
INTRODUCTION

OXIDATIVE STRESS is one of the crucial factors in the de-
velopment of ischemic brain injury (6). During is-

chemia or ischemia/reperfusion in the brain, excessive reac-
tive oxygen species (ROS) alter or disrupt the balance of the
redox potential in cells and lead to protein oxidation, lipid
peroxidation, and DNA damage (4, 8).

As therapeutic agents for stroke, various antioxidant com-
pounds have received much attention. Indeed, many studies in
experimental animals have documented the ability of antioxi-
dants to reduce ischemic brain injury (21, 38, 41). However,
to our knowledge, few antioxidant drugs have been shown to
be beneficial in clinical stroke trials (18). Thioredoxin
(TRX), a small protein that catalyzes a dithiol/disulfide inter-

change (14), is induced by various types of oxidative stress,
such as x-ray irradiation, ultraviolet light, and hydrogen per-
oxide (26).TRX has physiologically cytoprotective effects
against oxidative stress by scavenging ROS by itself (19) and
partly with peroxiredoxin (3). In addition, it plays important
roles in cellular signaling via thiol redox control, for exam-
ple, in the regulation of transcription factors such as nuclear
factor-kB and activator protein-1 (13). Further, TRX is se-
creted from the cells through a unique leaderless pathway (30)
and exerts a cytokine-like effect on target cells. Recently, we
showed a crucial role for TRX in the nervous system follow-
ing the application of various stressful stimuli. For example,
both protein and mRNA levels of TRX were decreased in the
ischemic core and increased in the penumbra during perma-
nent middle cerebral artery occlusion (MCAO) in rats (34).
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ABSTRACT

Thioredoxin (TRX) is induced by a variety of oxidative stimuli and shows cytoprotective roles against oxida-
tive stress. To clarify the possibility of clinical application, we examined the effects of intravenously adminis-
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infarct volumes were assessed. Infarct volume, neurological deficit, and protein carbonyl contents, a marker
of protein oxidation, in the brain were significantly ameliorated in rhTRX-treated mice at the dose of 3 and
10 mg/kg versus these parameters in control animals. Moreover, activation of p38 mitogen-activated protein
kinase, whose pathway is involved in ischemic neuronal death, was suppressed in the rhTRX-treated mice.
Further, rhTRX was detected in the ischemic hemisphere by western blot analysis, suggesting that rhTRX
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Exogenously administered recombinant TRX was shown to
have a neuroprotective effect on murine primary cultured
neurons (15). Moreover, both ischemic brain injury and exci-
totoxic hippocampal injury were attenuated in transgenic
mice overexpressing human TRX (hTRX) (35, 37). In this
study, we examined the neuroprotective effects of recombi-
nant hTRX (rhTRX) in a murine model of transient focal
ischemia, in which rhTRX was delivered intravenously begin-
ning at the start of reperfusion.

MATERIALS AND METHODS

Cerebral ischemia model

Male C57BL/6j mice (Shimizu Laboratory Supplies,
Kyoto, Japan) weighing 25–30 g were anesthetized with 1%
halothane in 30% O2/70% N2O. The right femoral vein was
cannulated with a polyethylene tube (PE-10).

Rectal temperature was maintained at 36.5°C by using
a homeothermic blanket (Animal Blanket  Controller ATB-
1100; Nihon Koden, Tokyo, Japan). Focal cerebral ischemia
for 90 min was induced by MCAO by using the intraluminal
filament technique described previously (22). Regional cere-
bral blood flow (rCBF) was monitored by laser Doppler
flowmetry (Laserflotm; TSI Incorporated). As previously de-
scribed (16), f iber- optic tips (TSI Incorporated) were affixed
to the skull, 3 mm lateral and 2 mm posterior to bregma (des-
ignated “ischemic core”) and 6 mm lateral and 2 mm pos-
terior to bregma (designated “penumbra”) on the ipsilateral
hemisphere.

Treatment with rhTRX

rhTRX was produced as previously described (25).
Treated animals (n = 8 for each dosage group) received
rhTRX at a total dose of 1, 3, or 10 mg/kg by continuous infu-
sion by using a microprocessor-controlled syringe pump (KD
Scientific). We chose these concentrations of rhTRX based
on the results of previous studies on lung ischemia/reperfu-
sion models (20, 28).

The drug was sterile-filtered, dissolved in 0.4 ml of 0.9% sa-
line, and infused into the right femoral vein for 2 h, beginning
just after the start of middle cerebral artery reperfusion. Con-
trol animals received an intravenous infusion of bovine serum
albumin (BSA, 3 mg/kg) in 0.4 ml of 0.9% saline, saline alone,
or no infusion (each n = 8). During infusions, the animals were
awakened from anesthesia and allowed full freedom of move-
ment. In some experimental animals, the left femoral artery
was cannulated for blood pressure measurement by using an
RMP-6004M transducer amplifier (Nihon Kohden) and for
blood gas determination by using a blood gas–pH analyzer
(Corning 248; Ciba–Corning Diagnostics, Tokyo, Japan). At
the end of infusions, animals were reanesthetized to remove the
cannulae and were returned to their cages.

Neurological assessment

Twenty-four hours after the transient MCAO, the neuro-
logical deficits in the mice were assessed by a masked ob-
server. We evaluated the severity of the neurological deficits
by using a four-tiered grading system previously described

(11): 0, no observable neurological deficits (normal); 1, fail-
ure to extend forepaw (mild); 2, circling to the left side (mod-
erate); and 3, loss of walking or righting reflex (severe).

Measurement of infarct size

Twenty-four hours after the transient MCAO, the mice
were deeply anesthetized with sodium pentobarbital (100 mg/
kg i.p.). Their brains were immediately removed and cut into
2-mm coronal sections. These sections were stained with 2%
2,3,5-triphenyltetrazolium chloride (TTC) solution and then
fixed in 10% paraformaldehyde. Each infarct area was mea-
sured by use of NIH Image analyzer software (version 1.61)
to calculate the infarction volume.

Detection of rhTRX

To determine if systemically administered rhTRX could
permeate the ischemic brain tissue, we examined brain tissue
for the presence of rhTRX by western blotting. Immediately
after the 2-h drug infusion, animals were deeply anesthetized
and transcardially perfused with phosphate-buffered saline,
and then their brains were removed. The two hemispheres of
each brain were homogenized, each in 1 ml of ice-cold solu-
bilizing solution [0.5% NP-40, 1 mmol/L Tris-HCl (pH 7.2),
15 mmol/L NaCl, 0.1 mmol/L phenylmethylsulfonyl fluoride
(PMSF), 2 µg/ml aprotinin]. Equal high amounts of protein
(200 µg/lane), estimated by the Bradford method, were elec-
trophoresed on 12% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS–PAGE) gels and transferred to
polyvinylidene difluoride membranes (Immobilon; Milli-
pore). After having been blocked with 5% skim milk, the
membranes were incubated with anti-hTRX murine mono-
clonal antibody, which was earlier proved not to recognize en-
dogenous murine TRX at all (15), and then with peroxidase-
linked second antibody (Amersham Pharmacia Biotech).
Chemiluminescence was detected with an ECL plus western
blot detection kit (Amersham Pharmacia Biotech).

Detection of oxidized proteins

Oxidized protein was detected by using an oxidized protein
detection kit (OxyBlot, Intergen). The OxyBlot provides
reagents for sensitive immunodetection of carbonyl groups,
which is a marker of cellular protein oxidation. With this kit,
the carbonyl groups in the protein side chains are derivatized
to 2,4-dinitrophenylhydrazone (DNP-hydrazone) by reaction
with 2,4-dinitrophenylhydrazine (29, 35). The DNP-derivatized
protein samples are then separated on an SDS–PAGE gel of
gradient density between 5 and 20% (Real Gel Plate, Biocraft,
Tokyo, Japan) and subsequently subjected to western blotting.
The amount of carbonyl groups extracted from 18 µg of sam-
ple proteins was measured by using the NIH Image analyzer
software by comparison with the band density of 2.5 µl of a
control DNP-lated protein mixture (OxyBlot, Intergen).

Evaluation of activation of p38 mitogen-activated
protein kinase (MAPK)

Western blots were used to measure p38 MAPK activa-
tion. Antibody specific for active forms of p38 MAPK
(Promega) used in this study was previously described (36).
The brains of ischemic hemisphere were homogenized in
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0.5 ml of ice-cold buffer containing 2 mmol/L Tris-HCl
(pH 7.5), 0.1 mmol/L EDTA, 0.5 mmol/L MgCl2, 0.1 mmol/L
dithiothreitol, 20 mg/ml aprotinin, 0.1 mmol/L PMSF, and
0.2 mmol/L sodium orthovanadate. After SDS–PAGE, blot-
ting to membranes, and blocking with 5% skim milk, the
membranes were incubated with the primary antibody, and
then with secondary antibody (Promega).

Statistical analysis

rCBF, infarct volumes, physiological parameters, and pro-
tein carbonyl contents were statistically analyzed by ANOVA
with Bonferroni’s posthoc analysis (software StatView 5.0).
Neurological scores were compared by using the Mann–
Whitney U test. Values are expressed as the means ± SD, with
p < 0.05 considered statistically significant.

RESULTS

TRX attenuates brain damage

In the three control groups, which received BSA, saline,
and no infusion, infarct volumes were 80.6 ± 14.6, 82.7 ±
14.9, and 79.8 ± 13.9 mm3, respectively. There was no statisti-
cal difference in infarct volumes among these control groups.
rhTRX at doses of 3 and 10 mg/kg significantly reduced the
infarct volume to 57.9 ± 11.3 and 59.4 ± 8.6 mm3, respec-
tively, as compared with any of these controls (Fig. 1C).
rhTRX at a dose of 1 mg/kg, however, caused no statistically
significant reduction in infarct volume. The smaller infarct
size in the rhTRX-treated animals was due to sparing of the
cortex at the periphery of the penumbra (Fig. 1A).

Neurological scores in noninfused control mice at 24 h
after ischemia were 2.25 ± 0.89. These scores were signifi-
cantly reduced to 1.13 ± 0.84 and 1.14 ± 1.07 for mice receiv-
ing rhTRX at doses of 3 and 10 mg/kg, respectively (Fig. 2,
each p < 0.04, each n = 8). However, neurological scores were
not significantly different between mice in the 1 mg/kg
rhTRX experimental group and those in the noninfused con-
trol group. All physiological parameters were similar between
treatment groups before MCAO and after administering of
treatment (data not shown). rCBFs were not statistically dif-
ferent between rhTRX-treated mice and noninfused control
mice at each time point (Fig. 3).

hTRX is detected in the ischemic cerebral
hemisphere of rhTRX-treated mice

In the ischemic cerebral hemisphere of rhTRX-treated
mice, a hTRX signal was detected as a single band of 13 kDa
(Fig. 4). In contrast, no signal for hTRX was detected either
in the hemisphere of rhTRX-treated mice contralateral to the
MCAO or in the control brain. These data indicate that
rhTRX does actually pass into the affected brain tissue from
the systemic circulation through the damaged blood–brain
barrier (BBB).

rhTRX suppresses the activation of p38 MAPK

During ischemia/reperfusion, p38 MAPK is rapidly in-
duced (36) and is involved in ischemic neuronal death. As
judged from the results of western blotting, the level of phos-

phorylated p38 MAPK was enhanced 2 hours after the start of
reperfusion in nontreated mice, but was suppressed if the
mice were treated with rhTRX (Fig. 5).

rhTRX suppresses protein oxidation

Oxidative inactivation of enzymes and oxidative modifi-
cation of proteins by metal-catalyzed oxidation reactions are
accompanied by the generation of protein carbonyl deriva-
tives. The protein carbonyl contents at the end of systemic in-
fusion were significantly lower in animals receiving rhTRX
at a dose of 3 or 10 mg/kg than in noninfused control animals
(Fig. 6A). Between other treatment groups, the protein car-
bonyl contents were not significantly different at the end of
the continuous intravenous infusion (data not shown). The
protein carbonyl contents at 24 h after transient MCAO were
201.7 ± 44.1 in noninfused mice and 151.7 ± 29.8 and 148.3
± 33.7 in rhTRX-treated mice at doses of 3 and 10 mg/kg, re-
spectively (Fig. 6B, % of control, each p < 0.05, each n = 6).

DISCUSSION

In this study, we showed that intravenously administered
rhTRX significantly reduced both infarct volume and neuro-
logical deficits in a murine model of transient MCAO. TRX
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FIG. 1. Infarct volumes 24 h after mice had been sub-
jected to transient MCAO, as assessed by TTC staining.
Representative TTC-stained brain sections from a control (non-
treated) mouse (A) and a rhTRX (3 mg/kg)-treated one (B), as
well as infarct volumes in brains of postischemic mice treated
with rhTRX, BSA, and saline, and nontreated mice (C), are
shown. Bars indicate SD. n = 8 for each group; *p < 0.05.

http://www.liebertonline.com/action/showImage?doi=10.1089/152308604771978372&iName=master.img-000.jpg&w=196&h=286
http://www.liebertonline.com/action/showImage?doi=10.1089/152308604771978372&iName=master.img-000.jpg&w=196&h=286
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FIG. 2. Neurological deficit score 24 h after transient
MCAO. Neurological score was defined in the text from none
(0) to most severe (3). Neurological scores were significantly
reduced in mice receiving rhTRX at a dose of 3 or 10 mg/kg.
These scores were similar between mice in the other experi-
mental group (1 mg/kg rhTRX) and noninfused control mice.
Bars show SD. n = 8, *p < 0.04.

FIG. 3. rCBF in mice subjected to transient MCAO.
rCBF was measured over the penumbra and ischemic core of
the right middle cerebral artery region in rhTRX-treated and
control mice. Preope indicates before MCAO; MCAO, ~3 min
after insertion of the occlusive thread into the internal carotid
artery; Reperfusion, ~3 min after the thread has been removed;
Postinfusion, 2 h after reperfusion; and Sacrifice, 24 h after
transient MCAO. The preischemic rCBF was assigned a value
of 100%. Subsequent values are presented as a percentage of
the preischemic rCBF. Bars show SD. n = 4 for each group. No
statistical differences were detected between any two groups.

FIG. 4. hTRX detection in the ischemic brain hemisphere
of rhTRX-treated mice. The hTRX monoclonal antibody rec-
ognizes hTRX as a single band of 13 kDa. In hTRX-treated
mice (3 mg/kg), western blot analysis shows a positive band in
the cerebral hemisphere of rhTRX-treated mice ipsilateral to
the transient MCAO, but not in the contralateral hemisphere.
No signal for hTRX is detectable in the sample from the control
mice.

FIG. 5. rhTRX suppresses the activation of p38 MAPK.
(A), Western blots of homogenates of nontreated mice before
MCAO (lane 1), just after the start of reperfusion (lane 2), and
2 h after the start of reperfusion (lane 3), and of homogenates
of rhTRX-treated mice (3 mg/kg) 2 h after reperfusion had
begun (lanes 4 and 5). (B), Quantitative assessment by densito-
metric analysis of these western blots. Active p38 MAPK is en-
hanced just after the start of reperfusion and is increasingly en-
hanced by 2 h in the control mice; however, active p38 MAPK
is suppressed in rhTRX-treated mice in comparison with the
level for the control mice.

http://www.liebertonline.com/action/showImage?doi=10.1089/152308604771978372&iName=master.img-003.png&w=217&h=220
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http://www.liebertonline.com/action/showImage?doi=10.1089/152308604771978372&iName=master.img-006.jpg&w=200&h=272
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exists intrinsically and is induced in the ischemic cerebral
hemisphere (35). As extrinsic TRX has apparent beneficial
effect on neurons compared with mice treated with vehicle,
the evaluation of intrinsic TRX might not be necessary. A
conceivable mechanism for preventing ischemic/reperfusion
damage by rhTRX administration may include the following:
scavenging ROS from brain tissue, cerebral vascular endothe-
lial cells, and neutrophils; and negative regulation of some
signal cascade leading to cell death.

During ischemia or ischemia/reperfusion in the brain, ex-
cessive ROS are produced by enzymes such as xanthine oxi-
dase in vascular endothelial cells, recruited neutrophils, or an
excess of excitatory amino acids (2, 5, 39). Antioxidative

stress is one of the key therapeutic strategies for neuronal
diseases.

hTRX has the ability to directly scavenge hydrogen perox-
ide (25), singlet oxygen (19), and hydroxyl radicals (19). Re-
combinant TRX displays protective activity against a number
of toxins and insults in in vitro studies, in which excessive
ROS are involved in the cytotoxic mechanism (23, 26, 32). In
animal models, rhTRX also showed its cytoprotective effects
against ischemia/reperfusion-induced lung injury (10, 32). In
this study, the protein carbonyl content in the brain of hTRX-
treated animals was significantly suppressed in comparison
with that of the control animals after transient ischemia,
which suggests that exogenous hTRX attenuates oxidative
stress by exerting redox-regulating activity including the
quenching of ROS.

We also obtained evidence that the administered rhTRX
permeated the ischemic cerebral hemisphere through the
BBB. During the early reperfusion period after transient focal
brain ischemia, endothelial cells exhibit an increased perme-
ability to serum proteins and other high-molecular-weight
compounds of molecular weight larger than that of TRX, such
as basic fibroblast growth factor and hybridized Cu/Zn super-
oxide dismutase (SOD) (7, 9, 20). rhTRX that has passed
through the BBB may exert direct protective effects on the
brain tissue by scavenging ROS. Moreover, we have prelimi-
nary data showing that exogenous TRX is taken up by cells
(Kondo et al., unpublished observations). Mutant TRX in
which two cysteines in the active site are replaced with ser-
ines hardly enters into cells, suggesting that the entry of TRX
into the cell is dependent on its redox-active site, although the
details of the mechanism are still under investigation.

rhTRX in the systemic circulation may be taken up by the
brain tissue at least partly and may protect the endothelial
cells and brain parenchyma against ischemia/reperfusion-
induced oxidative stress by directly scavenging hydrogen per-
oxide and/or hydroxyl radicals.

In addition to the release of ROS from recruited neu-
trophils (42), neutrophil adherence to the brain vessel endo-
thelium can cause ischemic brain injury by direct mechanical
obstruction of the local blood flow (1). Indeed, some anti-
leukocyte adhesion treatments reduce brain injury in animal
models of transient focal ischemia (33, 43). Thus, TRX may
scavenge ROS released from neutrophils, as well as increase
the local cerebral blood flow in the ischemic tissue and de-
crease infarction by preventing the adhesion of leukocytes to
the vascular endothelial membrane. In support of this specu-
lation, we showed earlier by an adhesion assay that rhTRX
suppressed the adhesion of neutrophils to human umbilical
vein endothelial cells (27) and that systemic administration of
rhTRX suppressed extravasation of leukocytes into the in-
flammatory site (27). Regarding these possibilities, further
investigation is required.

TRX acts not only as an antioxidant enzyme, but also as a
regulator or modulator in various steps of cellular signaling
against oxidative stress. For example, TRX negatively regu-
lates activation of p38 MAPK induced by tumor necrosis
factor-a (12). It was also reported that TRX binds to apopto-
sis signal-regulating kinase-1, a MAPK kinase kinase, and in-
hibits the apoptosis process (31). We showed that activation
of p38 MAPK was suppressed in the rhTRX-treated mice in
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FIG. 6. Changes in protein carbonyl contents after tran-
sient MCAO. (A), Two hours after infusion, a lesser amount of
DNP moieties was detected in rhTRX-treated mice at a total dose
of 3 or 10 mg/kg than in the control mice. (B), The protein car-
bonyl contents at 24 h after MCAO were significantly lower in
rhTRX-treated animals at doses of 3 and 10 mg/kg than in nonin-
fused animals (% of control, mean ± SD, n = 6 each, *p < 0.05).
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this study. Although the mechanism of the antiapoptotic ac-
tion of extracellular TRX is not yet fully understood, rhTRX
may rescue the affected brain via its redox regulation of sig-
nal transduction leading to apoptosis resulting from transient
focal ischemia.

As for antioxidant therapy, targeting superoxide with SOD
has been widely tried (9, 17, 21, 24, 40). However, because of
the short half-life of recombinant SOD and the antigenicity of
hybrid SOD, which has a long half-life (9), the clinical impli-
cation of recombinant SOD is practically limited. In contrast,
the half-life of rhTRX in plasma is ~1 h (27), and there is lit-
tle possibility that human TRX would be antigenic. There-
fore, rhTRX is much more likely to succeed as a therapeutic
approach to diminish oxidative stress-induced damage in the
ischemic brain.

In summary, we demonstrated that intravenous infusion of
rhTRX, commencing at the start of reperfusion, reduced in-
farct volume and improved neurological findings in a murine
model of transient focal ischemia. The redox-regulating ac-
tivity of TRX may contribute to this effect by diminishing ox-
idative stress. Although further analysis concerning such pa-
rameters as therapeutic time window and pharmacodynamics
in plasma will help to elucidate the actual mechanism of ac-
tion of exogenous TRX, the current findings suggest that in-
travenous infusion of rhTRX represents a potential new ap-
proach to the treatment of ischemic stroke.
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