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Abstract

Aims: Peroxiredoxins (PRXs) are a newly characterized family of peroxide scavenging enzymes that not only
help maintain cellular redox homeostasis but also may directly engage in a variety of intracellular signaling
pathways. PRX2 is a neuronal-specific PRX believed to participate in cerebral antioxidant responses in several
neurodegenerative diseases. This study investigates the potential neuroprotective effect and the underlying
mechanism of PRX2 in models of ischemic neuronal injury. Results: Transgenic mice overexpressing PRX2
showed reduced brain injury and improved neurological recovery up to 3 weeks after transient focal cerebral
ischemia compared to wild-type littermates. In primary cultures of cortical neurons, transfection of PRX2 but not
the loss-of-catalytic-site PRX2 mutant conferred neuroprotection against cell death induced by oxygen glucose
deprivation. PRX2 exhibited potent pro-survival effects in ischemic neurons by maintaining thioredoxin (Trx) in
its reduced state, thereby preventing oxidative stress-mediated activation of apoptosis signal-regulating kinase 1
(ASK1) and the downstream MKK/JNK pro-death signaling pathway. PRX2 failed to provide additional neu-
roprotection against ischemic injury in Trx- or ASK1-knockdown neuron cultures and in mice treated with a JNK
inhibitor. Innovation: This study provides evidence that neuronal overexpression of PRX2 confers prolonged
neuroprotection against ischemic/reperfusion brain injury. Moreover, the results suggest a signaling pathway
by which PRX2 suppresses ischemia-induced neuronal apoptosis. Conclusions: Enhanced neuronal expression
and activity of PRX2 protect against ischemic neuronal injury by directly modulating the redox-sensitive Trx-
ASK1 signaling complex. Antioxid. Redox Signal. 17, 719-732.

Introduction Peroxiredoxins (PRXs) are a newly characterized family of

six antioxidant enzymes (PRX1-6) ubiquitously expressed in

NEURONS ARE HIGHLY AEROBIC cells with a limited anti-
oxidant capacity, which makes them vulnerable targets of
oxidative damage during aging or under pathological condi-
tions (30). Oxidative stress-mediated neuronal death are likely
obligatory to the pathogenesis of various neurological disor-
ders, including ischemic/reperfusion brain injury (4, 28). After
an ischemic episode, overproduced reactive oxygen species
(ROS) (40) can attack macromolecules such as lipids, DNA, and
proteins, and trigger redox state-sensitive pro-death signaling
pathways, ultimately leading to mitochondrial dysfunction
and neuronal demise (5, 22, 43). Thus, studies aiming to un-
derstand the key mechanisms that maintain intracellular redox
homeostasis in neurons are an essential step toward develop-
ing novel antioxidant-based therapeutics for stroke.

mammalian cells. In the brain, the expression of PRX isozymes
shows distinct distribution patterns in different regions, cell
types, and subcellular compartments, which may be related to
their cell-specific functional roles (1, 11, 13, 34). All PRXs have
the capacity of decomposing peroxides such as H,O, and alkyl
peroxides using thioredoxin (Trx) or other electron donors (30).
However, in addition to their common peroxide scavenging
activity, a unique feature of PRXSs is that certain PRX isoforms
may directly engage in divergent intracellular signaling path-
ways that govern specific biological processes, including pro-
liferation, differentiation, gene expression, and apoptosis (14).
PRX2 is a relatively abundant neuron-specific PRX in brain
(1, 13, 34). Increased expression of PRX2 is found in aging
brain and in frontal cortex Alzheimer’s disease, Parkinson’s
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Innovation

Despite the importance of oxidative stress in the path-
ogenesis of ischemic/reperfusion brain injury (7, 21),
numerous antioxidative drugs targeted at scavenging
overproduced free radicals have failed in clinical trials. An
improved understanding of the mechanisms that maintain
intracellular redox homeostasis in neurons is therefore
imperative to identify novel therapeutic targets for stroke
management. The current study documents an active
involvement of peroxiredoxin 2 (PRX2), an antioxidant
enzyme, in the defense against neuronal death after is-
chemia/reperfusion. We demonstrate for the first time that
neuronal overexpression of PRX2 potently reduced brain
infarct and improved neurological outcomes evaluated up
to 3 weeks after ischemia/reperfusion. Further study in-
dicates that in addition to its commonly recognized role as
an antioxidant enzyme, PRX2 is able to exert neuropro-
tection through a novel mechanism whereby this redox-
sensitive molecule interferes with thioredoxin-apoptosis
signal-regulating kinase 1 (ASK1) interactions and the
activation of the ASKI-JNK pro-death signaling path-
way. Taken together, our research results shed light on the
pro-death signaling regulation by PRX2 in neurons under
ischemia/reperfusion conditions. PRX2 may represent a
potential target for stroke intervention.

disease, and Down syndrome postmortem brains, suggesting
that PRX2 is involved in the elevated neuronal antioxidant re-
sponse under oxidative stress (30). Homozygous mice deficient
in PRX2 show remarkably increased accessibility to oxidative
stress-induced tissue damage, indicating a crucial role for PRX2
in endogenous antioxidant defense (19). Moreover, a direct
neuroprotective effect by PRX2 against cell death has been
demonstrated in cultures of PRX2-overexpressing neurons
challenged by growth factor depletion or ischemic/oxidative
injury (2). PRX2 catalyzes the reduction of peroxides through
the oxidation of its two active cysteine (Cys) residues into the
sulfenic acid form, which is then recycled back to a thiol using
one of several cell-specific disulfide oxido-reductases, such as
the highly efficient thioredoxin/thioredoxin reductase (Trx/
TrxR) system (30). Because PRX2 utilizes Trx for recycling from
its oxidized forms in the PRX2-catalyzed peroxide scavenging
reaction, we have recently speculated that over-consumption
of PRX2 under oxidative stress could deplete the reduced Trx
in neurons, resulting in the activation of pro-death signaling
molecules such as apoptosis signal-regulating kinase 1 (ASK1)
that are normally kept at an inactive state by reduced Trx (33).
In this study, using a newly created PRX2 transgenic (Tg-
PRX2) model, we have investigated the neuroprotective effect
and the underlying mechanism of PRX2 against ischemic/
reperfusion brain injury. Novel evidence is presented to
demonstrate that PRX2 overexpression confers marked and
prolonged neuroprotection by suppressing the ASK1/JNK-
mediated mitochondrial apoptosis signaling pathway.

Results

Characterization of Tg-PRX2 mice

Several independent lines of Tg-PRX2 mice were confirmed
by polymerase chain reaction genotyping (Supplementary
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Fig. S1A; Supplementary Data are available online at www
Jiebertonline.com/ars). Western blot analysis of forebrain
cortical tissues revealed that the low-expressing Tg-PRX2 line
(Tg-PRX2;) yielded about 2.5-fold increases in PRX2 protein
expression, whereas the high-expressing Tg-PRX2 line (Tg-
PRX2y) yielded about 5.5-fold increases in the cortex and
striatum (Supplementary Fig. S1B). Double-label immunofluo-
rescence of brain sections showed that transgenic expression of
PRX2 was predominantly in neurons (Supplementary Fig. S1C).

The offspring of breeding between heterozygous Tg-PRX2
mice showed genotypes in a ratio consistent with mendelian
transmission without disproportional pre- or perinatal le-
thality. Determined at 8 and 12 weeks of age, respectively,
there was no significant difference in either body weight or
brain weight between Tg-PRX2y mice and wild-type (WT)
littermates (Supplementary Fig. S2A). Overexpression of
PRX2 did not significantly affect the expression levels of
PRX1, PRX3, or PRX4 in the forebrain cortex of Tg-PRX2y
mice (Supplementary Fig. S2B) and did not significantly
change the numbers of microglia (Iba-1 positive) or astrocytes
(GFAP positive) in proportion to neurons (Supplementary
Fig. S2C-E).

Tg-PRX2 mice are highly resistant to focal
cerebral ischemia

To determine the effect of PRX2 overexpression on ischemic
brain injury, we performed either transient middle cerebral
artery occlusion (30- or 60-min tMCAO) or permanent middle
cerebral artery occlusion (pMCAO) in Tg-PRX2 mice and
WT littermates. In all experimental paradigms, PRX2 over-
expression decreased infarct volume in a dose-dependent
manner at 48h after MCAO (Fig. 1A-C). In particular, Tg-
PRX2y; mice showed greater neuroprotection against each
ischemic condition compared to Tg-PRX2; mice (Fig. 1B).
Regional cerebral blood flow as determined using laser
Doppler flowmetry (Fig. 1D) or a laser speckle imager (Fig. 1E)
was not significantly different between the transgenic and WT
groups. Moreover, neither brain surface blood vessels in the
MCA territory nor posterior communicating artery plasticity
was significantly affected by PRX2 overexpression (Supple-
mentary Table 1). Physiological parameters (blood pressure,
core temperature, blood gases, etc.) did not differ significantly
between the transgenic and WT groups (data not shown).

The protective effect of PRX2 against ischemic cell death
was further confirmed by stereology-assisted quantification
of NeuN-immunoreactive or DNA-fragmented cells on brain
sections at 24 h after 60 min of tMCAO. tMCAO resulted in ro-
bust loss of NeuN-positive cells and induction of DNA frag-
mentation in both infarct core and infarct inner boundary
regions in WT mice (Fig. 1F-H), whereas these changes were
significantly attenuated in Tg-PRX2y; mice. The high-expressing
Tg-PRX2y line was used in all subsequent studies.

PRX2 overexpression improves long-term neurological
recovery after tMCAQO

To further determine the impact of PRX2 overexpression on
neurofunctional outcomes after stroke, neurobehavioral assays
including the rotarod test, corner test, and cylinder test were
administered during the 21-day recovery period after 60-min
tMCAO. Sham-operated mice displayed no significant differ-
ence in sensorimotor performance regardless of their transgenic
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FIG. 1. Peroxiredoxin 2 (PRX2) overexpression protects against ischemia induced by middle cerebral artery occlusion

(MCAO). (A) Representative 2,3,5-triphenyltetrazolium chloride (TTC) stains showing smaller infarct in a PRX2 transgenic (Tg-
PRX2) mouse brain than in wild-type (WT) mouse brain at 48 h after 60 min of tMCAO. (B) Infarct volume determined in WT,
low-expressing Tg-PRX2 (Tg-PRX2; ) and high-expressing Tg-PRX2 (Tg-PRX2y) mice at 48 h after 30 or 60 min transient MCAO
(tMCAO), or permanent MCAO (pMCAO). n=8/group. (C) Infarct areas of consecutive coronal sections every 1mm
throughout the MCA territory at 48h after 60-min tMCAO. (D, E) The neuroprotective effect of PRX2 overexpression is
independent of regional cerebral blood flow (rCBF) changes after focal ischemia. (D) Changes in rCBF were determined using
laser Doppler flowmetry at 15 and 45 min after tMCAOQ, and 15 min after reperfusion (Rep, or 75 min after the onset of MCAO).
Data are expressed as percentages of preischemic baseline levels. n=8/group. (E) WT, Tg-PRX2;, and Tg-PRX2}; mice dem-
onstrated similar sizes of ischemic zones, including ischemic core (<20% of baseline levels) and penumbra (20%-30% of baseline
levels), as determined using laser speckle imaging. n=6/group. (F) Brain sections from WT or Tg-PRX2y; mice showing NeuN
immunoreactivity (red, a—d) and apoptotic DNA fragmentation as determined by terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) assay (green, e, f) at 24 h after tMCAO. Arrows indicate the increased number of surviving neurons
(NeuN-positive) within the inner boundary (IB) of infarction in Tg-PRX2 brain compared to WT brain after ischemia. Scale bars,
100 um. (G, H) The number of NeuN immunoreactive cells (G) and TUNEL-positive cells (H) were quantified using a nonbiased
stereological method at 24h of reperfuswn n=6/group. All data are presented as mean*standard error of the mean (SEM),

*p<0.05, **p<0.01 versus WT mice; *p<0.05 between the indicated groups. Comparisons among multiple groups were per-
formed with one-way analysis of variance (ANOVA), followed by Bonferroni’s/Dunn'’s post hoc analysis. (To see this illustration
in color the reader is referred to the web version of this article at www liebertonline.com/ars).

phenotypes. Postischemic sensorimotor dysfunction was
significantly improved in Tg-PRX2y mice compared with
WT littermates up to 21 days after ischemia (Fig. 2A-C).
At the end of the 21-day recovery period, infarct volume
was measured to determine the long-term effect of PRX2

against ischemia. Tg-PRX2y mice showed significantly
smaller infarct volume than WT mice (Fig. 2D), indicating
that PRX2 overexpression conferred long-lasting neuro-
protection against tMCAO instead of simply delaying is-
chemic injury.
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FIG. 2. Transgenic PRX2 overexpression improves neurological functional recovery after focal ischemia and confers
long-lasting neuroprotection. (A—C) Assessment of sensorimotor function in sham control mice and ischemic mice (1=8
per group). Tg-PRX2y; or WT mice were subjected to rotarod test (A), corner test (B), and cylinder test (C) before and at 3,
5,7, 10, 14, and 21 days after 60-min tMCAO. Transgenic PRX2 oxerexpression improved ischemia-induced acute
sensorimotor dysfunction and long-lasting sensorimotor asymmetry. The performance on the rotarod test was expressed
as the mean duration on rotarod out of five trials per day. Corner test performance was expressed by the number of left
turns out of 10 turn trials per day. The cylinder test data are expressed as nonimpaired forepaw preference, which is
calculated using the formula described in Materials and Methods. (D) Infarct volume determined in WT or Tg-PRX2y
mice at 21 days after ischemia in cresyl violet-stained brain sections (1=8 per group). All data are presented as
mean*SEM, *p<0.05, *p<0.01 versus WT mice. Multiple comparisons for (A-C) were performed with repeated AN-
OVA, followed by Bonferroni’s/Dunn’s post hoc analysis; comparison between the two groups in (D) was done using

Student’s unpaired t-test.

PRX2 prevents ischemia-induced ASK1 activation
by maintaining Trx at a reduced state

When catalyzing the reduction of peroxides, PRXs are
oxidized at active cysteine residues to generate sulfenic acid
(30) that is slowly recycled back to a reduced state by the
Trx/TrxR system (24). However, under oxidative stress,
the sulfenic acid may be overoxidized to generate cysteine
sulfinic acid (Cys-SO,) and cysteine sulfonic acid (Cys-SOs)
(24), which are thought to be irreversible (7). Oxidative
modification of PRXs results in a reduction in antioxid-
ative activity, and thus dramatically influences their cyto-
protective capacity (20). Using an antibody recognizing
overoxidized PRX (PRX-SO;), we showed that PRX-SO;
immunoreactivity was barely detectable in nonischemic
brains, but was significantly augmented after tMCAO (Fig.
3A, B). To further determine the PRX2-specific oxidative
modification, tissue lysates from ischemic brains were sub-

jected to immunoprecipitation (IP) (31) using the PRX2
antibody followed by immunoblotting against PRX-SOs.
Similar to total PRX-SO;, the PRX2-derived PRX-SO5; (PRX2-
SO;) was elevated up to 6h after tMCAO (Fig. 3A). The
increases in PRX2-SO; appeared to contribute to a large
portion of total PRX-SO; following tMCAO.

The results of PRX activity analysis revealed dramatic de-
creases in cellular PRX activity (an index for PRX antioxidant
reserves) following tMCAO (Fig. 3C) in parallel with the in-
creases in PRX2-SO; (Fig. 3A), indicating a severe exhaustion
of brain PRXs after ischemia. In contrast to WT mice, Tg-PRX2
mice showed approximately fivefold increases in PRX activity
in nonischemic brain, and maintained PRX activity at signif-
icantly elevated levels after tMCAO (Fig. 3C). Interestingly,
significantly higher levels of PRX-5O; were observed after
tMCAOQ in Tg-PRX2p; mice compared to WT mice (Fig. 3C, D).
These results suggest that exogenously overexpressed PRX2
actively participated in peroxide scavenging in ischemic
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FIG. 3. Transgenic PRX2 overexpression prevents the depletion of PRX activity and thioredoxin (Trx) activity after
ischemia. (A) Ischemia induces PRX overoxidation in brains. WT mice were subject to 60 min of tMCAO and reperfusion,
and forebrain cortical lysates were processed for immunoblotting against overoxidized PRX (PRX-SO;) or PRX2 immu-
noprecipitation (IP) followed by immunoblotting against PRX-SOj; at the indicated time points. Note that ischemia induced
two PRX-SO3 bands (arrows), which were likely due to the overoxidation of PRX1-4, whereas the lower band is corre-
sponding to PRX2-SO3 [also see (D)]. The graph in the right panel summarizes the temporal profiles of changes in total
PRX-SO3 and PRX2 IP-derived PRX-SO; (PRX2-SO3). Both PRX-SO; and PRX2-SO; were significantly increased as early as
1h and peaked at 6 h after 60 min tMCAO. Data are expressed as the fold changes over sham controls. 7 =4 per condition.
(B) Representative fluorescence images demonstrate the increased immunofluorescence for PRX-SO; (red) in brain sections
from WT or Tg-PRX2 mice at 3h (b and e) and 6h (c and f) after 60 min of tMCAO. Nuclei were counterstained with 4’,6-
diamidino-2-phenylindole (DAPL blue). Arrows indicate PRX-SO;-positive cells. The expression levels of PRX-SO; increased in
Tg-PRX2 brain (a—c) compared to in the WT brain (d—f) after ischemia. Scale bar, 30 um. (C, D) PRX2 overexpression reinstates
PRX activity and increases PRX oxidation after ischemia. Cortical tissue extracts obtained from Tg-PRX2 and WT mice at 3, 6,
and 12h after tMCAO were processed for PRX activity (C) and immunoblotting against PRX-50; (D). n=5-6 per group. (E, F)
PRX2 overexpression reduces Trx oxidation and reinstates Trx activity after ischemia. Brain tissue extracts obtained from Tg-
PRX2 and WT mice at 3, 6, and 12 h after tMCAO were processed for Trx activity (F) and immunoblotting using a Trx antibody
that recognizes both oxidized (higher molecular welght) and reduced (lower molecular weight) forms (E). n=5-6 per group.
*p<0.05, *p<0.01, **p<0.001 versus sham controls; "p<0.05, #p<0.01, ™ <0.001 versus WT mice. Statistical analysis was
performed using one-way ANOVA, followed by Bonferroni’s/Dunn’s post hoc analysis. (To see this illustration in color the
reader is referred to the web version of this article at www.liebertonline.com/ars).

brain, ultimately preventing the exhaustion of endogenous
PRXSs reserves after tMCAO.

Since Trx serves as a reducing enzyme both in PRX2-
catalyzed peroxide-scavenging reaction and in recycling the
oxidized PRX2 under oxidative stress (24), we hypothesized
that exhaustion of PRX reserves after tMCAO could deplete
the endogenous reduced Trx. We further hypothesized that
depletion of reduced Trx might lead to ASK1 activation in

ischemic neurons as Trx oxidation and subsequent dissoci-
ation from ASK1 are prerequisites for ASK1 activation under
oxidative stress (33). Indeed, tMCAO resulted in marked
accumulation of oxidized Trx but a decrease in reduced Trx
in brain (Fig. 3E), which was accompanied by significant
decreases in cellular Trx activity (Fig. 3F), an index of Trx
reserves. In contrast to WT mice, tMCAO-induced oxidation
of Trx and decreases in Trx activity were significantly
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attenuated in Tg-PRX2y mice (Fig. 3E, F), suggesting that
PRX2 overexpression preserved reduced Trx from overcon-
sumption after tMCAO.

To examine the interactions between Trx and ASK1 after
tMCAOQO, co-IP was performed using brain extracts from
Tg-PRX2y mice and WT littermates. An association be-
tween Trx and ASK1 was readily detectable in sham con-
trol mice regardless of genotype (Fig. 4A, B). However, a
marked dissociation of Trx from ASK1 occurred at 3 and 6 h
after tMCAO in WT mice but not in Tg-PRX2y mice (Fig.
4A, B). Consistent with the co-IP results, tMCAO-induced
activation of ASK1 (increased phosphorylation at Thr845
and increased ASKI1 activity) was significantly attenu-
ated in Tg-PRX2y; mice compared to WT mice (Fig. 4C, D).
Taken together, these results suggest that PRX2 suppresses
ischemia-induced ASK1 activation by maintaining Trx at a
reduced state.

The 2-C catalytic sites are essential for PRX2-afforded
neuroprotection in cultured neurons

To test the hypothesis that the peroxide-scavenging activity
possessed by PRX2 is essential for its neuroprotective effect
via interaction with the Trx-ASK1 complex, we constructed
lentiviral (Ln) vectors expressing either WT human PRX2 or
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its catalytically inactive mutants in which the two cysteine
residues at amino acids 51 and 172 were mutated to alanine
(PRX2¢, A, Supplementary Fig. S3). Incubation of vectors in
primary cultures of rat cortical neurons yielded highly effi-
cient gene transfection of PRX2 and PRX2c, 4, respectively
(Fig. 5A). As predicted, overexpression of PRX2, but not
PRX2¢, A, markedly elevated the peroxide-scavenging activ-
ity in neurons before and after oxygen and glucose depriva-
tion (OGD) (Fig. 5B). As a result, the otherwise diminished Trx
activity following OGD was restored to near preischemic
levels in PRX2-transfected but not in PRX2c, a-transfected
neurons (Fig. 5C).

To determine the effect of PRX2 on the interaction between
Trx and ASK1 after OGD, co-IP was performed. Consistent
with the role of PRX2 in protecting Trx against the loss of
reducing activity under oxidative stress, PRX2, but not
PRX2¢,a, overexpression inhibited OGD-induced dissocia-
tion of Trx from ASK1 and, consequently, ASK1 activation
(Fig. 5D).

Using three independent assays for cell death/survival, we
evaluated the neuroprotective effect of PRX2 transfection
against OGD in primary rat neurons. Transfection of PRX2
but not PRX2¢, 4 significantly increased neuronal survival
in OGD-challenged cultures (Fig. 5E, F). In separate
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FIG. 4. Transgenic PRX2 overexpression inhibits ischemia-induced apoptosis signal-regulating kinase 1 (ASK1) acti-
vation. (A, B) PRX2 prevents the dissociation between Trx and ASK1 after ischemia. (A) Cortical protein extracts were
prepared from Tg-PRX2 or WT mice at 3 and 6h after 60-min tMCAO. Co-IP was performed using antibodies against ASK1
and Trx, respectively. (B) Quantitative analysis of (A); data are expressed as the relative amounts of Trx that bound to ASKI1.
Note that transient ischemia resulted in the dissociation of Trx from ASK1, as revealed by decreased Trx density in the ASK1
precipitates. Transgenic PRX2 overexpression prevents dissociation of Trx and ASK1. n=4-5 per group. (C, D) PRX2 inhibits
ischemia-induced ASK1 activation. (C) Under the experimental conditions described in (A), cortical protein extracts were
processed for immunoblotting against p-ASK1 or IP for ASK1 followed by ASK1 kinase activity assay. (D) Quantitative
analysis of (C); data are expressed as the fold changes in p-ASK1 and ASK1 activity over sham control. n=4-5 per group.
*p<0.05, **p <0.01 versus WT mice. Multiple comparisons were made using one-way ANOVA, followed by Bonferroni’s/

Dunn’s post hoc analysis.
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FIG. 5. Lentiviral over-expression of PRX2 enhances Trx-ASK1 association and protects against oxygen and glucose depri-
vation (OGD)-induced neuronal injury in cortical neuronal cultures. Primary cortical neurons at 9 days in vitro were infected for 3
days with empty lentivirus or lenthlral (Ln) vector carrying GFP (LnGFP), or with hemagglutinin (HA)-tagged human PRX2 (PRX2)
or mutant PRX2 in which Cys®' and Cys'”* were replaced by alanine (PRX2¢, »). (A) Lentivirus-mediated overexpression of PRX2 in
neurons was confirmed by Western blotting against the HA tag and PRX2, respectively, and by triple-label immunofluorescence
[GFP (a,b) or HA (¢, d), MAP2 (b,d,f), and DAPI (b,d,f)]. Scale bar, 50 um. (B, C) Transfection of PRX2 enhances PRX and Trx activity
after OGD. Infected neurons were subjected to OGD for 60 min and, at the indicated time points after OGD, cytosolic proteins were
processed for PRX activity (B) and Trx activity (C) assays. Note that transfection of PRX2 but not of PRX2 , 4 reinstated both PRX and
Trx activities to nearly preischemia levels at 1, 3, and 6 h after OGD. Data are expressed as percentage changes over control (Con) cell
cultures without OGD challenge. (D) Transfection of PRX2 but not PRX2¢,4 enhances Trx-ASK1 association and inhibits ASK1
activation after OGD. Protein extracts were prepared from infected cells at 3h after OGD and processed for ASK1 IP followed by
immunoblotting against Trx or the ASK1 activity assay. Semi-quantitative data are expressed as the fractions of Trx that bound to
ASK1 (right upper panel) or the fold changes of ASK1 activity over control cultures (right lower panel). Data are based on three to four
independent experiments. (E, F) Transfection of PRX2 but not of PRX2¢, 5 protects against neuronal cell death at 24 h after 60 min of
OGD. Representative triple-label fluorescence images for DNA damage are presented in (E), where neurons were triple-labeled for
GFP (green, a, b) or HA (green, ¢, d) with TUNEL (red) and DAPI (blue). Scale bar, 50 ym. (F) Cell viability was quantified using the
Alamar blue assay (left panel); cell death was assessed by measuring lactate dehydrogenase (LDH) release (upper right panel) and by
counting TUNEL-positive cells (lower right panel). n=12 from 3 independent experiments. All quantitative data are presented as
mean +SEM, *p <0.05, **p < 0.01, **p <0.001 versus Ln- or LnGFP-infected cell cultures under the indicated experimental conditions.
Multiple comparisons were made using one-way ANOVA, followed by Bonferroni’s/Dunn’s post hoc analysis. (To see this illus-
tration in color the reader is referred to the web version of this article at www.liebertonline.com/ars).
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experiments, Ln transfection of PRX2 in primary cortical Critical role of the Trx-ASK1 signaling complex

neurons derived from mouse embryos also significantly in-  in mediating the neuroprotective effect of PRX2

creased neuronal viability after OGD (Supplementary Fig. S4),

indicating that PRX2 protects against ischemic injury in both To determine if the Trx-ASK1 signaling complex and

rat and mouse neurons. PRX2 interact with different pro-death signaling pathways
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FIG. 6. Critical role of the Trx/ASK1 signaling complex in mediating the neuroprotective effect of PRX2 in cortical
neuronal cultures. (A) Knockdown of Trx or ASK1 in neurons. Primary cortical neurons were infected for 3 days with Ln
vectors containing short hairpin RNA (shRNA) targeting the Trx sequence (TRXt) or ASK1 sequence (ASK1t), their scrambled
sequence (TRXsc and ASKlsc), or the empty lentivirus, or were co-infected with TRXt or ASK1t and lentivirus containing
PRX2 cDNA. Immunoblotting results confirmed the knockdown of Trx and ASK1 expression, respectively, and showed that
co-transfection of PRX2 did not affect the knockdown effect of TRXt or ASK1t. (B) Knockdown of Trx expression enhances
OGD-induced ASK1 activation. Infected neurons were challenged with 60 min of OGD and, at 3h after OGD, cell extracts
were subjected to immunoblotting for p-ASK1. Note that Trx knockdown enhanced OGD-induced ASK1 activation and
impaired the inhibitory effect of PRX2 overexpression on ASK1 activation. Data are based on three to four independent
experiments. (C) Knockdown of Trx expression exacerbates neuronal death 24h after OGD. Cell viability was quantified
using the Alamar blue assay (upper panel); cell death was assessed by measuring LDH release (lower panel). Note that Trx
knockdown enhanced OGD-induced neuronal death, but impaired the neuroprotective effect of PRX2. n=12 from 3 inde-
pendent experiments. (D) ASK1 knockdown in neurons protects against OGD-induced cell death, but fails to offer additional
neuroprotective effect in PRX2-transfected neurons. n=12 from 3 independent experiments. (E) PRX2 overexpression inhibits
OGD-induced reactive oxygen species production independent of Trx expression. At 1 or 3 h after 60 min of OGD, neurons
were incubated with CM-H,DCFDA (10 uM), a relatively specific sensor for H,O,, at 37°C in the dark for 30 min. di-
chlorofluorescein (DCF) fluorescence was measured on a fluorescence plate reader using 485-nm excitation and 530-nm
emission. The data are presented as the percentage changes of DCF fluorescence over the non-OGD control (empty vector
infection). n=4/group. Note that OGD increased DCF fluorescence, whereas PRX2 overexpression significantly decreased
DCF fluorescence in both pre- and post-OGD neurons. There was no significant difference in DCF fluorescence intensity in
PRX2-overexpressed neurons with or without Trx knockdown. All quantitative data are presented as mean=*SEM, no
significant (n.s.) p>0.05, *p<0.05, **p <0.01, *p <0.001 between the indicated groups; based on multiple comparisons using
one-way ANOVA, followed by Bonferroni’s/Dunn’s post hoc analysis.
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after ischemia, we performed lentivirus-short hairpin
RNA (shRNA)-mediated knockdown of Trx and ASK1, re-
spectively, in primary rat neuron cultures (Fig. 6A and
Supplementary Fig. S5). In all transfection experiments, the
scramble sequences or empty vector served as controls.
As shown (Fig. 6B, C), Trx knockdown significantly en-
hanced OGD-induced ASK1 activation and neuronal death
in cultures. Furthermore, Trx knockdown markedly im-
paired the ability of PRX2 to suppress OGD-induced ASK1
activation and neuronal death (Fig. 6B, C). Similarly, ASK1
knockdown was protective against OGD-induced neuronal
death, whereas PRX2 overexpression did not confer further
neuroprotection in ASK1-deficient neurons (Fig. 6D). These
results suggest that the Trx-ASK1 signaling complex is a
major target for PRX2-afforded neuroprotection against
ischemic injury.

Assessment of intracellular ROS using the H,O,-sensitive
dichlorofluorescein fluorescence assay showed that while
PRX2 overexpression significantly reduced ROS before or
after OGD, Trx knockdown had an insignificant effect on the
levels of H,O, in neurons with or without PRX2 transfection
(Fig. 6E). Thus, the impaired neuroprotective effect by PRX2
in Trx-deficient neurons could not be attributed to enhanced
oxidative stress due to Trx knockdown. Alternatively, these
results emphasize the importance of Trx as a specific and re-
dox-sensitive endogenous inhibitor for the ASK1-dependent
signaling pathway.

Attenuation of the MKK4/JNK signaling cascade
in Tg-PRX2y mice

We further determined the effect of PRX2 overexpression
on the MKK/JNK pathway, the main signaling pathway
downstream of ASK1 activation that contributes to ischemic
neuronal death (8, 15, 18, 29, 37). Determined using Western
blots, tMCAO robustly activated MKK4 (increased phospho-
Ser257) and, to a lesser extent, MKK7 (phospho-Ser271/
Thr275) in brain of WT mice; tMCAO also activated JNK
(phospho-Thr183/Tyr185) and its specific target c-Jun
(phospho-Ser63). In contrast to WT mice, Tg-PRX2y mice
showed nearly complete attenuation in cerebral activation of
the MKK4/JNK/c-Jun signaling cascade after tMCAO (Fig.
7A, B). Immunofluorescent staining for phospho-MKK4 and
phospho-c-Jun on brain sections, which showed predomi-
nant neuronal localizations, confirmed the inhibitory effect
of PRX2 overexpression on MKK4/JNK activation after
tMCAO (Fig. 7C).

To determine if attenuation of MKK4/JNK has a major
role in mediating the neuroprotective effect of PRX2, WT,
or Tg-PRX2y mice were administered the JNK inhibitor
SP600125 (10 mg/kg) before tMCAO. SP600125 treatment
attenuated JNK activation (Fig. 7D) and significantly de-
creased infarct volume after tMCAO in WT mice (Fig. 7E),
but failed to reduce infarct volume in the Tg-PRX2y mice
(Fig. 7E). These results suggest that inhibition of MKK4 /JNK
signaling is an integral component of the mechanism un-
derlying PRX2-afforded neuroprotection against ischemic
brain injury.

Discussion

Currently, the only established therapy for ischemic
stroke, intravenous administration of recombinant tissue
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plasminogen activator, benefits just a small fraction of pa-
tients because of its limited time window of efficacy. More-
over, thrombolytic reperfusion may augment oxidative
stress and the risk of intracranial hemorrhage in the ischemic
brain (16). Thus, it is imperative to develop alternative
therapeutic strategies for ischemic/reperfusion injury, such
as aiming to limit ROS-mediated neuronal damage (5). In
this study, we demonstrate for the first time that neuronal
overexpression of PRX2 significantly reduced brain infarct
and improved neurological outcomes up to 3 weeks
after ischemia/reperfusion. We further show that PRX2
down-regulates a redox-dependent mitochondrial pro-death
pathway via enhancing Trx-ASK1 interaction and thus pre-
vents the activation of the ASK1-JNK signaling cascade in
ischemic neurons.

The cytoprotective effect of PRX2 has recently been ob-
served in neuronal cultures under ischemia-like conditions
(2), and this PRX2-afforded protection is thought to be at-
tributed to its antioxidant property. Indeed, PRX2 actively
participates in the peroxide-reducing reactions after ische-
mia/reperfusion, resulting in remarkably increased PRX2
over-oxidation but decreased PRX activity reserve in is-
chemic neurons. This observation is consistent with a pre-
vious study showing increased production of PRX-SO; after
brain ischemia (10). However, the neuroprotective effect of
PRX2 against ischemic/reperfusion could not be fully ex-
plained by its antioxidant actions per se, as PRX2 over-
expression only partially reduced the levels of ROS in
ischemic neurons. Moreover, knockdown of Trx expression,
which alone did not augment oxidative stress in neurons, al-
most completely abolished PRX2-afforded neuroprotection
against ischemia, supporting the notion that PRX2 achieves a
neuroprotective effect through a Trx-dependent mechanism.
Our results thus suggest an additional action of PRX2 via direct
engagement in Trx/ASKl-dependent apoptosis-regulatory
signaling. The following model is proposed: PRX2 over-
expression, by maintaining Trx in a reduced state, enhances
the interaction between Trx and ASK1 that keeps ASK1 at its
inactive form, thus preventing the activation of ASK1 and of
the ASK1-dependent pro-death signaling pathway after is-
chemia (Fig. 8).

The peroxide-reducing activity of the active site Cys'
and Cys'”? on PRX2 is essential for the functional interac-
tion between PRX2 and the Trx/ASK1 complex. Cys®' on
PRX2 is most accessible to oxidation under peroxide-
imposed oxidative stress (41). Accordingly, under oxidative
stress Cys51 is first oxidized to Cys5 L.SOH, which then is
overoxidized to the irreversible form CysSl-SOzH or CysSl-
SO;H; alternatively, Cys51—SOH forms a disulfide with
Cys172 on another PRX2 molecule, and the disulfide can be
reduced back to the active thiol form by the Trx/TrxR sys-
tem (41, 42). Consistent with this concept, we found that
mutation of Cys®' to alanine avoided any oxidation of PRX2
by hydrogen peroxide and that PRX2 with mutations at
both Cys’' and Cys'”* completely lost its ability to interact
with the Trx/ASK1 complex or to inhibit ASK1 in ischemic
neurons. Our results also show that overconsumption of
PRX2 after ischemia/reperfusion led to depletion of re-
duced Trx in neurons, whereas PRX2 overexpression pre-
served Trx at its reduced state.

It has been well established that ischemia/reperfusion-
induced overproduction of ROS causes neuronal demise by
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FIG. 7. Transgenic PRX2 over-
expression inhibits the JNK sig-
naling pathway after tMCAO. (A)
Tg-PRX2 mice and their WT litter-
mates were subjected to 60 min of
tMCAO or sham operation. At 3
and 6h after reperfusion, cortical
tissue extracts were subjected to
immunoblotting against p-MKK4,
p-MKK7, p-JNK, and p-c-Jun or
the total of each protein. Semi-
quantitative data are illustrated in
(B). Data are presented as mean=*
SEM, n=4-5 per group, *p<0.05,
**p <0.01 versus WT mice. (C) Dou-
ble-label immunofluoroscent stain-
ing for p-MKK4 (red, a-h and e’-h")
and NSE (green, e-h and e’-h’) in
brain sections from Tg-PRX2 (¢, d,
g, h, low magnification; g’, h’, high
magnification) or WT mice (a, b, e,
f, low magnification; e’, f/, high
magnification) with sham surgery
or subjected to tMCAO and 6h of
reperfusion. Note that transgenic
PRX2 expression attenuated ische-
mia-induced p-MKK4 immunofluo-
rescence in ischemic neurons.
Immunofluoroscent staining for p-c-
Jun (red, i-l, low magnification)
showed reduced p-c-Jun staining in
Tg-PRX2 mice 6 h after tMCAO. Scale
bars: low magnification, 50 um; high
magnification, 25 ym. (D-E) Attenua-
tion of JNK activation mediates
PRX2-afforded neuroprotection. JNK
inhibitor SP600125 was administered
before tMCAO or sham operation.
At the dose of 10mg/kg, SP600125
treatment abolished JNK activation at
3 and 6h after reperfusion as dem-
onstrated by immunoblotting against
p-cJun. Determined at 48h after
tMCAO. SP600125 treatment signifi-
cantly decreased infarct volume in
WT mice, but failed to further reduce
infarct volume in the Tg-PRX2y; mice.
Data are presented as mean+SEM,
n=6per group, *p <0.05 versus vehicle-
treated WT mice; based on one-way
ANOVA, followed by Bonferroni’s/
Dunn’s post hoc analysis. (To see this
illustration in color the reader is re-
ferred to the web version of this article
at www liebertonline.com/ars).
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FIG. 8. Schematic diagram illustrating the deduced
pathway through which PRX2 interacts with the Trx-ASK1
signaling complex. Left panel: after ischemic insult, PRX; is
oxidized when scavenging free radicals, which results in a
reduction in its antioxidative activity. Oxidized PRX can re-
gain its activity at the expense of reduced Trx, yielding oxi-
dized Trx. The reduced Trx normally binds to and inhibits
ASK1; however, oxidation of Trx sets free ASK1, leading to the
activation of subsequent apoptotic cascades. Right panel:
overexpression of PRX2 results in increases of reduced PRX2 to
battle ischemia-induced oxidative stress. Increased amount of
PRX2 at its reduced form inhibits the cysteine thiol-disulfide
exchange between PRX2 and Trx, thus maintaining Trx at its
reduced state that inhibits the activation of ASK1 and cell
death. (To see this illustration in color the reader is referred to
the web version of this article at www liebertonline.com/ars).

either directly targeting cellular macromolecules and/or
triggering various pro-death signaling pathways (32, 36).
Thus, in principle, antioxidant therapy should hold great
promise in translation into an effective clinical treatment for
stroke. However, such a therapeutic strategy, exemplified
by the disufenton sodium (NXY-059) trials, so far has failed
to produce beneficial effects in stroke patients (21, 35). Al-
though many factors could contribute to the unsuccessful
clinical trials, one issue worthy of consideration is that an
untitrated suppression of ROS may deprive the normal
physiological functions of free radicals and potentially re-
sult in unwanted effects. In contrast to classic antioxidant
agents, PRXs possess a moderate ROS-scavenging property
and yet are capable of potently inhibiting redox-sensitive
pro-death signaling pathways that critically determine the
fate of ischemic neurons. Several PRXs, including PRX1 and
PRX2, are potentially inducible proteins in the brain (12, 17, 27).
Conceivably, brain levels of PRX1 and/or PRX2 can be en-
hanced by PRX inducers or carrier-based protein delivery.
Taken together, the results of this study demonstrating long-
lasting neuroprotective effect by PRX2 warrant further inves-
tigation into PRX2’s potential therapeutic value in experimen-
tal stroke, which would also include a poststroke treatment
regimen.
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While the current study focuses on PRX2, it does not ex-
clude the possibility that PRX2 acts in conjunction with other
PRX isoforms in neuroprotection. All mammalian PRX iso-
forms have been detected in the CNS and each isoform could
have a unique neuroprotective role depending on its specific
cellular distribution. For example, it is plausible that the glia-
enriched PRX1 could influence stroke outcome by modulating
astroglial and/or microglial responses (26). It would be in-
teresting to determine if enhanced levels of both PRX2 and
PRX1 offer additive neuroprotective effects against stroke.
Moreover, future studies would also need to compare the
neuroprotective effect of PRX2 in male versus female animals,
as emerging evidence supports the important concept that
there may be sex differences in response to neuroprotective
agents in stroke models (23, 39).

In summary, transgenic overexpression of PRX2 con-
fers long-term neuroprotection against ischemic/reperfusion
brain injury in mice. This study also characterizes a poten-
tial mechanism underlying PRX2-afforded neuroprotection
whereby PRX2 inhibits the ASKl-mediated pro-death sig-
naling cascade in a Trx-dependent manner. Our results sug-
gest that PRX2 may represent a potential target for stroke
intervention.

Materials and Methods

Details beyond the descriptions here are provided in
Supplementary Materials and Methods.

Models of cerebral ischemia

All animal experiments were approved by the Institutional
Animal Care and Use Committee of Capital Medical Uni-
versity and University of Pittsburgh, respectively, and per-
formed in accordance with the NIH Guide for the Care and
Use of Laboratory Animals. Male 8- to 12-week-old mice were
randomly assigned to various experimental groups with the
surgeon blinded to the genotypes of the mice. Focal cerebral
ischemia was produced by intraluminal occlusion of the left
MCA as described previously (3). To calculate infarct volume,
brains were removed at either 2 or 21 days after MCAO, and
subjected to 2,3,5-triphenyltetrazolium chloride (TTC) stain-
ing and MAP-2 immunohistochemical straining, respectively.
Infarct volume was determined using MCID™ imaging with
correction for edema.

To model ischemia-like conditions in vitro, primary cortical
neuronal cultures were exposed to OGD for 60 min followed
by reperfusion (37). Neuronal viability /death was quantified
using the Alamar blue assay, lactate dehydrogenase release
assay, and terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) (37).

Neurobehavioral tests

Neurobehavioral tests were performed before surgery
and 3-21 days after MCAO by a researcher who was blinded
to genotypes of the mice. The assessment for sensorimotor
deficits consisted of three different tests: the rotarod test, the
corner test, and the cylinder test. Rotarod and corner tests
were performed as described previously (37). The cylinder
test was adapted for use in mouse to assess forepaw use and
rotation asymmetry. The mouse was placed in a cylinder 9 cm
in diameter and 15cm in height, and videotaped for 5min.
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Videotapes were analyzed, and forepaw (left/right/both) use
of the first contact against the cylinder wall after rearing
and during lateral exploration was recorded. Nonimpaired
forepaw (right) preference is expressed as the relative pro-
portion of right forepaw contacts, which was calculated as:
(right —left) / (right +left + both) x 100 (6).

Construction of viral vectors

Ln vectors carrying either the human full-length (LnPRX2)
or catalytically inactive mutant (LnPRX2c,,) PRX2 cDNA
(also encoding a Ha tag) were constructed as described
previously (9). To construct Ln vectors expressing shRNA
against rat Trx or ASK1, the gene-specific targeting se-
quence (TRXt or ASKI1t) or its counterpart scramble se-
quence (TRXsc or ASKlsc) was inserted into the transfer
vector FSW under the control of the U6 promoter. Large-
scale production, purification, and titration of the recom-
binant lentivirus was performed using a protocol described
previously (38).

PRX and Trx activity assay

Peroxidase activity was determined as previously described
(9). The PRX activity assay kit (Redoxica, Little Rock, AR) was
used for the measurement according to the manufacturer’s
instructions. Trx activity was determined by the insulin dis-
ulfide reduxing assay as previously described (25). The data
were expressed as percentage changes in PRX or Trx activity
over control noninjured cell cultures or animals.

ASKT kinase assay

Tissue or cell lysates were prepared under nondenatur-
ing conditions as described. To assay for ASK1 activity, the
lysates (150 ug total protein) were first subjected to ASK1
capture using the specific anti-ASK1 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA), and then incubated with
recombinant myelin basic protein (MBP) in the pres-
ence of [y->*P]ATP, and MBP phosphorylation was detected
using autoradiogram. The data were expressed as fold
changes in ASK1 activity over control noninjured cell cul-
tures or animals.

Statistical analysis

Results are reported as the mean +standard error of the
mean (SEM). The significance of difference between means
was assessed by Student’s t-test (single comparisons) or by
analysis of variance with post hoc Bonferroni’s/Dunn’s tests
(for multiple comparisons). A value of p<0.05 was con-
sidered statistically significant.
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ANOVA = analysis of variance
ASK1 = apoptosis signal-regulating kinase 1
Cys = cysteine
DCEF = dichlorofluorescein
HA =hemagglutinin
IB =inner boundary
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IP = immunoprecipitation
LDH =lactate dehydrogenase
Ln =lentiviral
MBP = myelin basic protein
MCAO =middle cerebral artery occlusion
n.s. =no significant
OGD = oxygen and glucose deprivation
pMCAO = permanent MCAO
PRX = peroxiredoxin
PRX-SO3; = overoxidized PRX
rCBF =regional cerebral blood flow
ROS = reactive oxygen species
shRNA = short hairpin RNA
Tg-PRX2 =PRX2 transgenic
tMCAOQO = transient MCAO
Trx = thioredoxin
TrxR = thioredoxin reductase
TTC =2,3,5-triphenyltetrazolium chloride
TUNEL = terminal deoxynucleotidyl transferase
dUTP nick end labeling
WT = wild-type
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