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Background: Oxidative stress is a leading cause of various diseases, including ischemia and inflammation.
Peroxiredoxin2 (PRX2) is one of six mammalian isoenzymes (PRX1–6) that can reduce hydrogen peroxide
(H2O2) and organic hydroperoxides to water and alcohols.
Methods:Weproduced PEP-1-PRX2 transduction domain (PTD)-fused protein and investigated the effect of PEP-
1-PRX2 on oxidative stress-induced neuronal cell death by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide (MTT) assay, Western blot, immunofluorescence microscopy, and immunohistochemical analysis.
Results: Our data showed that PEP-1-PRX2, which can effectively transduce into various types of cells and brain
tissues, could be implicated in suppressing generation of reactive oxygen species, preventing depolarization
of themitochondrial membrane, and inhibiting the apoptosis pathway in H2O2-stimulated HT22, murine hippo-
campal neuronal cells, likely resulting in protection of HT22 cells against H2O2-induced toxicity. In addition,
we found that in a transient forebrain ischemia model, PEP-1-PRX2 inhibited the activation of astrocytes and

microglia in the CA1 region of the hippocampus and lipid peroxidation and also prevented neuronal cell death
against ischemic damage.
Conclusions: These findings suggest that the transduced PEP-1-PRX2 has neuroprotective functions against
oxidative stress-induced cell death in vitro and in vivo.
General significance: PEP-1-PRX2 could be a potential therapeutic agent for oxidative stress-induced brain
diseases such as ischemia.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Oxidative stress is due to the overproduction of reactive oxygen
species (ROS) and other radicals. Abnormally increased ROS damage
cells by altering cellular components, including proteins, fatty acids,
and DNA [1]. Ischemia/reperfusion injury is the pathological condition
caused when blood supply to an area of tissue, including the brain, is
returned after being interrupted. In ischemia/reperfusion, ROS,
produced in excess quantities, could result in neuronal cell death in
the CA1 region of the hippocampus [2].
82 33 241 1463.
al Science, Research Institute of
on 200-702, Republic of Korea.

choi@hallym.ac.kr (S.Y. Choi).
Peroxiredoxin1–6 (PRX1–6) act as an antioxidant by converting
various peroxides, including H2O2 and various organic hydroperoxides,
into water and alcohols using the electrons that thioredoxin donates,
except for PRX6 that utilizes glutathione instead of thioredoxin [3].
Together with modulating ROS concentration, PRXs have various cellu-
lar functions. For example, PRX2 appears to modulate growth factors
and the tumor necrosis factor-alpha-mediated signaling pathway via
modulating endogenous H2O2 signaling [4]. Also, it has been suggested
that PRXs are associated with cellular differentiation, such as vascular
remodeling [5,6]. In response to pathogens and external stresses, PRXs
function as a chaperone [7]. Therefore, increased expression of PRXs in
the neurons could attenuate neuronal cell injury caused by ROS produc-
tion, leading to prevention of ischemia and reperfusion in the brain.

In this study, we investigated whether PEP-1-PRX2 could protect
HT22 murine hippocampal neuronal cells against H2O2-induced cell
death and the hippocampal CA1 regions against the transient forebrain
ischemia in a gerbil model. We demonstrated that PEP-1-PRX2
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efficiently transduced into neuronal cells in the brain and that PEP-
1-PRX2 may be a potential therapeutic agent for transient forebrain
ischemia.

2. Material and methods

2.1. Cells and materials

HT22, murine hippocampal neuronal cells, were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS) and antibiotics at
37 °C under humidified conditions of 95% air and 5% CO2. PEP-1 peptide
was chemically synthesized from Peptron (Daejeon, Korea). All other
chemicals and reagents were of the highest commercial grade available.

2.2. Transduction of PEP-1-PRX2 into HT22 cells

PRX2andPEP-1-PRX2proteinswereprepared as describedpreviously
[8]. Protein sampleswere collected from the processes of purifying PEP-
1-PRX2 and PRX2 and the purity of the sampleswas assessed using SDS-
PAGE andWestern blot analysis. All protein sampleswere prepared in a
buffer containing a reducing agent and dithiothreitol (DTT) to only
show a monomer of PEP-1-PRX2 or PRX2.

To confirm whether PEP-1-PRX2 undergoes monomer–dimer shift
as PRX2 does, purified PEP-1-PRX2 was prepared in a buffer with or
without DTT. Also, to examine whether a disulfide bond between two
subunits of PEP-1-PRX2 could form in the process of catalysis of H2O2,
a substrate of PRX2, a monomer of PEP-1-PRX2 containing DTT was
exposed to H2O2 (200 μM), subsequently leading to a dimer of PEP-1-
PRX2.

To assess the dose- and time-dependent transduction of PRX2 and
PEP-1-PRX2, HT22 cells were treated with various concentrations of
PRX2 and PEP-1-PRX2 for 1 h or treated with PRX2 and PEP-1-PRX2
for various times. To remove proteins attached to the cellular mem-
branes, cells were then treated with trypsin-EDTA for 10 min and
washed with phosphate-buffered saline (PBS) three times. The cells
were lysed with ice-cold RIPA buffer (Thermo Scientific, IL, USA) and
the lysates were centrifuged at 13,000 ×g for 20 min at 4 °C. Protein
concentration of the supernatant was quantified by the Bradford
method. Equal amounts of protein were loaded into the wells of SDS-
PAGE and Western blot analysis was performed using rabbit anti-His
(1:2000, Santa Cruz Biotechnology) and goat anti-rabbit (1:5000,
Santa Cruz Biotechnology) secondary antibodies.

Also, to assess the distributions of PRX2 and PEP-1-PRX2 in cells,
HT22 cells, treatedwith PRX2 and PEP-1-PRX2, were probedwith rabbit
anti-His antibody and Alexa fluor 488 conjugated goat anti-rabbit
secondary antibody (1:15,000, Invitrogen, Carlsbad, CA) and analyzed
by fluorescence microscopy (Nikon eclipse 80i, Japan).

2.3. Measurement of cell viability and intracellular ROS level

To investigate cell viability, a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay was performed as described
in a previous study [9]. Intracellular ROS levels were determined using
2′,7′-dichlorofluorescein diacetate (DCF-DA), which is converted into
fluorescent 2′,7′-dichlorofluorescein (DCF) by ROS [10]. Briefly, HT22
cells were incubated with PEP-1, PRX2, and PEP-1-PRX2 for 1 h and
sequentially exposed to H2O2 (200 μM) for 30 min. After treatment
with DCF-DA (20 μM), the level of DCF in the samples was measured
using an ELISA plate reader (Labsystems Oy, Helsinki, Finland).

2.4. Terminal deoxynucleotidyl transferase (TdT)-mediated biotinylated
dUTP nick end labeling (TUNEL) assay

TUNEL staining was performed using a Cell Death Detection kit
(Roche Applied Science) according to the manufacturer's instructions.
Images were taken using a fluorescence microscope.
2.5. Measurement of mitochondrial membrane potential (MMP)

The MMP was measured using a 5,5′,6,6′-tetrachloro-1,1′,3,3′-
tetraethyl-benzimidazoly-carbocyanine iodine (JC-1) assay kit
(Cayman, MI, USA) according to the manufacturer's instructions. JC-1
in healthy cells with high MMP forms potential-dependent JC-1-
aggregates with red fluorescence in mitochondria, while mitochondrial
depolarization turns JC-1 aggregates into monomers with green
fluorescence [11]. HT22 cells were treated with PEP-1-PRX2 and H2O2.
JC-1 staining solution was added to the cells (50 μl/each well of 12-
well plate) at 37 °C for 15 min. JC-1 J-aggregates and JC-1 monomers
in the cells were analyzed using a fluorescent microscope (Nikon
eclipse 80i, Japan).

2.6. Experimental animals and induction of cerebral forebrain ischemia

Male Mongolian gerbils were maintained under standard animal
care conditions. All experimental procedures involving animals and
their care conformed to the Guide for the Care and Use of Laboratory
Animals of the National Veterinary Research & Quarantine Service of
Korea and were approved by the Hallym Medical Center Institutional
Animal Care and Use Committee. Cerebral forebrain ischemia damage
was induced as previously described [12]. For the histological analysis,
sectioned brains were incubated with diluted mouse anti-neuronal
nuclei (NeuN, 1:1000, Chemicon International, Temecula, CA), rabbit
anti-glial fibrillary acidic protein (GFAP, 1:1000, Chemicon), and rabbit
anti-ionized calcium-binding adapter molecule 1 (Iba-1, 1:500, Wako,
Osaka, Japan) for 48 h at 4 °C. Thereafter, theywere exposed to biotinyl-
ated rabbit anti-goat IgG (1:200, Vector Laboratories, Burlingame, CA)
or goat anti-mouse IgG and streptavidin–peroxidase complex and visu-
alized with 3,3′-diaminobenzidine tetrahydrochloride (Sigma-Aldrich,
St. Louis, MO).

To examine the effect of PEP-1-PRX2 on spontaneous motor
activity and lipid peroxidation in brains, PEP-1, PRX2, and PEP-1-PRX2
(3.0 mg/kg, n = 14/group) were administered intraperitoneally (i.p.)
30 min prior to ischemic surgery. The spontaneous motor activity was
measured as previously described [12]. The spontaneousmotor activity
of gerbils was monitored with a Photobeam Activity System for 24 h.
Each animal was observed continuously via a 4 × 8 photobeam. Scores
were generated from live observations, and video sequences were
used for subsequent re-analysis. Also, the levels of 4-hydroxy-2-
nonenal (HNE) in hippocampal homogenates were measured [12].

2.7. Statistical analysis

The data presented represent the means ± SD from three indepen-
dent experiments. The differences among the means were statistically
analyzed by Student's t test. Values of P b 0.05, P b 0.01, or P b 0.001
were considered statistically significant.

3. Results

3.1. Expression and purification of PEP-1-PRX2

We constructed the overexpression vectors for PEP-1-PRX2, a cell
permeable PRX2 protein, and PRX2, a control protein, as previously
described [8]. The schematic structures of PEP-1-PRX2 and PRX2 are
shown in Fig. 1A. Purified PEP-1-PRX2 and PRX2 were confirmed
by Western blot analysis using an anti-His antibody (Fig. 1B and C).
Because of exposure to DTT, only the monomer of PEP-1-PRX2 was
found in Fig. 1B and C.

PRX2 has a high reactivity for H2O2 (Km ~ 0.7 μM) and an active Cys
on one PRX2 subunit forms a disulfide bond with the other subunit in
the presence of H2O2. Consequently dimeric PRX2 proteins accumulate
[13]. We examined whether PEP-1-PRX2 could undergo dimerization
during catalysis of H2O2. As shown in Fig. 1D and E, there were two



Fig. 1. Purification of PEP-PRX2 and PRX2. (A) A PEP-1-PRX2 expression vector was constructed using pET-15b. Schematic sequence of PEP-1-PRX2, PRX2, and PEP-1. His was used for the
purification and detection of PEP-1-PRX2 and PRX2. (B) PEP-1-PRX2 and PRX2proteins under the reducing condition. All protein samples containing a reducing agent, DTT,were subjected
to 12% SDS-PAGE. (C) Western blot analysis shows monomers of PEP-1-PRX2 and PRX2. (B), (C) Lane M, marker (EBM-1035, Elpisbiotech, Korea); lane 1, PEP-1-PRX2 expression before
induction; lane 2, PEP-1-PRX2 expression after IPTG induction; lane 3, purified PEP-1-PRX2; lane 4, purified PRX2. (D), (E) Monomer–dimer shift of PEP-1-PRX2. Monomer (~28 kDa) and
dimer (~45 kDa) of PEP-1-PRX2were identified by (D) SDS-PAGE and (E)Western blot analysis. LaneM,marker; lane 1, purified PEP-1-PRX2without a reducing agent (DTT, 0mM); lane 2,
purified PEP-1-PRX2 in the presence of DTT (5 mM); lane 3, purified PEP-1-PRX2 in the presence of DTT (5 mM) and H2O2 (200 μM).
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bands indicating a monomer (approximately 28 kDa) and a dimer
(approximately 45 kDa) of PEP-1-PRX2 (lane 1). However, only the
monomeric form of PEP-1-PRX2 (lane 2) was detected in the presence
of DTT, which reduces disulfide bonds. In addition, when H2O2 was
added to the monomeric form of PEP-1-PRX2, monomeric PEP-1-PRX2
was significantly converted to dimeric PEP-1-PRX2 (lane 3). Therefore,
these results show that PEP-1-PRX2 could form the dimers during the
reduction process of H2O2.

3.2. Transduction of PEP-1-PRX2 into HT22 hippocampal neuronal cells

We investigated whether PEP-1-PRX2 protein could transduce
into HT22 cells. HT22 cells were exposed to various concentrations
(0.5–3.0 μM) of PEP-1-PRX2 for 1 h or to PEP-1-PRX2 (1.0 μM) for
various incubation times (30–120 min), after which levels of trans-
duced proteins were analyzed by Western blot using an anti-His
antibody. The transduced level of PEP-1-PRX2 gradually increased in a
concentration- and a time-dependent manner (Fig. 2A and B). Also,
consistent with the above Western blot data, our fluorescence micro-
scopy data showed that only PEP-1-PRX2 was significantly transduced
into HT22 cells (Fig. 2C). By contrast, PRX2 has no ability to transduce
into cells (Fig. 2A–C). Next, the intracellular stability of PEP-1-PRX2
was examined. A considerable amount of transduced PEP-1-PRX2 was
significantly detected in HT22 cells up to 24 h after exposure to PEP-
1-PRX2 (Fig. 2D). According to a previous study, a protein could
penetrate to target cells by either a fusion with PTDs or simply mixing
with a protein and PTDs [14]. We compared the transduction efficiency
of fusion and mixing methods. Our data showed that the mixing



Fig. 2. Transduction of PEP-1-PRX2 into HT22 cells. To investigate (A) the dose-dependency and (B) time-dependency of transduction of PEP-1-PRX2 and PRX2, HT22 cells were treated
(A) with various concentrations (0.5–3.0 μM) of PEP-1-PRX2 and PRX2 for 1 h or (B) with each protein (1.0 μM) for various incubation times (30–120 min). (C) Cellular localization of
transduced PEP-1-PRX2 was analyzed using confocal fluorescence microscopy. (D) Intracellular stability of transduced PEP-1-PRX2 for 60 h. Cells were incubated with PEP-1-PRX2
(1.0 μM) for 1 h and then harvested at desired times. Arbitrary unit, a ratio of PEP-1-PRX2 or PRX2 to β-actin. (E) In vitro transduction efficiency of PEP-1-PRX2 and PEP-1 + PRX2 into
HT22 cells. To compare the efficiency of mixing and fusion methods, HT22 cells were incubated with PEP-1-PRX2 (1 μM) or PRX2 (1 μM) + PEP-1 (20 μM) for 1 h. The amounts of
PEP-1-PRX2 and PRX2 + PEP-1 to be transduced into the cells were measured by Western blot analysis.
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method was as effective for the cellular transduction of PRX2 as the
fusion method (Fig. 2E). These results suggest that PEP-1-PRX2 has
the ability to effectively traverse the cellular membrane of HT22 cells
with a half-life of less than 24 h.
3.3. Effect of PEP-1-PRX2 onH2O2-induced ROS production and cell viability

To investigate whether PEP-1-PRX2 protects HT22 cells under
oxidative stress, cellular toxicity was induced by H2O2 (200 μM) for 16 h
and monitored using an MTT assay. PEP-1-PRX2 (3 μM) decreased
H2O2-induced toxicity by about 33% compared to the PRX2- and PEP-
1-treated samples (Fig. 3A). To further examine the inhibitory effect of
PEP-1-PRX2 on H2O2-induced ROS generation, ROS levels in each
sample were measured 30 min after treatment with H2O2 (200 μM).
As shown in Fig. 3B and C, the increased ROS level caused by H2O2

was significantly suppressed by PEP-1-PRX2. The ROS levels in the
PEP-1 and PRX2 samples were similar to that in the H2O2-treated
sample. Thus, these results demonstrate that PEP-1-PRX2 suppresses
H2O2-induced ROS generation in HT22 cells and decreases H2O2-
induced toxicity.
3.4. Effect of PEP-1-PRX2 on Akt activation and intrinsic apoptotic pathway
induced by H2O2

We examined the effect of PEP-1-PRX2 on oxidative stress-induced
phosphorylation of a survival signaling kinase, Akt, as well as a major
cellular stress responsive protein, JNK. The phosphorylation of Akt
and JNK was temporally induced 15 min post-treatment with H2O2.
PEP-1-PRX2 suppressed H2O2-induced phosphorylation of Akt and
JNK in a dose dependent manner, whereas PRX2 did not cause any
significant reduction in the activated levels of Akt and JNK (Fig. 4A).

H2O2-induced neuronal cell death is mediated via the intrinsic
apoptotic pathway, characterized by the permeabilization of the
mitochondria, the release of cytochrome c frommitochondria, andfinal-
ly the activation of the caspase cascade. Thus, mitochondria are a
transducer of apoptotic signals in neurons. ROS induce the release of
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Fig. 3. PEP-1-PRX2 inhibits H2O2-induced ROS generation and cellular toxicity in HT22 cells. (A) HT22 cells were pretreatedwith PEP-1-PRX2 and PRX2 (1.0–3.0 μM) for 1 h, washedwith
PBS, and then exposed to H2O2 (200 μM) for 16 h. Cellular toxicity was evaluated using a MTT assay. (B) Suppression of H2O2-induced ROS generation by PEP-1-PRX2. HT22 cells were
incubated with PEP-1, PRX2, and PEP-1-PRX2 (3.0 μM) for 1 h, washed with PBS, and then treated with H2O2 (200 μM) for 30 min. Following incubation, the cells were stained with
DCF-DA. Ph image, phase contrast image. (C) Measurement of ROS level. The bar graph represents means ± SD from three independent experiments. Data was analyzed by Student's t
test. *P b 0.05 and **P b 0.001 between H2O2 and other groups.
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cytochrome c from themitochondrialmembrane via phosphorylation of
p53, an important regulator of apoptosis, by MAPK and the expression
of several genes, including Bax and Bid, by phosphorylated p53 [1].
First, Fig. 4B shows that PEP-1-PRX2 significantly inhibited the phos-
phorylation of p53, compared with PRX2. Apoptotic signals often con-
verge on the mitochondria, leading to a change in the permeability of
the outer mitochondrial membrane and a decrease in the MMP. We
measured whether PEP-1-PRX2 relieves H2O2-induced disruption of
the MMP using JC-1, a fluorescent mitochondrial-specific cationic dye.
H2O2 treatment showed the bright green fluorescence, indicating the
disturbed MMP in apoptotic or unhealthy cells. By contrast, there
was significant red fluorescence in the PEP-1-PRX2 sample similar to
the control, although of a somewhat weaker intensity (Fig. 4C). This
observation showed that PEP-1-PRX2 suppresses ROS-induced disrup-
tion of MMP.

On the basis of these observations, wemeasured the alteration of the
levels of apoptosis markers such as Bax, cytochrome c, caspase 3, and
poly ADP-ribose polymerase (PARP), in cells treated with PRX2 and
PEP-1-PRX2. As shown in Fig. 5A, treatment with PEP-1-PRX2 signifi-
cantly suppressed both the movement of Bax to mitochondria and the
release of cytochrome c from mitochondria, while PRX2 failed to
suppress them. In addition, cleavage of caspase 3 and PARP, increased
by H2O2, was repressed by PEP-1-PRX2 (Fig. 5B). Furthermore, a
TUNEL assay showed that DNA damage induced by H2O2 was signifi-
cantly blocked by PEP-1-PRX2 in contrast with PRX2 and PEP-1
(Fig. 5C). Therefore, these results demonstrate that PEP-1-PRX2 could
inhibit H2O2-induced activation of Akt, JNK, and p53, the disruption
of MMP, and also the activation of intrinsic apoptosis pathway,
subsequently resulting in protection of neuron cells from ROS.

3.5. Effect of PEP-1-PRX2 on survival of neurons and reactive gliosis in the
hippocampal CA1 region

We investigatedwhether PEP-1-PRX2 has the capability to cross the
BBB. PEP-1, PRX2, and PEP-1-PRX2 were i.p. injected in gerbils and
gerbil brain homogenates were subjected to SDS-PAGE and Western
blot analysis using an anti-His antibody. Western blot data showed
that the injected PRX2 was not detected in the brain tissues of the
PRX2-injected group (Fig. 6A and B), suggesting that the PRX2 failed
to penetrate the BBB. However, in the brain tissues of the PEP-1-
PRX2-injected group, there was a significant band, indicating that
PEP-1-PRX2 protein traversed the BBB (Fig. 6B). Therefore, these results
demonstrate that PEP-1-PRX2 could effectively cross the BBB of the
gerbil, unlike PRX2 protein.

To assess the effect of PEP-1-PRX2 on ischemic damage-induced
hyperactivity, spontaneous locomotor activity was observed before
and after transient forebrain ischemic damage. The motor activities
in the vehicle-, PEP-1-, and PRX2-treated groups were significantly
increased at 1 day after ischemia/reperfusion, whereas PEP-1-PRX2
suppressed the increment of motor activity up to 60% of that in the
vehicle-treated group (Fig. 7A).

Next we investigated whether PEP-1-PRX2 positively affects the
survival of NeuN-immunoreactive neurons in the CA1 region against
transient ischemic damage. As shown in Fig. 7B, in the PEP-1-PRX2
group, NeuN-immunoreactive neurons were abundantly detected in
the stratum pyramidale (SP) of the CA1 region, like the control group,
while, in PEP-1- and PRX2-treated groups, the numbers of NeuN-
immunoreactive neurons were significantly decreased in the SP. To
further examine the distribution of activated astrocytes and microglia
in the CA1 region, the brain sections were stained with antibodies
against GFAP, a marker of astrocytes, or Iba-1, a marker of activated
microglia. In the case of astrocyte activation, the control group showed
that GFAP-positive astrocytes had reduced cytoplasm with thin pro-
cesses (Fig. 7C). Similarly, most GFAP-positive astrocytes found in
PEP-1-PRX2-treated groups showed similar morphology to that in the
control group and only a few astrocytes were activated (Fig. 7C). In
contrast, in the vehicle-, PEP-1-, and PRX2-treated groups, GFAP-
positive astrocytes were activated forms, characterized by punctuated
cytoplasm with hypertrophied processes (Fig. 7C). Furthermore,
Fig. 7D demonstrates that in the control group, Iba-1-immunoreactive
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Fig. 4.PEP-1-PRX2 suppresses activation of Akt signaling anddisruption ofMMP inH2O2-treatedHT22 cells. HT22 cellswerepretreatedwith PEP-1, PEP-1-PRX2 and PRX2 (1.0–3.0 μM) for
1 h,washedwith PBS, and then exposed toH2O2 (200 μM) for 15min. The intracellular levels of Akt, JNK, and p53were evaluatedusingWestern blot analysis. (A) Inhibitory effect of PEP-1-
PRX2 on H2O2-induced activation of PI3K/Akt and JNK. (B) Dose-dependent effect of PEP-1-PRX2 on phosphorylation of p53. C, untreated control cells. (C) Effect of PEP-1-PRX2 on H2O2-
induced disruption of MMP. Changes of MMP were detected using JC-1 MMP assay kit. Control, untreated control cells. Red fluorescence, intact MMP; green fluorescence, loss of MMP.
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microglia had round cytoplasm with thin long processes. On the other
hand, in the vehicle-, PEP-, and PRX2-treated groups, Iba-1-positive
microglia were significantly increased in the CA1 regions and especially
exhibited the characteristic morphology of activated microglia, such
as hypertrophied cytoplasm with retracted processes (Fig. 7D). By
contrast, in the PEP-1-PRX2-treated group, Iba-1-positive microglia
were mainly detected in the stratum oriens (SO) and stratum radiatum
(SR), but rarely found in the SP.
3.6. Effects of PEP-1-PRX2 on lipid peroxidation in the hippocampus

4-HNE is highly formed during lipid peroxidation. 4-HNE protein
conjugate levels in all groups were significantly increased 3 h after
ischemia/reperfusion and thereafter the levels gradually decreased
(Fig. 7E). As expected, 4-HNE levels in the PEP-1-PRX2 group were
much lower than those in other groups. Therefore, these results
showed that PEP-1-PRX2 prevented ROS generation resulting from
ischemic damage and appreciably inhibited lipid peroxidation in
the CA1 region.
4. Discussion

PRXs are widely expressed in mammalian tissues but, interestingly,
the isozymes are differently distributed among different brain cell
types [15]. PRX1 and PRX6 are localized in glial cells but not in neurons,
whereas PRX2–5 proteins arewidely detected inmost neurons. Howev-
er, PRX expression is low in dopaminergic neurons of the substantia
nigra and in the CA1/2 pyramidal cells of the hippocampus [15]. The
low expression of PRX2 is regarded as a potential cause of increased
susceptibility to oxidative stress-induced diseases such as inflamma-
tion, Alzheimer's disease, and ischemic insults. Earlier studies have
shown the neuroprotective roles of PRXs in oxidative stress-induced
diseases. Intravenous injection of PRX3 decreased cerebral ischemic
injury-induced lipid peroxidation, neuronal apoptosis, and activation
of microglia and astrocytes [12]. Overexpression of PRX2 using an
adenoviral vector protected cortical neuron cells from ischemic and
oxidative damage [16]. MPP+ treatment down-regulated the level
of PRX2 in cultured cortical neurons but overexpression of PRX2
prevented the death of dopaminergic neurons in the SN in a MPTP-
induced mouse model of Parkinson's disease [17]. Yao et al. observed
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Fig. 5. PEP-1-PRX2 inhibits H2O2-induced intrinsic apoptosis activation and MMP dissipation. HT22 cells were pretreated with PEP-1-PRX2 and PRX2 (1.0–3.0 μM) for 1 h, washed with
PBS, and then exposed to H2O2 (200 μM). Intact mitochondria and cytosol fraction were isolated using mitochondria isolation kit. The levels of Bax, cytochrome c, COX-4, a mitochondria
marker, andβ-tubulin, a cytosolmarker, in each fractionwere evaluated. (A) PEP-1-PRX2 inhibits cytochrome c release frommitochondria and insertion of Bax intomitochondria induced
by H2O2. (B) PEP-1-PRX2 decreases the level of cleaved caspase-3 and PARP. C, untreated control cells. (C) Effect of PEP-1-PRX2 on H2O2-induced DNA fragmentation. HT22 cells were
treated with PEP-1-PRX2, PRX2, and PEP-1 (3.0 μM) for 1 h and then with H2O2 (200 μM) for 10 h. TUNEL assay was performed to evaluate DNA damage.
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that the increased expression level of PRX2 in Alzheimer's disease
patients' brains provided protection for neurons against amyloid beta
peptide induced toxicity [18]. In addition, it was reported that PRXs
were involved in various cellular processes such as extension of life
span, protection against excitotoxic stress, and tumorigenesis of
astrocytic tumors [19–21]. Accordingly, the methods which enhance
the levels of PRXs in various kinds of cells and tissues susceptible to
oxidative stress may be effective in protecting those cells and tissues.
Therefore, as shown in our previous studies [9,22,23], Figs. 2 and 6
also demonstrated that PEP-1-PRX2 could be used for the delivery of
therapeutic molecules.

However, previous studies [14] reported that a mixing method,
whereby proteins are mixed with CPP molecules, was as effective as
the fusion method that we used in the present study. Furthermore,
although our results (Fig. 2E) demonstrated that PRX2 can be trans-
duced into HT22 cells by adding PEP-1-PRX2 fusion protein or PRX2
protein mixed with PEP-1 to the cells, the fusion method has potential
advantage over themixingmethod.With themixingmethod, an excess
of CPPs, a molecular ratio of 20:1, is required for multiple interactions
with proteins and a maximal transduction of proteins into cells. In
addition, proteins, when mixed with CPPs, can bind with an unequal
number of CPPs, consequently producing proteins with different trans-
duction efficiencies. Also, it seems feasible that uncombined CPPs alone
can penetrate into target cells or tissues, which can negatively affect
transduction efficiency of proteins or interrupt the transduction of pro-
teins. On the other hand, with the fusionmethod, all CPP-fused proteins

image of Fig.�5


Fig. 6. In vivo transduction of PEP-1-PRX2 into brain tissues. PEP-1, PRX2, and PEP-1-PRX2
(3.0 mg/kg) were i.p. injected into gerbils 6 h prior to collection of gerbil brains. The levels
of PEP-1, PRX2, and PEP-1-PRX2 in tissue homogenates were analyzed by (A) SDS-PAGE
and (B)Western blotting using an anti-His antibody. The arrows indicate the approximate
positions of PEP-1, PRX2, and PEP-1-PRX2.
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have equal transduction efficiencies because the same number of CPP
molecules is contained in each CPP-fused protein. Further, there
are no unbound CPPs to disturb transduction. Therefore, for protein
Fig. 7. PEP-1-PRX2 protects the CA1 region in the hippocampus against ischemic damage. (A) Ef
cerebral forebrain ischemic damage. Effect of PEP-1-PRX2 on the presence of (B) neurons, (C) as
a NeuN antibody against neurons, a GFAP antibody against astrocytes, and an Iba-1 antibody aga
of PEP-1-PRX2 on lipid peroxidation in the hippocampus. The levels of 4-hydroxynonenal (4-H
SD. Data was analyzed by Student's t test.*P b 0.05 and **P b 0.01 between vehicle group and o
transduction into cells or tissues a fusion method may be considered
more effective than a mixing method.

To understand the signaling pathway targeted by PEP-1-PRX2, we
focused on whether PEP-1-PRX2 may affect activation of Akt, MAPK,
and the apoptosis pathway triggered by H2O2. ROS are endogenously
produced from cellular processes such as mitochondrial oxidative
phosphorylation or in response to a variety of extracellular stimuli. It
has been reported that ischemic injuries or ROS can activate pro-
survival kinase signaling cascades such as PI3K/Akt and p42/p44 Erk1/2
through recruiting anti-apoptotic pathways [24] and also MAPK signal-
ing pathways, including JNK, p38, and ERK,which, in turn, regulate gene
transcription, the cell cycle, cellular differentiation, and cell death [25].
Notably, we confirmed that Akt, JNK, and p53 were activated less than
1 h after H2O2 treatment (Fig. 4). In contrast, we found that treatment
with PEP-1-PRX2 suppressed the activation of Akt, JNK, and p53 in
a dose-dependent manner (Fig. 4A and B). These results could be
expected, given that PEP-1-PRX2 significantly suppresses the production
of ROS in HT22 cells (Fig. 3B and C).

Apoptosis is a tightly regulated process including the loss of MMP,
the activation of caspases, PARP cleavage, nuclear DNA fragmentation,
and cellular shrinkage [26]. Activation of PI3K inhibits cell death by
preventing both a translocation of Bax, the pro-apoptotic protein, to
fect of PEP-1-PRX2 on locomotor activity a day before and after ischemia/reperfusion. C.F.I.,
trocytes, and (D)microglia after ischemic insult. Brain sectionswere immunostained using
instmicroglia. SO, stratumoriens; SP, stratumpyramidale; SR, stratum radiatum. (E) Effect
NE) protein conjugates in hippocampi were measured. The bar graph represents means±
ther groups.
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themitochondria and the formation of a pore in the outermitochondrial
membrane [24,27]. Thus, the opening of themitochondrial permeability
transition pore (mPTP) is known to occur under conditions of high
calcium in the mitochondrial matrix. Consequently it leads to the
passage of various molecules freely across the mitochondrial inner
membrane, failure of ATP production, and irreversible damage to the
cells [27]. As expected, we observed that PEP-1-PRX2 significantly
prevented activation of Bax, the essential activator of mitochondrial
dysfunction in cell death, release of cytochrome c from mitochondria,
and activation of caspase-3, which leads to cleavage of PARP and
fragmentation of DNA (Fig. 5). Based on our results, it appears that
PEP-1-PRX2 protects HT22 cells against H2O2 through inhibiting the
apoptosis pathway, including an opening of the mPTP, activation
of Bax and caspases, and cleavage of PARP. Additionally, consistent
with the above findings regarding the in vitro neuroprotective effect of
PEP-1-PRX2, our studies significantly demonstrated that PEP-1-PRX2
protected the CA1 region in the hippocampus from ischemic
reperfusion-induced oxidative damage and thereby inhibited the
damage of motor function by ischemic reperfusion (Fig. 7A).

PRX isoenzymes are classified based on the mechanism and the
number of cysteine (Cys) residues involved in the process of catalysis
[3]. For example, PRX1-4 isozymes are homodimeric proteins that con-
tain two conserved redox-active Cys residues at the N- and C-termini.
The oligomeric properties of PRX2 were first reported to be promoted
by various factors including ionic strength, pH, and the redox state of
the active-site disulfide of PRXs. The Cys residues of PRXs are oxidized
to sulfenic acid during reaction with oxidant substrates such as H2O2

and organic hydroperoxides [28]. The oxidation of Cys in PRXs leads to
significant conformational changes and oligomerization [29]. Interest-
ingly, it was found that the Cys residue at the active site of PRXs plays
an important role in both cellular signaling and the removal of the
oxidants because of the distinct relationship between the oligomeric
state, redox status, and catalytic activity of PRXs [3]. For example,
H2O2 produces toxicity in cells and tissues but, on the other hand, acts
as a signaling molecule. For the role of H2O2 as a signaling molecule, it
is necessary for H2O2 to evade PRXs and accumulate sufficient con-
centration in cells. PRX2 was inactivated through hyperoxidation of
Cys at the active site [28,30], while PRX1 could be inactivated by a
transient phosphorylation of Tyr-194 [30] or a hyperoxidation of Cys
at its active site [28,30]. In addition, human PRX2 and yeast PRX1 and
PRX2 were proposed to exert a chaperone-like function as well as a
peroxidase function [7,31]. Thus, the presence and absence of the
oxidant alter the extent of aggregation of PRX2 and the aggregated
high molecular weight PRX2 functions as a chaperone protein [3,7,31].
Therefore, although many studies have increasingly revealed the re-
cruitment of PRXs to the various cellular processes, it is necessary to
more accurately understand the physiological functions beyond their
catalysis activities.

In summary, PRXs are associated with oxidant defense and
cellular redox regulation. PEP-1-PRX2 can have the ability to effec-
tively transduce HT22 cells and brain tissues, and the transduced
PEP-1-PRX2 can provide defense against oxidants through inhibiting
ROS generation, apoptosis signaling, and cell death. In addition,
we confirmed that, consistent with in vitro results, the transduced
PEP-1-PRX2 exerts protection for the CA1 region of the brain in a tran-
sient ischemia–reperfusion model. Therefore, PEP-1-PRX2 may provide
a new therapeutic approach against various oxidative stress-induced
human diseases.
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