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Abstract Combination treatment may target different path-
ophysiological events following cerebral ischemia thus
enhancing the efficacy of treatment in thromboembolic
stroke. Taurine confers a neuroprotective effect in the
mechanical stroke model. This effect has not been assessed
in an embolic stroke model. Here, we sought to evaluate the
neuroprotective effect of taurine alone and in combination
with thrombolytic therapy to investigate whether combined
administration would extend the therapeutic time window
without increasing the hemorrhagic transformation in a rat
embolic stroke model. Rats were subjected to right embolic
middle cerebral artery occlusion and then randomly
assigned to the following groups: saline treatment alone at
4 h, urokinase, taurine treatment alone at 4, 6, or 8 h, and
the combination of taurine and urokinase at 4, 6, or 8 h after
the insult. Brain infarct volume, neurobehavioral outcome,
regional cerebral blood flow, intracranial hemorrhage
incidence were observed and evaluated. Posttreatment with
taurine at 4 or 6 h, urokinase at 4 h or in combination at 4,
6, or 8 h significantly reduced infarct volume and improved
neurobehavioral outcome. The combination treatment had
better neurobehavioral outcome and smaller infarction
volume than urokinase or taurine treatment alone. The
clinical outcome correlated well with infarct volume.
Together, the present study suggests that administration of
taurine after stroke is neuroprotective, seemingly because it
reduces the reperfusion damage of urokinase, leading to
widen the therapeutic window for the thrombolytic effect of
urokinase to 8 h. Thrombolysis can also enhance the

neuroprotective effect of taurine. The reduction of inflam-
matory response, neuron death and inhibition of blood brain
barrier (BBB) disruption may underlie the beneficial effects
of combination of taurine and urokinase in the treatment of
embolic stroke.
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Introduction

There are two major strategies currently being evaluated for
ischemic stroke. One is to restore cerebral blood flow
through the use of thrombolysis. The other is to minimize
postischemic reperfusion injury and salvage ischemic brain
tissue through the use of neuroprotective agents. Intrave-
nous thrombolysis with tissue-type plasminogen activator
(IV rt-PA) can be beneficial to some patients when given
within 4.5 h of stroke onset [1]. But IV rt-PA has limitations
in both efficacy and application for some patients.
Accumulating evidence shows that IV therapy is less
effective in the patients with carotid territory or vertebro-
basilar artery occlusion [2–4]. In addition, the use of IV rt-
PA is limited by low recanalization rates which have been
shown to be associated with poorer outcome [5]. Recana-
lization rates are especially low with IV rt-PA in patients
with proximal, large-vessel occlusions [6–9]. Compared
with IV rt-PA, intra-arterial (IA) thrombolysis has the
advantage of being site specific, which doubles the chances
of recanalization and will likely improve the patient
outcome [10]. Prolyse in acute cerebral thromboembolism
I and II reported that local and IA thrombolytic therapy
with pro-urokinase could improve the outcome for ischemic
stroke patients if used within 6 h of symptom onset
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[11, 12]. However, increased risk of intracranial hemor-
rhage and narrow time window limit the use of the
thrombolysis. Compared with thrombolysis, neuroprotec-
tive agents and strategies have been studied for years and
appear to be effective in a variety of preclinical stroke
models (Figs. 1 and 2). So far none of the drugs have
proven conclusively to be effective in humans. One of the
main reasons of failure in clinical trials may be that the
drugs could not efficaciously access the ischemic target
tissue because of the ischemic low reperfusion.

In order to achieve the greatest chance of success, new
neuroprotective strategies need to be explored. Combina-
tion treatment with thrombolysis and neuroprotective
agents directs at both the vascular and cellular mechanisms
of ischemic brain injury that are likely to have the greatest
impact upon stroke disability. Animal studies have already
confirmed that combination treatment can act synergistical-
ly to extend the time window for thrombolysis and increase
the efficacy of neuroprotectant agents [13] and may serve
as a future strategy for stroke therapy in humans.

Our previous studies have already proven that exoge-
nous administration of taurine can significantly decrease the
infarct volume and improve the neurological outcome in the
mechanical stroke model of rat [14]. In the present study,
we test the hypothesis that intravenous administration of
taurine in combination with intra-arterial administration of
urokinase enhances efficacy of thrombolysis and neuro-
protection, in addition, extends the therapeutic window of
stroke in a rat model of embolic stroke.

Material and Methods

All experimental procedures were approved by the Ethics
Committee for Experimental Animals of Beijing Neurosur-
gical Institute that is in accordance with the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals. The experiments were designed to
use the smallest number of animals and to minimize their
suffering.

Animal Model

Male Sprague–Dawley rats (Military institute of medical
science, China) weighing 280–350 g were subjected to
embolic middle cerebral artery occlusion (MCAO) [15].
Briefly, single-intact, fibrin-rich, 24-h-old, 5-cm-long homol-
ogous clot was positioned at the origin of the middle cerebral
artery (MCA) via a 15-mm length of modified PE-50
catheter. Continous laser Doppler flowmetry (LDF; USA)
was used to monitor regional cerebral blood flow (rCBF) in
order to ensure adequacy of embolic occlusion. For
placement of the LDF probe, a burr hole 2–3 mm in
diameter was created in the right parietal bone (2 mm
posterior and 5 mm lateral to bregma) [16]. LDF values of
rCBF were recorded at various time points beginning 10 min
prior to clot injection and ending 20 min after thrombolysis.
LDF measurement were used to ensure that rCBF in all rats
were reduced to <30% of pre-ischemic baseline after clot
injection. Rats were anesthetized with chloral hydrate
(400 mg/kg IP) and allowed to breathe spontaneously. Rectal
temperature was maintained at 37±0.5°C throughout the
surgical procedure using a feedback-regulated heating
system.

Evaluation of Embolic Stroke Model

We also further evaluated reproducibility and consistency
of the model from the following aspects: (1) To visualize
artery perfusion territory which the embolus blocked, one
rat was perfused with prepared Chinese black ink through
the left ventricle immediately after clot injection. (2) To
visualize the final lodgment of the embolus within the
cerebral vasculature, one rat was perfused with heparin
saline followed by injection with blue latex through the left
ventricle immediately after clot injection. (3) Evans blue
was used as BBB permeability marker to reveal the BBB
disruption territory where evans blue dye leaks from
cerebral vasculature into brain parenchyma. One rat was
injected with 3% evans (2 ml/kg, IV) at 3 h after clot
injection, let it equilibrium for 3 h, then perfused with

Fig. 1 Schematic representation
of the experimental protocol
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heparin saline to show the staining territory. (4) 2,3,5-
triphenyltetrazolium chloride (TTC; Sigma) staining to
visualize the brain tissue necrosis territory.

Treatment Protocols

Taurine (Shanghai Chemical Reagents Company, dis-
solved in sterile 0.9% saline) was intravenously infused
at a dose of 50 mg−1kg−1ml−1 (high dose) or 2.5 mg−1

kg−1ml−1 (low dose) on the basis of previous research
[14]. Urokinase (Shanghai Biochemical Reagents Com-
pany, dissolved in sterile 0.9% saline) was infused into
the internal carotid artery at a dose of 5,000 U/kg over
5 min through the catheter used for clot administration.
Dose of urokinase was used on the basis of previously
published studies on rats [17, 18]. After embolization,
animals were randomly divided into the following
groups:(1)To examine the effect of taurine alone on
ischemia, high-dose taurine was administered to ischemic
rats at 4 or 6 h after MCAO, low-dose taurine was
administered to ischemic rats at 6 or 8 h after MCAO; (2)
to examine the effect of urokinase alone on ischemia,
urokinase was administered to ischemic rats at 4, 6, or
8 h after MCAO; (3) to examine the effect of combina-
tion therapy of urokinase and taurine on ischemia, high-
dose taurine and urokinase were administered at 4 or 6 h
after MCAO, low-dose taurine and urokinase were
administered at 6 or 8 h after MCAO. The control group
consisted of ischemic rats administered the same volume
of 0.9% of saline at 4 h after MCAO (Fig. 1).

Neurological Deficit Evaluation

Neurological deficits were examined at 3 and 24 h,
respectively, after MCAO. A five-point neurological score
was used [19]: 0, no observable deficit; 1, forelimb flexion;
2, forelimb flexion and decreased resistance to lateral push;
3, forelimb flexion, decreased resistance to lateral push, and
unilateral circling in three successive trials; 4, signs of
grades 3 plus a decrease in consciousness.

Measurement of Infarct Volume, Hemorrhage

Twenty-four hours after MCAO, infarct volume was
measured on six TTC-stained coronal sections, as
described previously [20]. Gross hemorrhage, defined as
blood evident on the coronal sections, was evaluated on
six coronal sections for each animal at 24 h after MCAO.
Evidence of gross hemorrhage on any section was
considered to show the presence of hemorrhage in that
animal.

Standard Zymography

Twenty-four hours after embolic ischemia, metalloprotei-
nase extraction from brain was performed according to a
previously described method [21]. Zymographies were
performed using a published method [22] with minor
modification. Elevations in matrix metalloproteinases
(MMPs) were expressed as the ratio of the ischemic and
the nonischemic hemispheric integrated density values,
both corrected for protein.

Histological Evaluation

Five-micrometer-thick paraffin-embedded coronal sections
from the center of the ischemic lesion at the level of the
anterior commissure were glass mounted for histological
staining. To evaluate the inflammatory cells within the
brain, a polyclonal antibody against human myeloperox-
idase (MPO; 1:200 dilution; DAKO Carpineria, CA, USA)
was used [19, 23]. Only morphologically intact MPO-
immunoreactive cells were included in the counts. To
measure the number of apoptotic cells, terminal deoxynu-
cleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) was performed using the Apoptosis Detection
Kit (ApopTag; Chemicon International, CA, USA) accord-
ing to the manufacturer’s protocol. The number of MPO-
positive or TUNEL-positive cells were counted in ten
randomly chosen fields (×400) of the penumbra of the
cortex or striatum. Five microscopic fields per penumbra
region per section were analyzed. Data are presented as the
average of the number obtained from striatum and cortex
penumbras.

Fig. 2 Evaluation of stroke model. a Regional cerebral blood flow
measured using LDF in the ipsilateral parietal cortex prior to and 2 h
after embolization (n=7). b a Latex perfusion. b Evans blue staining. c
Prepared Chinese ink perfusion. d TTC staining. e Coronal sections of
Evans blue staining. f Coronal section of black ink perfusion
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Data Expression and Statistical Analysis

All data in this study were presented as mean±standard error
(SEM). We first evaluated normality of each measure of
interest. Nonparametric Kruskal–Wallis test would be consid-
ered if the data were ill behaved. One-way ANOVA followed
by Fisher’s least significant difference multiple comparison test
was used to compare the difference of ordinal data between
groups. Fisher’s exact test was used to compare the difference
of intracranial hemorrhagic complications among the groups.
Spearman’s rank-order correlation test was used for ranked
pairs. Values of P<0.05 were considered as significant.

Results

Embolic Stroke Model

After clot injection, rCBF immediately dropped to <25% of
pre-ischemic baselines and was sustained at least for 2 h
after clot injection. Latex perfusion visualized the final
lodgment of the embolus located in the origin of the MCA,
part of the clot extended into the MCA main trunk. Black
ink perfusion showed the clot completely stop the blood
flow to the MCA territory and Evans blue staining showed
obvious BBB disruption in the MCA perfusion territory.
TTC staining showed the tissue necrosis located in the
MCA perfusion territory (Fig. 2).

Infarct Volume

Animals receiving treatment with high-dose taurine at 4 or 6 h
after ischemia significantly (P<0.01) reduced infarct volume
compared with the control group. Likewise animals treated
with urokinase at 4 or 6 h but not at 8 h after ischemia
significantly (P<0.01) reduced infarct volume compared
with the control group. Rats treated with taurine and
urokinase at 4, 6, or 8 h had infarct volume significantly
lower than that of the control 24 h after MCAO (P<0.01).
Addition of high-dose taurine to urokinase at 6 h after
ischemia further reduced infarct volume compared with
urokinase-treatment-alone group (P<0.05). Addition of
low-dose taurine to urokinase at 8 h after ischemia further
augmented the effect of taurine in reduction of the neuron
damage (P<0.05), which achieved better neuroprotection
than any single-drug-treated groups (P<0.05) (Fig. 3).

Neurological Assessment

Three hours after MCAO, there was no significant difference
among the groups. Treatment with high-dose taurine at 4 or
6 h after MCAO significantly (P<0.01) improved neuro-
behavioral outcome 24 h after ischemia compared with

control animals. Likewise, animals treated with urokinase at
4 h after MCAO exhibited a significant (P<0.01) reduction
in neurobehavioral scores from the control group 24 h after
ischemia. Rats treated with taurine and urokinase at 4, 6, or
8 h had neurobehavioral outcome significantly higher than
that of the control 24 h after MCAO (P<0.01). Furthermore,
high-dose combination treatment at 6 h after the insult had
the better neurobehavioral outcome than 6-h urokinase
treatment alone (P<0.05), or low-dose combination treat-
ment at 8 h after the insult had the better neurobehavioral
outcome than 8-h urokinase treatment alone (P<0.05)
(Fig. 4).

Cerebral Hemorrhage

Treatment with taurine alone or combined with urokinase
did not significantly increase the incidence of hemorrhage
in the 24 h after MCAO compared with the control group
(P>0.05) (Table 1).

Correlations between Clinical Outcome
and Neuropathologic Damage

The total infarct volume for the animals surviving 24 h was
highly correlated with the neurologic scores on day 1 (n=
98; r=0.353; P<0.01; Spearman’s), the rCBF on day 1(n=
98, r=−0.302; P<0.01; Spearman’s). In other words,
animals with smaller infarcts fared better functionally and
higher regional cerebral blood flow.

MMP Standard Zymography

Zymograms revealed only inactive pro-form of MMP-2
(72 kDa) and MMP-9 (dimmer 210 kDa, pro-form 92 kDa,
and cleaved-form 88 kDa). Compared with control animals,
the hemispheric cleaved-MMP-9 ratio after treatment with
taurine (high dose), urokinase alone or in combination was
not increased (P>0.05). However, treatment with urokinase
alone at 6 h after MCAO significantly increased the MMP-
2 ratio compared with the control group (P<0.05), and the
MMP-2 ratio in the combination treatment was also
significantly lower than that of the urokinase treatment
alone (P<0.01). Treatment with taurine alone and in
combination with urokinase at 4 h after MCAO signifi-
cantly decreased the pro-MMP-9 ratio (P<0.05) compared
with the control group. In addition, the pro-MMP-9 ratio in
combination treatment was also significantly lower than
that of urokinase treatment alone (P<0.01). Treatment with
urokinase alone at 6 h after MCAO significantly increased
the pro-MMP-9 and dimmer-MMP-9 ratio compared with
the control group (P<0.05), treatment with urokinase alone
at 4 h after MCAO only increased the dimmer-MMP-9 ratio
compared with the control group (P<0.05) (Fig. 5).
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Fig. 3 Effects of taurine treatment alone and in combination treatment
with urokinase on infarct volume assessed in each group 24 h after
MCAO. UK urokinase, H-Tau high-dose taurine (50 mg/kg/ml), L-Tau
low-dose taurine(2.5 mg/kg/ml). a Four-hour high-dose taurine combi-
nation treatment groups. b Six-hour high-dose taurine combination
treatment groups. c Six-hour low-dose taurine combination treatment

groups. d Eight-hour low-dose taurine combination treatment groups. e
Urokinase-treatment-alone groups. f Photographs showing representa-
tive brain lesion after TTC Staining of coronal brain slices from
different groups. Values are mean±SEM. *P<0.05; **P<0.01 vs
control group; #P<0.05; ##P<0.01 vs. combination treatment group
(n=11)
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Myeloperoxidase-Immunoreactive Cells

Treatment with taurine (high dose) alone at 4 h after ischemia
and in combination with urokinase at 4 or 6 h after ischemia
significantly reduced the number of theMPO-immunoreactive-
positive cells compared with the control group (P<0.05 or P<
0.01), treatment with urokinase alone at 6 h after ischemia
significantly increased the number of the MPO-
immunoreactive-positive cells compared with the control
group (P<0.01). In addition, the number of MPO-

immunoreactive-positive cells of combination treatment group
at 4 and 6 h after MCAO was significantly lower than that of
urokinase alone treatment group (P<0.01) (Fig. 6).

Terminal Deoxynucleotidyl Transferase-Mediated dUTP
Nick End Labeling

Treatment with taurine alone at 4 h after MCAO and
combination treatment with urokinase at 4 or 6 h after
MCAO significantly reduced the number of TUNEL-

Fig. 4 Effects of taurine treatment alone and in combination
treatment with urokinase on neurobehavioral scores assessed in
each group after 3 or 24 h after MCAO. UK urokinase, H-Tau high-
dose taurine (50 mg/kg/ml), L-Tau low-dose taurine (2.5 mg/kg/ml).
a Four-hour high-dose taurine combination treatment groups. b Six-

hour high-dose taurine combination treatment groups. c Six-hour
low-dose taurine combination treatment groups. d Eight-hour low-
dose taurine combination treatment groups. e Urokinase-treatment-
alone groups. Values are mean±SEM.*P<0.05; **P<0.01 vs control
group; #P<0.05; ##P<0.01 vs combinaion treatment group (n=11)
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positive cells in the ipsilateral hemisphere compared with
the control group (P<0.05) (Fig. 7).

Discussion

In this animal model, a fibrin-rich clot reliably occluded the
origin of MCA, stably decreased rCBF and produced a

reproducible and consistent infarction volume. The stroke
model was most closely resembling human embolic stroke
and suitable for investigation of the synergistic effects of
thrombolytic drugs with potential neuroprotective agent.

Taurine (2-aminoethanosulfonic acid) is an important
inhibitory neurotransmitter that is available in abundance in
the central nervous system. It plays an essential role in both
brain development and regeneration, and it also promotes
the survival and proliferation of neurons [24]. Taurine-
containing neurons are fairly resistant to cerebral ischemia
induced by the four-vessel occlusion [25, 26]. Taurine is
also an endogenous neuroprotectant. The main mechanisms
of taurine for its neuroprotection include osmoregulation,
antiexcitotoxicity, membrane stabilization, neuromodula-
tion and regulation of calcium homeostasis which provide
a pharmacological basis of the treatment against ischemia/
reperfusion damage.

It is one of our aims in this study to evaluate the
neuroprotective effect of taurine treatment alone in a
thromboembolic stroke model of rats. Our previous study
revealed that taurine treatment at 1 h after ischemia
improved neurological outcome and decreased infarct
volume in a dose-dependent manner in the focal cerebral
ischemic model prepared by the intra-luminal filament
technique. Taurine at the dose of 5, 15, or 50 mg/kg had
marked protection, and 50 mg/kg of taurine is most
effective. However, taurine at the dose of 1 or 2.5 mg/kg
only had tendency to reduce ischemic damage [14]. Thus,

Fig. 5 Representive gelatin zymogram showing the effects of urokinase or
taurine alone and in combination treatment on MMP-9 and MMP-2
assessed in each group after 24 h after MCAO. Mw indicates molecular
weight standards; std indicates zymography standards. MMP indicates
matrix metalloproteinase. a Ischemic brain tissue a control group; b, e UK
4- and 6-h treatment group; c, f H-Tau 4- and 6-h treatment group; d, g
UK+H-Tau 4- and 6-h treatment group. b Nonischemic brain tissue. a’

Control group; b’, e’ UK 4- and 6-h treatment group; c’, f’ H-Tau 4- and
6-h treatment group; and d’, g’ UK+H-Tau-4- and 6-h treatment group.
Protein marker and the corresponding molecular weights (kDa) are shown
on the left. c, d Standard densitometry technique was used to quantify
these changes as fold increase versus nonischemic baselines (mean±
SEM) *P<0.05 vs control group, ##P<0.01 vs combination treatment
group (n=9)

Table 1 Incidence of cerebral hemorrhage

Group Cerebral hemorrhage (n (%))

Treatment Dose (mg/kg) Period (h)

Control 3 (27.27)

UK 4 2 (18.18)

UK 6 5 (45.45)

UK 8 7 (63.64)

Tau 50 4 1 (9.09)

Tau 50 6 3 (27.27)

Tau 2.5 6 0 (0.00)

Tau 2.5 8 2 (18.18)

UK+Tau 50 4 2 (18.18)

UK+Tau 50 6 4 (36.36)

UK+Tau 2.5 6 1 (9.09)

UK+Tau 2.5 8 2 (18.18)

No significant differences were observed
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Fig. 6 Myeloperoxidase-immunoreactive cells. a The position of
MCA, slices being analyzed and distribution of neuronal damage in
coronal slices at 24 h after MCAO in the rat brain are schematically
indicated over the picture of the rat brain. I ischemic hemisphere, N
nonischemic hemisphere, AC anterior commissure. 1, 2 Ischemic core.
3, 4 Ischemic penumbra. b Photomicrographs show myeloperoxidase-
immunoreactive cells from a representative rat in the control (vehicle
treatment) group (a), UK 4- and UK 6-h treatment group (b, c), H-Tau

4- and 6-h treatment group (d, e), UK+H-Tau 4- and 6-h treatment
group (f, g), and sham group (h). c, d Quantitative analysis of
myeloperoxidase-immunoreactive cells shows the effects of taurine
treatment alone and in combination with urokinase on the density of
myeloperoxidase (MPO)-immunoreactive cells. *P<0.05; **P<0.01
vs control group; ##P<0.01 vs combination treatment group (n=6).
All images were taken at the same magnification of ×400
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in the present study, the neuroprotective effect of taurine
treatment alone at the dose of 50 mg/kg (optimal dose) or
2.5 mg/kg (suboptimal dose) was investigated in the focal
embolic stroke model. Our results showed that intravenous
administration of taurine at the dose of 50 mg/kg even at
6 h after ischemic injury had neuroprotective effect.
However, administration of taurine at the dose of 2.5 mg/
kg only exhibited a trend to attenuate ischemic damage in
the focal embolic stroke model. These results were more
consistent with our previous results, which provided further
evidence to confirm the neurprotective effect of taurine
against focal cerebral ischemia. In contrast to our data, it
has been reported that intraperineal administration of
taurine at the dose of 100 mg/kg at the onset of focal
ischemia reveals a trend towards protection; however, it
does not reach statistical significance [27]. The somewhat
difference compared with our results might be due to the

different doses to be used and the biphasic action of taurine
[14, 28, 29]. Further studies are necessary to better
understand the potential for taurine as a neuroprotective
agent in cerebral ischemia.

However, the primary aim of the study was to evaluate
the synergistic effect of taurine and urokinase. Our data
demonstrated that combination treatment of taurine and
urokinase, administered at 4, 6, and even 8 h after the onset
of MCAO, reduced infarct volume and improved the
neurological outcome without increasing the risk of
hemorrhagic transformation in an embolic stroke model of
rats. Furthermore, the effect of combination treatment was
better than each monotherapy with urokinase or taurine.
Single low dose of taurine (2.5 mg/kg) alone did not
ameliorate the embolic infarction at 6 or 8 h after the onset,
but it would salvage or “freeze” the penumbra, allowing a
longer time window for administration of thrombolysis.

Fig. 7 Terminal deoxynucleotidyl transferase-mediated dUTP-biotin
nick end labeling (TUNEL)-positive cells. a Photomicrographs show
TUNEL-positive cells from a representative rat in the control (vehicle
treatment) group (a), UK 4- and 6-h treatment group (b, c), H-Tau 4-
and 6-h treatment group (d, e), UK+H-Tau 4- and 6-h treatment group

(f, g), and sham group (h). b, c Quantitative analysis of TUNEL-
positive cells shows the effects of taurine combination with urokinase
on the density of TUNEL-positive cells. *P<0.05; **P<0.01 vs
control group (n=6). All images were taken at the same magnification
of ×400
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Combination treatment was conducive to taurine entering into
ischemic tissue and enhancing its protective effect as a
consequence. Treatment with urokinase alone was effective
in reducing infarct volume at 4, 6 h but not 8 h after ischemia,
incidence of hemorrhagic transformation were increased
along with delayed thrombolysis treatment. When perfusion
was recovered after administration of urokinase, it made
taurine more easily access to ischemic tissue, the entering
taurine could attenuate inflammatory reaction, oxidative
stress, disruption of brain blood barrier and apoptosis [14,
30–34], finally extended the therapeutic window until to 8 h
after the onset, which would lead to an increased number of
patients being eligible for thrombolytic therapy.

In order to clarify the mechanism of combination
treatment of taurine and urokinase, the effect of the
combination treatment on MMPs expression, the numbers
of MPO and TUNEL immunoreactive positive cells in
ischemic brain tissue were investigated.

MMPs are zinc-endopeptidases with multifactorial
actions in central nervous system physiology and patholo-
gy. Accumulating data suggest that MMPs have a delete-
rious role in the acute phase of stroke. By degrading
neurovascular matrix, MMP-9 promotes BBB disruption,
edema formation, hemorrhagic transformation, inflamma-
tion. By disrupting cell-matrix signaling and microenviron-
ment homeostasis, MMP-9 triggers neuron apoptosis/
necrosis [35]. Reperfusion after focal stroke further leads
to the release and activation of MMP-9 from neutrophils
that are recruited to the postischemic brain, this neutrophil-
derived MMP-9 exhibits self-amplifying proinflammatory
effects that trigger further neutrophil-endothelial adherence,
neutrophil plugging of capillaries, and diapedesis into brain
parenchyma [36]. Taken together, MMP-9, inflammatory
response and apoptosis interact with each other to enhance
the brain damage. On the other hand, neutrophils play an
important role in the development of ischemic/reperfusion
injury and the increase in brain MPO activity after focal
cerebral ischemia virtually reflects the neutrophil infiltra-
tion [37].Thus, estimation of MPO immunoreactivity is
used as an effective maker to evaluate the degree of
inflammation and ischemic/reperfusion injury.

In the present study, combination treatment with taurine
and urokinase at 4 or 6 h after stroke onset significantly reduce
the density of MPO-immunoreactive cells, TUNEL-positive
cells and MMP activity without increasing hemorrhagic
transformation and the inhibitory effects of combination
treatment were superior to that of each treatment with taurine
or urokinase alone, suggesting that the neuroprotective
mechanism of combination treatment might be partially
related to reduction of inflammatory response, inhibition of
BBB disruption and neuronal apoptosis.

More investigators have recently reported that IA
thrombolysis with urokinase is safe and efficacy for the

treatment of stroke patients [38–41]. In addition, uroki-
nase is more economical than rt-PA, which could signif-
icantly reduce medical costs for stroke patients and also
means that more patients might benefit from thrombolysis
therapy. Therefore, IA thrombolysis using urokinase may
provide an alternative to IV thrombolysis with rt-PA in
selected patients with acute ischemic stroke. In the current
study, we found that the combination of taurine with IA
urokinase markedly improved the neuroprotective effect
and extended the therapeutic time window in experimental
stroke, which represents a promising strategy for the
treatment of stroke, especially for patients with large
artery occlusion. Because of catheter techniques and
skilled facilities, IA thrombolysis needs to be performed
in experienced stroke centers. With more interventionist
teams develop the required skilled for IA thrombolysis,
more patients would benefit from this therapy approach.

Our study has several potential weaknesses. The occur-
rence of intracranial hemorrhage is a major concern after
administration of thrombolytic therapy. In the present study,
we only evaluated the incidence of visible hemorrhage.
Although it is clinically relevant, quantitative analysis of
brain hemorrhage volume might better reflect the severity
of hemorrhagic transformation. Moreover, brain samples
were collected at 24 h after stroke onset in this study, more
samples collected at earlier time points after onset might
better address the causality concern between infarction
volume and biochemical analysis. Finally, only short term
functional outcome were evaluated in this study. For the
sake of future translational significance, long-term safety
and efficacy of combination therapy on embolic stroke is to
be evaluated in the future.

Conclusions

Our data demonstrates that treatment of embolic stroke with
taurine alone at a dose of 50 mg/kg at even 6 h after
ischemic onset exerts significantly neuroprotective effect,
combination treatment of taurine and urokinase may yield
additional benefit and extend the therapeutic window of
thrombolysis to 8 h after stroke, suggesting that combina-
tion treatment with taurine and urokinase may provide a
novel strategy for treatment of acute stroke and implies its
translational significance. The reduction of inflammatory
response, neuron apoptosis and attenuation of BBB
disruption may underlie the beneficial effects of taurine
and combination of taurine and urokinase in the treatment
of embolic stroke.
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