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SUMMARY

Aims: In acute stroke, neurological damage is due to oxidative stress and neuronal apopto-

tic death. This study investigated whether Nogo-A 290-562 residues region (M9), fused to

the transduction domain of the HIV trans-activator (TAT) protein, is neuroprotective against

cerebral ischemia and the mechanisms. Methods: Transient focal cerebral ischemia was

induced by middle cerebral artery occlusion in male C57BL/6J mice. TAT-M9, its mutation

or vehicle was applied via intraperitoneal injection at the onset of reperfusion. The neuro-

behavioral scores, infarction volumes, neuronal apoptosis, and the ratio of Bax/Bcl-2 were

evaluated. Malondialdehyde (MDA), reactive oxygen species (ROS) levels, and NADPH oxi-

dase activation were measured in the presence or absence of the NADPH oxidase inhibitor

apocynin or activator tetrabromocinnamic acid (TBCA). Results: Immunofluorescence

results confirmed that TAT-M9 was transduced into brain parenchyma, and it significantly

improved neurological behavior, reduced infarct volumes, protected neuronal cells from

apoptosis, inhibited activation of NADPH oxidase, and decreased MDA and ROS contents.

Furthermore, apocynin imitated the beneficial effects of TAT-M9, while TBCA abolished

them. Conclusions: Our results demonstrate that TAT-M9 administration attenuates cere-

bral ischemia by inhibiting NADPH oxidase-mediated oxidative damage and neuronal apop-

tosis in mice. TAT-M9 may be a potential treatment for cerebrovascular disease.

Introduction

Oxidative stress is an important factor underlying neuronal dam-

age caused by ischemic insult [1,2]. Ischemic injury induced by

the cerebral artery occlusion is proved to begin with massive gen-

eration of reactive oxygen species (ROS) [3,4]. ROS target neu-

rons in the brain, which are particularly vulnerable to ischemia-

reperfusion injury [5]. The balance between ROS generation and

clearance is destroyed by ischemic injury, resulting in oxidative

stress-induced signaling activation and cell apoptosis. At the same

time, neuronal apoptosis is an early event in ischemic injury and

severe oxidative stress could lead to exacerbation of neuronal

apoptosis, whereas reduction in ROS could contribute to suppres-

sion of neuronal apoptosis [6]. Thus, therapeutic strategies are

needed that target both the oxidative damage and the down-

stream consequences such as apoptosis.

Nogo-A, known as myelin-associated neurite inhibitory factor,

inhibits the outgrowth of axonal processes after central nervous

system injury. Inhibition of Nogo-A can enhance axonal sprouting

and help neurological recovery in a rodent model of ischemic

injury [7,8]. However, the function of neuronal Nogo-A is still

widely uncharacterized. A recent study proved that the neuronal

expression of Nogo-A changed after the set of stroke [9]. Another

study uncovered that Nogo-A antibodies promoted neuronal sur-

vival after stroke [10]. The seemingly conflict results indicate that

different interruption with Nogo-A in different time point could

lead to opposite effects. Taken together, Nogo-A may play a role in

promoting survival after ischemic injury. Recently, we have fur-

ther demonstrated that amino-Nogo-A, a long specific region (aa

186-1004) of Nogo-A, showed a strong cytoprotective effect

against oxidative stress in vitro, and that residues 290-562 (M9)

may be a pivotal domain for this protective effect [11]. However,

the neuroprotective effect of M9 in vivo is still unclear.

NADPH oxidase is a membrane-bound enzyme highly local-

ized in the brain that generates ROS in periods of ischemia and

reperfusion [12]. The activation of NADPH oxidase contributes
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to ischemic oxidative damage to neurons [13]. Several studies

have shown elevated expression of NADPH oxidase in the brain

following ischemic stroke, with attenuation of cerebral infarc-

tion by the NADPH oxidase inhibitor apocynin [14,15]. These

results indicate a pivotal role for NADPH oxidase in the patho-

genesis of brain ischemic injury and suggest that NADPH oxi-

dase is a promising target in developing treatments for ischemic

injury.

To test the M9 domain as putative neuroprotectant in stroke,

we fused the most widely utilized protein transduction domains,

HIV TAT (trans-activator gene product) with M9 protein (TAT-

M9), and made the agent more stable and cross the blood–brain

barrier (BBB) into the mouse brain. We then investigated its neu-

roprotective effects against stroke damage induced by middle cere-

bral artery occlusion (MCAO) in mice. Furthermore, we tested the

hypothesis that TAT-M9 treatment protects against cerebral ische-

mic injury via inhibition of NADPH oxidase-mediated oxidative

stress.

Materials and Methods

Construction, Purification, and Transduction of
TAT-M9 and TAT-M9CA Fusion Proteins

Trans-activator-M9 was constructed and purified as described in

the article by Mi YJ, et al. [11]. For the delivery of TAT fusion pro-

teins into the mouse brain, 10 mg/kg TAT proteins were intraperi-

toneally injected into mice, and the transducible effect of TAT

fusion proteins was analyzed by immunofluorescence andWestern

blotting using anti-6 9 His antibody. TAT-M9CA was constructed

as the domain of 424, 464, and 559 cysteine mutating into alanine

and then injected through the same procedure used for TAT-M9.

Experimental Animals and Drug Injection

The C57BL/6J mice in this study were obtained from the Experi-

mental Animal Center at the Fourth Military Medical University.

The animals were housed at 21 � 2°C, with 60–70% humidity for

at least 1 week before surgery. They were also under a fixed 12-h

light/dark cycle and had free access to food and water. Procedures

involving animals and their care conformed to the Guidelines for

Animal Experimentation of the Fourth Military Medical Univer-

sity (Xi’an, China), which are in compliance with Ethics Commit-

tee for Animal Experimentation of the Fourth Military Medical

University.

Tetrabromocinnamic acid (TBCA; EMD Chemicals, Gibbstown,

NJ, USA) has a high specificity inhibition for CK2 and activates

NADPH oxidase. In this study, TBCA (20 nmol in 2 lL of 50%

dimethyl sulfoxide [DMSO] in PBS) was injected intracerebroven-

tricularly (i.c.v) 30 min before induction of ischemia (bregma:

1.0 mm lateral, 0.2 mm posterior, 3.1 mm deep) [16]. Fifty per-

cent DMSO in PBS was used as a vehicle [16]. Apocynin (Sigma-

Aldrich, St Louis, MO, USA), which was dissolved in DMSO and

phosphate-buffered saline, and 2.5 mg/kg body weight were

administered intravenously (2.5 mg/kg) 15 min before onset of

MCAO [16].

In the first part of the study, for the dose-dependent study,

C57BL/6J mice were randomly assigned to 0 mg/kg TAT-

M9 + MCAO, 1 mg/kg TAT-M9 + MCAO, 3 mg/kg TAT-

M9 + MCAO, and 10 mg/kg TAT-M9 + MCAO. Then male

10-week-old C57BL/6J mice weighing 20–25 g were randomly

assigned to Sham, MCAO, Vehicle + MCAO, TAT-M9 + MCAO,

and TAT-M9CA + MCAO groups. In the second part, the animals

were randomly assigned to Sham, MCAO, TAT-M9 + MCAO,

apocynin + MCAO, Vehicle + MCAO, TBCA + TAT-

M9 + MCAO, and Vehicle + TAT-M9 + MCAO groups. In the

third part, C57BL/6J mice were randomly assigned to MCAO,

TAT-M9 + MCAO, apocynin + TAT-M9 + MCAO, and Vehi-

cle + TAT-M9 + MCAO groups.

Induction of Transient Focal Cerebral Ischemia

Focal cerebral ischemia was induced by MCAO in mice using an

intraluminal filament technique as described previously [17,18].

The animals were anesthetized with 2% isoflurane delivered by

a facemask at a flow rate of 2 L/min oxygen. After 1 h of

MCAO, the filament was withdrawn and regional cerebral blood

flow was restored to normal. PBS, TAT-M9 or TAT-M9CA

fusion protein (10 mg/kg) was immediately injected intraperito-

neally after retraction of the thread occlusion. Regional cerebral

blood flow (rCBF) was monitored through a disposable microtip

fiber optic probe (diameter, 0.5 mm) connected through a mas-

ter probe to a laser Doppler computerized main unit (Periflux

5000; Perimed AB, Jarfalla-Stockholm, Sweden). MCAO was

considered adequate if rCBF sharply decreased to 30% of the

baseline level; reperfusion was accompanied with rCBF recov-

ered up to 80% of baseline; otherwise, animals were excluded

from analysis.

Neurological Deficit Evaluation and Infarct
Assessment

Neurological deficits were monitored 72 h after vascular occlusion

using the 6-point scoring system [19] by a blinded observer. Ani-

mals were decapitated and brains were dissected into 6 equidistant

coronal slices and immediately stained with 2% 2,3,5-triphenyl-

tetrazolium chloride (TTC). The infarct volumes were evaluated as

described previously [18].

Terminal Transferase Biotinylated-dUTP Nick End
Labeling

Samples from different groups were used for experiments (n = 5

for each group). Twenty-four hours after reperfusion, neuronal

apoptosis was assessed in situ by terminal deoxynucleotide trans-

ferase-mediated dUTP nick end labeling (TUNEL) (Roche) and

was quantitatively evaluated with the method described previ-

ously [17]. Briefly, 32 pixels of 0.10 mm2 were placed by light

microscope with 100 9 magnification and then the total number

of positively stained cells in these pixels was counted and

expressed as cells per millimeter squared.

Western Blot Analysis

The ischemic penumbra was identified and harvested as described

previously [20], weighed and homogenized (10%) in ice-cold
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RIPA buffer (Beyotime Institute of Biotechnology, Nantong,

China) with 1 9 Roche complete protease inhibitor cocktail and

1 mmol/L phenylmethylsulfonyl fluoride on ice. The Western blot

was performed as described in our previous study [17]. The fol-

lowing primary antibodies were used: anti-6 9 His, 1:500; anti-

Bcl-2, 1:200; anti-Bax, 1:1000; anti-Activation caspase-3, 1:200;

anti-NADPH oxidase p47phox, 1:500; and anti-NADPH oxidase

gp91phox, 1:1000 (Abcam, Cambridge, MA, USA) For each pri-

mary antibody, the appropriate secondary horseradish peroxi-

dase-conjugated anti-rabbit immunoglobulin G (IgG) antibody at

a 1:10,000 dilution (KangWei Inc., Beijing, China.) was used.

Immunoreactive proteins were then visualized using enhanced

chemiluminescence (ECL).

Measurement of Cerebral ROS and MDA Levels

The ischemic penumbra was harvested, and lipid peroxidation

was measured according to the method described by Ohkawa H,

et al. [21] by a detection kit purchased from Beyotime Institution

of China. The absorbance of the supernatant was measured by

spectrophotometry at 532 nm. ROS levels were determined using

detection kits from Western Tang Bio Institution, Shanghai,

China, and the absorbance of the supernatant was measured by

spectrophotometry at 490 nm.

Immunofluorescence

For analysis of TAT protein transfusion, the mice in the experi-

ment were anesthetized and transcardially perfused with PBS and

4% paraformaldehyde. The brain sections were prepared and

stained as described in our previous study [22]. Different brain

areas in each section were observed and photographed using a

microscope with a 40 9 objective (Olympus, BX51, Japan) from

the same part of the brain in each group.

Statistical Analysis

The software SPSS 11.0 for Windows (SPSS Inc, Chicago, IL,

USA) was used to conduct statistical analyses. All values,

except for neurological scores, are presented as mean � SEM

and were analyzed by one-way analysis of variance, and

between-group differences were detected with the post hoc Stu-

dent-Newman–Keuls test. The neurological deficit scores were

expressed as median (range) and were analyzed with the

Kruskal–Wallis test followed by the Mann–Whitney U-test with

the Bonferroni correction. Values of P � 0.05 were considered

statistically significant.

Results

Assessment of in Vivo Transduction of TAT-M9
into Mouse Brains

According to our previous studies, M9 is the region of Nogo-A pro-

tein from residues 290-562 (Figure 1A). The M9 fusion protein,

attached to TAT, was constructed and purified (Figure 1B). A high

level of TAT-M9 in brain tissue was detected with Western blot-

ting 4 h after intraperitoneal injection; this reached a peak at 12 h

(Figure 1C). At 6 h after intraperitoneal injection, anti-6 9 His

immunofluorescence revealed a robust transduction in the ische-

mic penumbra in TAT-M9-treated animals, as well as in TAT-

M9CA-treated animals. No protein transduction was detectable in

vehicle-treated control animals (Figure 1D).

Protective Effect of TAT-M9 was Dose-
Dependent

First, we used the middle cerebral artery occlusion model for

exploring the dose-dependent effect of TAT-M9. The animals

(A) (D)

(B)

(C)

Figure 1 Construction and transduction of trans-activator (TAT)-M9 fusion proteins. (A) The structure of the M9 domain. (B) The construction of TAT-

M9CA and TAT-M9. (C) Western blot showing TAT-M9 uptake in the brain after intraperitoneal injection. (D) TAT-M9 was double-stained with the nuclear

marker DAPI and rapidly taken up into the brain. TAT-M9 showed widespread uptake in the brain using anti-6 9 His antibody to test the signal 6 h after

intraperitoneal injection compared with vehicle. TAT-M9CA showed similar results. Scale Bar = 20 lm.
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were treated with vehicle (PBS), 2, 6 or 10 mg/kg doses of

TAT-M9 at the onset of reperfusion injury. With the dosage

of 10 mg/kg, the infarct volumes were significantly reduced

compared with vehicle group, together with a ameliorated

neurological behavior 72 h after reperfusion injury (Figure 2A,

B).

TAT-M9 Attenuated Cerebral Ischemic Injury

The diagram of experimental design for drug treatment and assess-

ment of the ischemic injury is shown in Figure 2C. 72 h after

ischemia and reperfusion, intraperitoneal injection of TAT-M9 sig-

nificantly improved the neurological scores compared with the

(A) (B)

(C) (E)

(D)

Figure 2 Trans-activator (TAT)-M9 improved neurological scores and reduced infarct volumes 72 h after reperfusion injury. 10 mg/kg TAT-M9

significantly improved neurological scores (A) and reduced infarct volumes (B) compared with the control group, whereas 1 or 3 mg/kg showed no

significant difference compared with the mice without TAT-M9 injection (n = 8 per group). *P < 0.05 versus 0 mg/kg TAT-M9 + middle cerebral artery

occlusion (MCAO) group. (C) A diagram of the experimental design for drug treatment and assessment of the ischemic injury. (D) TAT-M9 significantly

improved neurological scores compared with TAT-M9CA or vehicle (n = 8 per group). (E) Representative 2,3,5-triphenyltetrazolium chloride sections

outlining the infarcted areas. Infarct volumes of mice were significantly reduced in TAT-M9-treated group, whereas TAT-M9CA or vehicle showed no such

effects (n = 8 per group). *P < 0.05 versus TAT-M9 group.
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TAT-M9CA, vehicle-treated or MCAO groups (Figure 2D). In

MCAO, vehicle-treated and TAT-M9CA-treated groups, reproduc-

ible brain infarcts were obtained. The infarct was significantly

smaller in TAT-M9-treated animals and the trend reached statisti-

cal significance (Figure 2E).

TAT-M9 Inhibited Cellular Apoptosis in the
Ischemic Penumbra

Apoptotic cells were identified through TUNEL staining. The num-

ber of TUNEL-positive cells was significantly reduced in the region

of ischemic damage in the cerebral cortex in the TAT-M9-treated

group compared with the vehicle-treated group (Figure 3B,C,D).

In ischemic animals treated with the vehicle and in untreated ani-

mals, a considerable amount of activated caspase 3 was detected

in the penumbra 24 h after thread occlusion. The significantly

lower amount of caspase 3 was found in animals treated with

TAT-M9 (Figure 4A).

Effect of TAT-M9 on the Expression of Bcl-2 and
Bax Proteins

Neuronal cellular apoptosis in the ischemic penumbra was accom-

panied by a decrease in Bcl-2 expression and an increase in Bax

expression. TAT-M9 injection prevented the decrease in the

expression of Bcl-2 protein and suppressed the increase in Bax

expression. The changes in Bax/Bcl-2 ratios were statistically sig-

nificant between the TAT-M9 + MCAO group and the MCAO

group (Figure 4B).

NADPH Oxidase was Involved in
Neuroprotection of TAT-M9

For reflecting the activation of NADPH oxidase [23,24], the

NADPH oxidase subunits gp91phox and p47phox were tested by

Western blot. As showed in Figure 5A, the activation of NADPH

oxidase was increased after MCAO. The TAT-M9-treated group

(A)

(C)

(B)

(D)

Figure 3 Trans-activator (TAT)-M9 inhibited apoptotic cell death. (A) The gray region (I) is defined as the ischemic penumbra, and the black area (region II)

is defined as the ischemic core. (B) Representative photomicrographs of TUNEL in the ischemic penumbra by immunohistology. The blue arrow indicates a

viable cell, and the black arrow indicates a TUNEL-positive cell. Scale Bar = 20 lm. (C) Representative photomicrographs of TUNEL in the ischemic

penumbra by immunofluorescence. Scale Bar = 20 lm. (D) Quantitative analysis of the number of TUNEL-positive cells in the ischemic penumbra. TAT-M9

significantly decreased the number of TUNEL-positive cells, whereas the TAT-M9CA showed no such effect. Values are presented as mean � SEM (n = 5

per group).
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showed a lower level of NADPH oxidase compared with the

MCAO group. Pretreatment with TBCA significantly reversed the

protective effect of TAT-M9, while apocynin pretreatment signifi-

cantly reduced the activation of NADPH oxidase. The infarct vol-

ume was significantly larger in the TBCA + TAT-M9 + MCAO

group compared with TAT-M9-treated animals; this was accompa-

nied with lower neurological scores. In contrast, apocynin pre-

treatment inhibited the activation of NADPH oxidase, improved

the neurological scores, and reduced the infarction volumes com-

pared with the MCAO group (Figure 5B,C).

NADPH Oxidase-Mediated Anti-Oxidation of
TAT-M9

Compared with the Sham group, the MCAO group showed a

strong increase in ROS production in penumbra tissue. Treatment

with TAT-M9 significantly reduced the increase in ROS genera-

tion. TBCA pretreatment could reverse this protective effect of

TAT-M9, while apocynin could simulate the decrease in ROS pro-

duction (Figure 6A). In this study, malondialdehyde (MDA) was

used as a marker of lipid peroxidation, which is one of the hall-

marks of ROS-induced injury in the brain. After 24 h of reperfu-

sion, MDA content was significantly elevated in MCAO mice. The

administration of TAT-M9 or apocynin prevented the formation

of MDA compared with the MCAO group and TBCA pretreatment

could reverse the reduction in MDA (Figure 6B).

In addition, compared with MCAO group, both apocy-

nin + TAT-M9 + MCAO group and vehicle + TAT-M9 + MCAO

group improved neurological behaviors (Figure 6C) and reduced

infarct volumes (Figure 6D) at 72 h after reperfusion injury. How-

ever, the two groups showed no differences in comparison with

TAT-M9 group.

Conclusion

Stroke is one leading cause of death and disability worldwide.

Data from the World Health Organization indicate that 15 million

people worldwide suffer from stroke annually, placing a heavy

burden on family and society [25]. Currently, thrombolysis with

tissue plasminogen activator (t-PA) is the basic treatment for

ischemic stroke, but the neuroprotective effect is still limited

[26,27].

Nogo-A has received much attention as a principal inhibitor of

neurite outgrowth [22,28]. Numerous studies have demonstrated

that blockage of Nogo-A enhances axonal regeneration, thus

reducing long-term ischemia-induced neuronal damage. How-

ever, in a recent study, Cheatwood et al. [9] proved that Nogo-A

was expressed in cortical neurons, and the expression of Nogo-A

varied over time after MCAO in rats. They emphasized that Nogo-

A expression in neurons reached high peak at 28 days after the set

of MCAO. As the cortical area they tested was similar to the ische-

mic penumbra areas, they believed neuronal Nogo-A to be a

potential target for stroke therapy. But on the other hand, we

could clearly see from their results that Nogo-A expression

decreased sharply in the early phase after stroke. This result indi-

cated the different role that Nogo-A may play in different time

points. Kilic et al. also demonstrated that Nogo-A �/� mice suf-

fered more severe neuronal damage when compared with wild-

type animals and deactivation of Nogo-A went along with

decreased neuronal survival, as well as protracted neurological

(A) (B)

Figure 4 Effect of trans-activator (TAT)-M9 on the expression of Bcl-2, Bax, and caspase-3 proteins. (A) Apoptosis in the brain was analyzed by Western

blot of caspase-3 activation of the ischemic penumbra. The level of activated caspase-3 was significantly lower in animals treated with TAT-M9. Results

were normalized with b-actin. Results are presented as mean � SEM (n = 3 per group). (B) The TAT-M9-treated group showed a lower ratio of Bax/Bcl-2

compared with TAT-M9CA or middle cerebral artery occlusion (MCAO) group. Data are mean � SEM of three mice per group. *P < 0.05 versus MCAO

group.
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recovery [10]. Although these results seem paradoxical compared

with previous findings, together they indicate that in the ischemic

model, the blockage of Nogo-A at different time points may result

in various effects.

Our recent study showed that amino-Nogo-A upregulated the

anti-apoptotic Bcl-2 level, countered the reactive oxygen radicals

and induced cytoprotection in vitro against exogenous hydrogen

peroxide injury, and suggested that residues 290-562 (M9) may

be a pivotal domain for these protective effects [11]. This new

protein seems to be a promising agent for stroke treatment. How-

ever, it is recognized that presently even drugs that were appar-

ently effective in improving cell viability in vitro can easily fail in

animal models or even human. Whether M9 is neuroprotective

against cerebral ischemic injury in vivo is still unknown.

For this reason, we examined the effect of M9 on brain ische-

mia-reperfusion injury in mice. As M9 could not pass the blood–

brain barrier, we used a biologically active M9 protein attached to

TAT-His by recombinant technology. In the present study, we

proved that TAT-M9 was able to cross the blood–brain barrier after

intraperitoneal infusion and enter cells. We also found that the

TAT-M9 concentration reached the highest levels 12 h after intra-

peritoneal injection, as demonstrated by Western blotting.

Furthermore, we demonstrated that treatment with TAT-M9

immediately after reperfusion of MCAO significantly decreased

the brain infarct volume and improved neurological outcomes

with a concentration of 10 mg/kg. The neuroprotection occurred

without altering physiological parameters during ischemia. We

also compared the differences in infarct volumes and neurological

(A) (B)

(C)

Figure 5 NADPH oxidase-mediated anti-oxidation of TAT-M9. (A) Western blot of NADPH oxidase. Data are mean � SEM of three mice per group. (B) The

reduction in infarct size by TAT-M9 was reversed by pretreatment with tetrabromocinnamic acid (TBCA), a novel agonist of NADPH oxidase. The NADPH

oxdiase inhibitor apocynin could reduce infarction volumes. Infarct volume values given are mean � SEM (n = 6 per group). (C) Neurological deficits were

significantly improved in those animals treated with TAT-M9 and apocynin but reversed in TBCA pretreatment group (n = 10 per group). *P < 0.05 versus

middle cerebral artery occlusion (MCAO) group; #P < 0.05 versus TAT-M9 + MCAO group.
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deficits between TAT-M9-treated mice and TAT-M9CA-treated

mice. Our results suggested that TAT-M9 treatment could reduce

neuronal damage but not TAT by itself or other parts of the pro-

tein.

In ischemic stroke, the neurons in the penumbra undergo apop-

tosis after ischemic insult. Apoptotic events were revealed by acti-

vation of caspase as well as TUNEL staining of brain areas. From

the current study, the number of TUNEL-positive cells and the

caspase 3 activation in the penumbra area was significantly

reduced in the TAT-M9-treated group compared with TAT-

M9CA-treated group. These results provide the first evidence that

TAT-M9 can protect the brain against apoptotic injury induced by

ischemia.

The balance between pro- and anti-apoptotic proteins contrib-

utes to the process of apoptosis. The Bcl-2 family is involved in

ischemia-induced neuronal cell apoptosis and regulating mito-

chondrial functions. Bcl-2 is classified as the anti-apoptotic protein

and Bax the pro-apoptotic protein. Our results support that with

TAT-M9 treatment, the activation of Bax after ischemia injury

was inhibited, while Bcl-2 was activated. This finding was consis-

tent with the caspase and TUNEL experiment results above.

Brain ischemia-reperfusion triggers the activation of oxidative

stress, which is an imbalance between the generation and elimi-

nation of ROS in the biological system. Severe oxidative stress can

cause neuronal apoptosis via multiple pathways [29]. NADPH oxi-

dase 2 is a multiunit enzyme composed of membrane-bound su-

bunits (p22phox and gp91phox), cytoplasmic subunits (p40phox,

p47phox, and p67phox), and the small G protein Rac-1, while it is

widely expressed in the central nervous system including cortex

and hippocampus [30,31]. For stroke-induced brain injury, the

activation of NADPH oxidase 2 represents a major pathological

mechanism among the free radical producing-enzyme systems.

Activated NADPH oxidase was shown in ischemic stroke, while

inhibition of NADPH oxidase resulted in reduced cerebral infarct

volumes in the ischemic brain [32,33]. These results indicate that

NADPH oxidase plays an important role in ischemic-induced neu-

ronal damage. We proved in our preliminary experiments that

TAT-M9 could increase extracellular signal-regulated protein kin-

ases (ERK1/2) activation, and ERK1/2 activation was proved to be

related to the subunits of NADPH oxidase [10,34].

Thus, we hypothesized that TAT-M9 might suppress the activity

of NADPH oxidase and alter the ROS generation induced by ische-

mic injury. The activation of NOX2 is dependent upon forming an

active complex with several phox subunits including p47phox and

gp91phox. We therefore tested the hypothesis by analyzing

gp91phox and p47phox expression in the present study. To better

(A) (C)

(B) (D)

Figure 6 Effect of trans-activator (TAT)-M9 on malondialdehyde (MDA), reactive oxygen species (ROS) production, and the effect of apocynin on TAT-M9

neuroprotection. TAT-M9 and apocynin administration reduced ROS production (A) and MDA level (B), whereas tetrabromocinnamic acid (TBCA) reversed

TAT-M9 the protective effects. Values are expressed as mean � SEM (n = 6 per group). *P < 0.05 versus middle cerebral artery occlusion (MCAO) group,

#P < 0.05 versus TAT-M9 + MCAO group. Improved neurological behaviors (C) and reduced infarct volumes (D) were detected in apocynin+TAT-

M9 + MCAO group and vehicle+TAT-M9 + MCAO group, but both groups showed no significant differences compared with TAT-M9 group. *P < 0.05

versus MCAO group.
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understand the role of NADPH oxidase in ischemic injury, we

proved that apocynin was protective against ischemic injury by

testing neurological scores, infarct volumes, and ROS and MDA

production. These findings were consistent with previous studies

in which inhibition of NADPH oxidase-mediated protective effects

during ischemia [14,15], as well as the study of apocynin-reducing

lipid peroxidation and oxidative DNA damage through the inhibi-

tion of NADPH oxidase [16]. We also added TBCA, a novel regula-

tor of NADPH oxidase [16], which could reverse the protective

effect of TAT-M9. These results indicated that the anti-oxidative

effect of TAT-M9 may at least partially occur through the suppres-

sion of NADPH oxidase. From another perspective, we used

apocynin pretreatment before TAT-M9 and detected that the two

drugs showed no synergy effect compared with TAT-M9 along,

which indicated that the underlying mechanism for TAT-M9

might be related to inhibition of NADPH oxidase. Furthermore,

our preliminary experiments investigating the expression of

Prdx2, as well as the level of Akt and ERK1/2, showed similar

results to the in vitro studies (the results were not expressed in the

current paper). All these together suggest that the anti-oxidative

effect of TAT-M9 could be through multiple pathways in vivo.

The present study suggests that the novel region of Nogo-A may

be a promising treatment for cerebral ischemia-reperfusion injury,

although many shortcomings and challenges still remain. Regret-

fully, we did not explain exactly how TAT-M9 was associated with

NADPH oxidase. Whether the connection was direct or not was

still unclear. We presumed that TAT-M9 might affect the MAPK

signaling pathways through inhibition of Rac1 or the ERK1/2 sig-

naling pathway as in the previous in vitro study ERK1/2 was

proved to be involved in the TAT-M9 protection [11] and either

Rac1 or ERK1/2 was a classic downstream signal for amino-Nogo-

A [10,35]. Then, the signal might target NADPH oxidase phox

subunit for protective effect [34]. Further study is needed to pre-

cisely determine the NADPH oxidase signaling pathways. On the

other hand, the pharmacokinetics and side effects of TAT-M9 still

need further exploring. Moreover, little is known regarding the

therapeutic time windows for TAT-M9. Whether TAT-M9 delivery

at a few hours after stroke is still protective or not is not studied in

the current study. For future clinical translation, the full thera-

peutic window still remains to be characterized.

In conclusion, the present report showed that intraperitoneal

injection of TAT-M9 results in efficacious delivery to the brain.

TAT-M9 administration attenuated cerebral ischemic injury by

inhibiting NADPH oxidase-mediated oxidative damage and neuro-

nal cell apoptosis in mice. These results suggest that TAT-M9 may

have a potential application in treatment for cerebrovascular

diseases.
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