai et al., 2016). However, in another study, McCann et 
al. (2014) demonstrated that Nox2 knockout had no effect on 
neuronal loss at 6 hours following post-ischemic reperfusion, 
while it reduced infarction volume at 24 hours after reper-
fusion onset (McCann et al., 2014). Our results showed that 
Nox2 was not upregulated at both transcriptional and trans-
lational levels at an early reperfusion time point (3 hours after 
reperfusion onset). This discrepancy may be due to different 
animal models used in these studies, which may induce differ-
ent degrees of ischemia severity during the period of cerebral 
ischemia. Future studies are needed to test this possibility.

The Nox/Duox family of NADPH oxidases includes seven 
members, named as Nox1 to Nox5, dual oxidase (Duox)-1, 
and Duox-2 (Bedard et al., 2007). Although Nox2 has been 
considered the main isoform of NADPH oxidase relevant 
to ischemic stroke (Kahles and Brandes, 2013), Nox1, Nox4 
and Duox-1 may also play a role in ischemic brain injury. 
Similar to Nox2, Nox4 appears to contribute to ROS gener-
ation in ischemic brain tissue following prolonged reperfu-
sion as Nox4 mRNA expression is shown to be upregulated 
in ischemic brain tissue at 24 hours after MCAO onset, with 
an expression peak observed between days 7 and 15. More-
over, the peak phase of Nox4 mRNA expression coincides 
with the time of neoangiogenesis in the peri-infarct area, 
supporting a role of this enzyme in the restoration of isch-
emic brain damage (Vallet et al., 2005). In a rat model of 
transient MCAO, knockdown of Nox1 by adenovirus trans-
fected Nox1 small hairpin RNA markedly reduces the injury 
size and attenuates neuron death, indicating an important 
role of Nox1 in ischemic brain damage (Choi et al., 2015). 
Duox1 upregulation has been observed in neurons, astro-
cytes and endothelial cells in a rat MCAO model, which may 
also contribute to ROS production in the ischemic brain tis-
sue (Dvoriantchikova et al., 2012). This report only focused 
on the changes of Nox2 in ischemic brain tissue following 
reperfusion, and future studies are required to investigate 
other isoforms of NADPH oxidase to totally investigate the 
contribution of NADPH oxidases to ROS generation in the 
brain during post-ischemic reperfusion. 

In conclusion, the present study demonstrated that Nox2 
did not contribute to the burst of ROS generation in the 
ischemic brain at early-phase reperfusion, but was rather 
an important enzymatic source for ROS generation during 
prolonged reperfusion, which could help determine the tim-
ing of anti-NADPH oxidase treatments for acute ischemic 
stroke. 
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