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Hyperglycemia decreases preoxiredoxin-2 expression in
a middle cerebral artery occlusion model
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Diabetes is a major risk factor for stroke and is also associated with worsened outcomes following a
stroke. Peroxiredoxin-2 exerts potent neuroprotective effects against oxidative stress. In the present study,
we identified altered peroxiredoxin-2 expression in an ischemic stroke model under hyperglycemic conditions.
Adult male rats were administrated streptozotocin (40 mg/kg) via intraperitoneal injection to induce
diabetes. Middle cerebral artery occlusion (MCAO) was induced surgically 4 weeks after streptozotocin
treatment and cerebral cortex tissues were isolated 24 hours after MCAO. Peroxiredoxin-2 expression was
evaluated in the cerebral cortex of MCAO-operated animals using a proteomics approach, and was found
to be decreased. In addition, the reduction in peroxiredoxin-2 levels was more severe in cerebral
ischemia with diabetes compared to animals without diabetes. Reverse-transcriptase PCR and Western
blot analyses confirmed the significantly reduced peroxiredoxin-2 expression in MCAO-operated animals
under hyperglycemic conditions. It is an accepted fact that peroxiredoxin-2 has antioxidative activity
against ischemic injury. Thus, the findings of this study suggest that a more severe reduction in
peroxiredoxin-2 under hyperglycemic conditions leads to worsened brain damage during cerebral
ischemia with diabetes.
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Stroke has both a high incidence and mortality. Among

patients who experience a stroke, cerebral ischemia can

lead to serious disabilities due to neurological deficits

and complications. The neurological dysfunction following

cerebral ischemia is due to a massive loss of neurons.

Moreover, diabetes mellitus increases the risk of mortality

after ischemic stroke and is associated with worsened

functional recovery [1]. As an explanation for this

association, hyperglycemia increases oxidative stress

and the activity of matrix metalloproteinase-9 as well as

exacerbating blood-brain barrier disruption and formation

of edema [2]. Likewise, hyperglycemia leads to vascular

complications and increased incidence of cerebrovascular

disease [3]. Hyperglycemia aggravates central nervous

system damage caused by cerebral ischemia.

Oxidative stress leads to impaired mitochondrial

function of neurons and subsequent cell death. Oxidative

stress is well-appreciated as a major contributor to the

initiation of diabetic complications and the progression

of diabetic neuropathy [4]. Hyperglycemia is associated

with increased susceptibility to oxidative stress in cerebral

ischemia and more severe brain damage. Specifically,

hyperglycemia increases superoxide production and

promotes hemorrhage [5], as well as increases the

generation of ROS and contributes to the progression of

neurovascular disease [5,6].

Peroxiredoxins are ubiquitous family proteins that act

as antioxidant enzymes by converting various peroxides

such as H
2
O

2
 and hydroperoxides to water and alcohol,

respectively. Peroxiredoxins comprise six subtypes with
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various cellular functions including cell proliferation,

gene expression, differentiation, and apoptosis [7].

Likewise, peroxiredoxins maintain redox balance under

both oxidative stress and normal conditions [8-10].

Peroxiredoxin-2 is one of six isoenzymes containing

redox-active cysteines capable of reducing peroxides.

Peroxiredoxin-2 is abundantly expressed in brain tissue

and is considered to be neuron specific. In addition,

peroxiredoxin-2 is involved in various neurodegenerative

diseases including Alzheimer’s disease, Parkinson’s

disease, and brain ischemia [11,12]. Overexpression of

peroxiredoxin-2 protects cortical neurons against apoptosis

by attenuating the apoptosis signal-regulating kinase

signaling cascade [13,14]. Peroxiredoxin-2 also has a

protective effect against oxidative stress in neuronal cell

culture and decreases brain damage after transient brain

ischemia [12,15]. We previously reported that peroxi-

redoxin-2 is significantly decreased in focal cerebral

ischemic damage [16]. Moreover, we previously showed

that diabetes mellitus is associated with increased infarct

volume and exacerbation of brain damage during focal

cerebral ischemia [17]. Based on these data, we hypo-

thesized that preoxiredoxin-2 expression may be more

significantly decreased in focal cerebral ischemia under

hyperglycemic conditions compared to normoglycemic

conditions. Thus, in the present study, we investigated

whether hyperglycemia induced by streptozotocin affected

peroxiredoxin-2 expression during cerebral ischemic

injury.

Materials and Methods

Experimental animals

Forty male Sprague-Dawley rats (200-220 g, 9 weeks

old) were obtained from Samtako Co. (Animal Breeding

Center, Osan, Korea) and were randomly allocated to

four groups: non-diabetic+sham, diabetic+sham, non-

diabetic+middle cerebral artery occlusion (MCAO), and

diabetic+MCAO. Animals were allowed free access to

food and water under controlled room temperature

(25oC) and lighting (14:10 light/dark cycle) conditions

for this study. All procedures were approved by the ethics

committee concerning animal research at Gyeongsang

National University (GNU-141223-R0063) and were

performed in accordance with the committee guidelines.

Induction of diabetes mellitus by streptozotocin

treatment

Diabetes was induced by a single intraperitoneal

injection of streptozotocin (Sigma, St. Louis, MO, USA)

at a dose of 40 mg/kg [18,19]. Streptozotocin was freshly

prepared in 10 mM citrate buffer (pH 4.6), and non-

diabetic control animals were injected with citrate buffer

only. Blood glucose concentrations were monitored

using an Accu-Chek® Active (Roche Diagnostics GmbH,

Mannheim, Germany) glucose meter and diabetes mellitus

was defined as hyperglycemic conditions with a glucose

concentration exceeding 300 mg/dL. The body weight

was decreased dose- and time dependent after streptozotocin

injection [20,21].

Middle cerebral artery occlusion

MCAO surgery is the most common stroke model and

was performed as previously described method 4 weeks

after streptozotocin injection [22]. Body weight and

blood glucose were measured shortly before the MCAO

operation. Animals were anesthetized with Zoletil (Virbac,

Carros, France, 50 mg/kg) by intramuscular injection

and placed on an operation plate in the supine position.

After a midline neck incision, the precervical fascia and

muscle were dissociated. The right common carotid

artery and the right external carotid artery were then

exposed. Next, the proximal part of the right common

carotid artery was temporarily blocked with micro-

vascular clips and the external carotid artery was ligated

and cut. The pterygopalatine artery was also dissociated

and ligated. A 4/0 monofilament nylon suture, the tip of

which was rounded by heating, was then inserted through

the external carotid artery and advanced into the internal

carotid artery, thus occluding the origin of the middle

cerebral artery. The external carotid artery was tightly

ligated with monofilament nylon and the microvascular

clip on the right common carotid artery was carefully

removed. A sham operation was performed using the

same procedure described above but without insertion of

the monofilament. At 24 h after the onset of MCAO, the

animals were decapitated and the brain tissues were

isolated. Brain tissues were frozen in liquid nitrogen and

stored at −70oC for analysis. For the determination of

infarct volume, the brains were quickly removed and cut

into 2 mm thick coronal slices using a rat brain matrix,
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reacted with 2% 2,3,5-triphenyltetrazolium chloride

(TTC) solution at 37oC for 10 min, and then fixed with

10% formalin. The stained images were scanned using

an Agfa ARCUS 1200TM (Agfa-Gevaert, Mortsel, Belgium)

and infarct volumes were analyzed using Image-ProPlus

4.0 software (Media Cybernetics, Silver Spring, MD,

USA). The volume of each infarct was determined as a

percentage of the infarction area relative to the whole

slice area.

2-Dimensional gel electrophoresis

A proteomic technique was used as described previously

[23]. Briefly, samples were homogenized in lysis buffer

(8 M urea, 4% CHAPS, ampholytes, and 40 mM Tris-

HCl) and centrifuged at 16,000 g for 20 min at 4oC. The

resulting pellets were dissolved in lysis buffer and the

concentration of protein was determined by a Bradford

protein assay kit (Bio-Rad, Hercules, CA, USA). First-

dimensional isoelectric focusing (IEF) was performed on

an Ettan IPGphor 3 System (GE Healthcare, Uppsala,

Sweden) and immobilized pH gradient (IPG) gel strips

with a linear pH gradient from 4 to 7, and 6 to 9 (17 cm,

Bio-Rad) were used. Samples were rehydrated in buffer

(8 M urea, 2% CHAPS, 20 mM DTT, 0.5% IPG buffer,

and bromophenol blue) for 13 h. The protein samples

(100 μg) were then loaded onto IPG strips and IEF was

performed as follows: 250 V for 15 min, 10,000 V for

3 h, and then 10,000 V to 50,000 V. Next, the strips were

incubated in equilibration buffer [6M urea, 30% glycerol,

2% SDS, 50 mM Tris-HCl (pH 8.8), 1% DTT] for 15

min. The strips were then applied to the top of gradient

gels (7.5-17.5%) for the second dimension. Gels were

electrophoresed using Protein-II XI electrophoresis

equipment (Bio-Rad) at 5 mA for 2 hours and 10 mA for

10 hours at 10oC. After electrophoresis, the gels were

incubated in fixation solution (12% acetic acid, 50%

methanol) for 2 hours and rinsed with 50% ethanol for

20 min. The resulting gels were stained with silver

solution (0.2% silver nitrate) for 20 min and then

developed in a solution of 0.2% sodium carbonate. The

stained gel images were obtained using an Agfa ARCUS

1200TM (Agfa-Gevaert) and image statistical analysis

was performed using PDQuest 2-D analysis software

(Bio-Rad). Protein spots were excised from the stained

gels using a punch and processed for MALDI-TOF. The

gel particles were digested in trypsin-containing buffer

and then extracted. Tryptic peptides were mixed with a

matrix solution and the resulting mixture was analyzed

with a Voyager System DE-STR MALDI-TOF mass

spectrometer (Applied Biosystem, Foster City, CA, USA)

to obtain a peptide mass fingerprint. MS-Fit and

ProFound software was used to detect proteins and the

SWISS-Prot and NCBI databases were used to identify

protein sequences.

Reverse transverse-PCR amplification

Total RNA was isolated from frozen right cerebral

cortical tissue samples using Trizol Reagent (Life

Technologies, Rockville, MD, USA) according to the

manufacturer’s instructions. Purified RNA samples were

stored at −70oC. RNA samples (1 μg) were converted

into complementary DNA using the Superscript III first-

strand system for reverse transcriptase-PCR (Invitrogen,

Carlsbad, CA, USA) according to the manufacturer’s

instructions. For PCR reactions, the amplification

temperature and time were set as follows: 5 min at 94oC

followed by 30 cycles of 30 sec at 94oC, 30 sec at 54oC,

and 1 min at 72oC, and finally 10 min at 72oC. PCR

products were separated by 1% agarose gel electrophoresis

and bands were visualized under ultraviolet light. The

primer sequences for peroxiredoxin-2 were: 5'-AGGAC

TTCCGAAAGCTAGGC-3' (forward primer) and 5'-

TTGACTGTGATCTGGCGAAG-3' (reverse primer).

The primer sequences for actin were: 5'-AGGACTTCC

GAAAGCTAGGC-3' (forward primer) and 5'-TTGACT

GTGATCTGGCGAAG-3' (reverse primer).

Protein preparation and Western blot analysis

Western blot analysis was performed according to a

previously described method [23].  Frozen samples were

rapidly homogenized in lysis buffer to which phenyl-

methanesulfonylfluoride was added as a protease

inhibitor. Homogenates were sonicated to dissolve the

tissue completely, centrifuged at 30,000 g for 30 min at

4oC, and the resulting supernatants were collected.

Protein concentration was determined using a bicinchoninic

acid kit (Pierce, Rockford, IL, USA) with albumin

diluted in lysis buffer as the standard. Total protein (30

μg) from each sample was electrophoresed on 10%

SDS-PAGE gels and completely transferred to poly-

vinylidene fluoride membranes (Millipore, Billerica,

MA, USA) at 4oC. Membranes were blocked with 10%

non-fat milk in Tris-buffered saline containing 0.1%

Tween-20 (TBST) for 1 hour to minimize nonspecific

antibody binding. The membranes were rinsed with

TBST and incubated with the corresponding primary
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antibodies for 12 hours at 4oC. The primary antibodies

used in this study were peroxiredoxin-2 and β-actin

(diluted 1:1000, Cell Signaling Technology, Beverly,

MA, USA). β-Actin was used as a control protein to

verify equal protein loading. Membranes were rinsed

with TBST and incubated with horseradish peroxidase-

conjugated goat anti-rabbit IgG (1:5000, Pierce) as a

secondary antibody. Enhanced chemiluminescence reagent

(GE Healthcare, Uppsala, Sweden) was used to detect

signals according to the manufacturer’s instructions.

Intensity of Western blot images was measured with

SigmaGel 1.0 (Jandel Scientific, San Rafael, CA, USA).

Data analysis

All data are expressed as the mean±SEM. Intensity

analysis was performed using SigmaGel 1.0 (Jandel

Scientific, San Rafael, CA, USA) and SigmaPlot 4.0

(SPSS Inc., Point Richmond, CA, USA). The results for

each group were compared with two-way analysis of

variance (ANOVA) followed by a post-hoc Scheffe’s

test. Differences were considered statistically significant

at P<0.05.

Results

We detected an obvious difference in body weight and

blood glucose in diabetic animals treated with streptozotocin

compared to control animals, with diabetic animals

exhibiting decreased body weight and increased blood

glucose levels. Specifically, body weights were 312.7±

23.5 g and 197.5±18.5 g in non-diabetic animals and

diabetic animals, respectively (Supplementary Figure 1).

Blood glucose levels were 102.5±3.5 and 352.5±28.4

mg/dL in non-diabetic animals and diabetic animals.

After performing the MCAO operation, we found that

infarct volume was significantly increased in diabetic

animals compared to non-diabetic animals. Specifically,

infarct volume was 27.45±3.25 and 38.65±4.25% in

non-diabetic+MCAO animals and diabetic+MCAO

animals, respectively.

A proteomics-based approach identified a decrease in

peroxiredoxin-2 expression in MCAO-operated animals.

The peptide mass of peroxiredoxin-2 was 9/51 and the

sequence coverage was 46%. Diabetic animals exhibited

a more severe decrease in peroxiredoxin-2 expression

compared to non-diabetic animals after MCAO injury;

however, peroxiredoxin-2 expression was similar in non-

diabetic and diabetic animals that underwent the sham

operation (Figure 1A). On the other hand, when we

evaluated peroxiredoxin-2 levels as a ratio to the

intensity of non-diabetic+sham for non-diabetic+MCAO

animals and diabetic+MCAO animals, the resulting

values were 0.72±0.03 and 0.65±0.05, respectively

(Figure 1B). We next confirmed the reduction in

peroxiredoxin-2 expression in MCAO-operated animals

by reverse transcriptase-PCR and Western blots analyses.

Consistent with our proteomics approach, diabetic

animals with MCAO injury exhibited a more severe

decrease in peroxiredoxin-2 expression compared to

non-diabetic animals. Specifically, the normalized transcript

Figure 1. Proteomic analysis of peroxiredoxin 2 in the cerebral cortex of non-diabetic+sham, diabetic+sham, non-diabetic+ middle
cerebral artery occlusion (MCAO), and diabetic+MCAO animals. Circles indicate peroxiredoxin 2 protein spots. Mw and pI indicate
molecular weight and isoelectrical point, respectively. Spot intensities were measured by PDQuest software. Spot intensities are
represented as a ratio relative to non-diabetic+sham control animals. Data (n=5) are shown as the mean±SEM. *P<0.05.
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levels of peroxiredoxin-2 were 0.50±0.03 and 0.18±

0.04 in non-diabetic+MCAO animals and diabetic+

MCAO animals, respectively (Figure 2). Likewise,

peroxiredoxin-2 protein levels were 0.68±0.04 in the

cerebral cortices of non-diabetic+MCAO animals and

0.53±0.03 in diabetic+MCAO animals (Figure 3).

Discussion

Hyperglycemia is associated with more severe brain

damage from focal cerebral ischemia compared to normal

conditions. Consistently, diabetes mellitus exacerbates

neuronal apoptosis and necrosis in the cerebral cortex of

cerebral ischemic animals [24]. In the present study, we

confirmed the presence of decreased body weight and

hyperglycemia in animals treated with streptozotocin

prior to MCAO surgery, which resulted in increased

brain tissue damage in these rats compared to normo-

glycemic rats. The results of this study are consistent

with the results of previous studies showing that hyper-

glycemia is associated with increased ischemic infarct

size and worse outcomes following cerebral ischemia

compared to normoglycemia conditions [24,25].

Peroxiredoxin-2 attenuates neuronal cell death in brain

ischemic injury through its antioxidant capacity, and

overexpression of peroxiredoxin-2 significantly reduces

brain injury and elevates neurological outcome in focal

cerebral ischemia [13]. Peroxiredoxin-2 also has cyto-

protective effects in cortical neuron primary culture

under oxygen glucose deprivation [12]. We previously

Figure 2. Reverse transcriptase-PCR of peroxiredoxin 2 in the cerebral cortex of non-diabetic+sham, diabetic+sham, non-
diabetic+middle cerebral artery occlusion (MCAO), and diabetic+MCAO animals. Each lane represents an individual experimental
animal. The band intensity of RT-PCR product was normalized to that of the actin product. Data (n=5) are shown as the
mean±SEM. *P<0.05.

Figure 3. Western blot analysis of peroxiredoxin 2 in the cerebral cortex from non-diabetic+sham, diabetic+sham, non-
diabetic+middle cerebral artery occlusion (MCAO), and diabetic+MCAO animals. Each lane represents an individual animal.
Densitometric analysis is represented as a ratio of protein intensity to actin intensity. Data (n=5) are shown as the mean±SEM.
*P<0.05.
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demonstrated that peroxiredoxin-2 expression is decreased

in focal cerebral ischemia. As an extension of these

findings, we identified a more severe decrease in the

protein expression of peroxiredoxin-2 in cerebral ischemia

under conditions of hyperglycemia. Reverse transcriptase-

PCR and Western blot analyses were used to confirm the

decrease in preoxiredoxin-2 in the cerebral cortex of

animals with MCAO under diabetic conditions. Hyper-

glycemia leads to superoxide radical generation and the

subsequent increase in oxidative stress results in

increased cell death. Previous studies have shown that

increased ROS levels are associated with decreased

antioxidant capacity in diabetic subjects [26,27]. The

elevation of peroxiredoxin-2 expression through transfection

transfection attenuates cell death from oxidative stress

mediated apoptosis [28]. However, reduced levels of

peroxiredoxin-2 exaggerated oxidative stress-induced

apoptotic cell death [28]. Thus, it is considered that

decrease of peroxiredoxin-2 leads to serious neurological

disorder.

Streptozotocin is a toxic agent that induces hyper-

glycemic conditions through destruction of pancreatic β-

cells. Streptozotocin also increases oxidative stress and

causes tissue dysfunction [29]. Moreover, apoptosis

induced by streptozotocin treatment is associated with

significantly decreased peroxiredoxin-2 expression [28].

In the present study, we demonstrated that peroxiredoxin-

2 was significantly decreased in cerebral ischemia in the

presence of hyperglycemia compared to normoglycemia.

Consistently, both hyperglycemia and ischemic conditions

are known to potently increase the generation of oxidative

radicals. Thus, the significant decrease of peroxiredoxin-

2 and resulting loss of antioxidant capacity can cause

worsened neurological deficits. Furthermore, diabetes

exacerbates the decrease of peroxiredoxin-2 expression

during cerebral ischemic injury. In conclusion, our findings

provide evidence that severely decreased peroxiredoxin-

2 exacerbates brain damage during cerebral ischemia in

the diabetes setting.
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