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Introduction

Thrombolysis therapy using tissue plasminogen  
activator (t-PA) is highly effective in the early stages  
of ischemic stroke. Recently, ECASS study revealed  
that t-PA administration between 3 and 4.5 h after the 
onset of symptoms significantly improved clinical out-
comes in patients with acute ischemic stroke (1). Thus, 
now the clinicians in many countries provide treatment 
within the time window of 4.5 h. However, the risk  
of hemorrhagic complications beyond 3 h following 

ischemia significantly increase due to breakdown of 
blood–brain barrier (2). t-PA can also induce ischemia/
reperfusion injury (3). Therefore, an alternative strategy 
is needed to extend the therapeutic time window, which 
would minimize damage from ischemia/reperfusion  
injury (4). Stachybotrys microspora triprenyl phenol-7 
(SMTP-7) has a wide therapeutic time window and  
results in minimal intracerebral hemorrhage compared 
with t-PA (5 – 7). Model mice given SMTP-7 show  
relatively mild rolling and attachment of leukocytes to 
the vascular wall following thrombolytic reperfusion  
(8). These properties of SMTP-7 make it an excellent 
therapeutic agent for cerebral infarction in this embolic 
stroke model.

Cerebral ischemia and subsequent reperfusion elicit  
an inflammatory response, and many genes are differen-
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tially expressed following cerebral ischemia (9, 10). 
Characterization of changes in gene expression that  
occur during embolic stroke and after therapeutic inter-
vention can illuminate the mechanisms involved in em-
bolic stroke and ischemia/reperfusion injury. Microarray 
analysis offers an unparalleled way to evaluate changes 
in the expression of a vast number of genes. We therefore 
hypothesized that gene expression following SMTP-7–
induced thrombolysis differs from that following t-PA–
induced thrombolysis and that the difference in gene 
expression may explain the reduction in harmful outcomes.

The aim of the present study was to compare the effect 
of SMTP-7 and t-PA thrombolysis on gene expression in 
a mouse model of embolic stroke. We report here the 
differences in gene expression between SMTP-7– and 
t-PA–treated mice. Additionally, our investigation suggests 
that the wide therapeutic time window of SMTP-7 may 
be attributed to its suppression of proinflammatory gene 
overexpression following thrombolytic reperfusion.

Materials and Methods

Animals
All experiments were conducted in accordance with 

the regulations of the Committee of Animal Care and 
Welfare of Showa University.

Male ddY mice weighing 35 – 45 g (Saitama Jikken, 
Saitama) were maintained in an air-conditioned room  
at 20°C ± 2°C, with 50% ± 20% relative humidity and a 
12 h light-dark cycle (lights on 8:00 – 20:00). Animals 
received a standard laboratory diet and water was pro-
vided ad libitum.

Experimental procedures
The embolic stroke model was induced as previously 

described (5, 6). Animals were anesthetized with 5% 
isoflurane (EscainÒ; Mylan, Tokyo), and anesthesia was 
maintained with 1.0% – 1.5% isoflurane. Body tempera-
ture was maintained by use of a heating lamp throughout 
surgery and during the recovery period. Under anesthesia, 
the right common carotid artery (RCCA) was isolated  
via a midline incision and the surrounding tissue was 
carefully removed. The RCCA was temporarily clamped 
using an aneurysm clip and acetic acid was introduced  
to generate the thrombus. After 10 min, the clip was  
removed, and the thrombus was transferred to the brain 
by the bloodstream. Sham-operated animals underwent 
the same surgical procedure but without application of 
acetic acid to the RCCA.

For administration of t-PA (10 mg/kg, i.v.) or SMTP-7 
(10 mg/kg, i.v.), 10% of the dose of either agent was 
administered as a bolus 3 h after embolization, followed by 
infusion of the remaining dose over 30 min. Edaravone 

(3 mg/kg, i.v.) was infused as a bolus immediately before 
t-PA administration. Control animals received an equiva-
lent volume of saline in place of the thrombolytic agents.

Evaluation of cerebral blood flow (CBF) and infarction area
Twenty-four hours following embolization, CBF was 

determined by laser Doppler flowmetry (MoorFLPI; 
Moor Instruments, Ltd., Millway Axminster, Devon, UK) 
in accordance with the manufacturer’s instructions, and 
the scanning image was analyzed using the MoorFLPI 
software (Ver. 2.1). An analysis of the infarction area 
was conducted as previously described (5, 6). The  
animals were sacrificed with diethylether. Subsequently, 
brains were removed, sectioned coronally into four 2-mm 
sections with a brain matrix (RBM 2000C; ASI Instru-
ments, Warren, MI, USA) and incubated with 2% 
2,3,5-triphenyltetrazolium chloride (TTC, Wako Pure 
Chemical, Osaka) in saline for 30 min at 37°C. After 
TTC staining, brain slices were photographed on the 
posterior surface of each section and areas of infarction 
were delineated on the basis of relative lack of staining 
in the ischemic slice. The infarction areas were measured 
utilizing Image J software (version 1.31; NIH, Bethesda, 
MD, USA) and numerically integrated across the  
thickness of the slice to obtain an estimate of the infarc-
tion area and whole brain area respectively. The areas 
from all slices were summed to calculate the total infarc-
tion area and were expressed as percentage of the whole 
brain area.

RNA extraction and microarray analysis
Total RNA was extracted from the infarcted area using 

TRIzol regent (Invitrogen, Carlsbad, CA, USA). Samples 
were evaluated spectrophotometrically at 260 nm to  
determine concentration. Microarray analysis was per-
formed using the one color labeling method with the 
Quick Amp Labeling Kit (Agilent Technologies, Santa 
Clara, CA, USA) according to the manufacturer’s  
instructions. Double-stranded cDNA was synthesized 
with M-MLV reverse transcriptase using a T7 promoter 
primer. Cy3-labeled cRNA was synthesized using T7 
RNA polymerase, purified using the RNeasy Mini Kit 
(Qiagen, Valencia, CA, USA), and quantified using a 
spectrophotometer. A 1.65-mg sample of Cy3-labeled 
cRNA was fragmented by incubating it at 60°C for 30 
min and hybridized to a whole mouse genome DNA 
microarray (4 × 44 K, Agilent) for 17 h at 65°C. After 
washing, the microarray was scanned with the Agilent 
microarray scanner. Data were obtained with Agilent 
Feature Extraction software (version 9.5). Data analysis 
was performed using Gene Spring GX 10 software 
(Tomy Digital Biology, Tokyo) and gene functional  
classification was performed with Ingenuity Pathway 
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Analysis (Ingenuity Systems, Redwood City, CA, USA).

Real-time reverse transcription polymerase chain reaction 
(real-time RT-PCR)

Microarray data were confirmed using real-time  
RT-PCR. Aliquots (1 mg) of total RNA were subjected to 
a reverse transcription reaction using a SUPERSCRIPT 
first-strand cDNA synthesis system (Invitrogen). Target 
cDNA levels were quantified by real-time RT-PCR using 
the ABI PRISM 7000 Sequence Detector (Applied  
Biosystems, Foster City, CA, USA) and SYBR GreenER 
qPCR SuperMix (Invitrogen) in accordance with the 
manufacturer’s instructions. The forward primer for b-
actin was 5′-CCTTCCTTCTTGGGTATGGAATC-3′ 
and the reverse primer was 5′-TGCTAGGAGCCAGAG 
CAGTAATC-3′. Other primers were purchased from 
Qiagen. Gene expression was normalized to b-actin from 
the same sample of cDNA.

Statistical analysis
The affected genes with a greater than threefold 

change in expression compared with control are listed. 
Other data are expressed as the mean ± S.E.M. Student’s 
t-test was employed to determine the statistical differ-
ence between the sham and the saline group. Multiple 
comparisons were analyzed by ANOVA followed by the 
Bonferroni test. P-value less than 0.05 was considered 
significant.

Results

Thrombolytic reperfusion with SMTP-7, but not t-PA, 
reduced infarct area in a model of embolic stroke

The effects of thrombolytic agents on an acetic acid-
induced embolic stroke model were evaluated (Fig. 1). 
Cerebral infarction was observed 24 h after embolization 
(infarct area 10.6% ± 5.31% in the saline group, com-
pared with 2.99% ± 0.27% in the sham group). A slight 
increase in infarct area was observed in mice that  
received t-PA (15.3% ± 4.53%) compared with those 
that received saline, although this did not reach statistical 
significance. However, the infarct area in the SMTP-7–
treated group was significantly smaller than that in the 
t-PA–treated and saline groups and not different from 
that in the sham group. By contrast, CBF at 24 h after 
embolization recovered to about 70% of the initial  
value after administration of either agent; no significant 
difference in CBF was observed between the t-PA and 
SMTP-7 groups.

Thrombolytic reperfusion with t-PA, but not SMTP-7, 
induced overexpression of pro-inflammatory genes

Microarray analysis of cerebral tissue was carried out 

to investigate the influence of thrombolytic reperfusion 
on gene expression. The expression of a large number of 
genes in the cerebral tissue changed more than threefold 
in the model group compared with that of the sham group 
(upregulated: 1321 genes, downregulated: 769 genes). 
Notably, expression of 459 genes involved in the inflam-
matory response, cell-to-cell signaling and interaction, 
cell movement, and inflammatory disease was greatly 
altered (Fig. 2), with 22 of these genes being upregulated 
more than threefold after t-PA administration compared 
with the saline administration (Table 1). The same effect 
was not seen after administration of SMTP-7 (Fig. 3).

Verification of proinflammatory gene expression using 
real-time RT-PCR

To confirm the changes in gene expression identified 
by microarray, four genes (Il6, Stat3, S100a8, and  
Mmp9) were chosen for analysis with real-time RT-PCR 
(Fig. 4). A significant overexpression of Il6, Stat3, and 
S100a8 was observed after ischemia. This overexpres-
sion was enhanced by t-PA administration. However, 
SMTP-7 administration did not induce overexpression  
of these genes, and Il6 and S100a8 expression was lower 
in mice that received SMTP-7 than in those that received 
saline. In the case of Mmp9, overexpression was also 
observed in mice that received t-PA, although statistical 
significance was not observed between the saline and 
sham group. In contrast, gene expression in the SMTP-
7–treated group was smaller than that in the t-PA–treated 
group and not different from that in the sham group. 
Thus, RT-PCR analysis confirmed the direction of  
transcriptional regulation observed with microarray 
analysis, although the technique showed smaller fold 
changes than did microarray analysis.

Edaravone reduced cerebral infarction and prevented 
proinflammatory gene overexpression

To investigate whether the upregulation of Il6, Stat3, 
S100a8, and Mmp9 expression after ischemia/reperfu-
sion is related to the production of reactive oxygen  
species (ROS), we examined the cerebral infarct area  
and expression of the four genes after combined admin-
istration of edaravone and t-PA. Infarct area and proin-
flammatory gene expression in the saline group were 
significantly higher in sham group. A combination of 
t-PA and edaravone greatly reduced infarct area and  
a significant difference was observed compared with  
the t-PA–treated group (Fig. 5A). Similarly, RT-PCR 
analysis indicated that the upregulation of these genes 
observed after t-PA administration was ameliorated 
when the drug was combined with edaravone (Fig. 5B).
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Discussion

In the present study, we compared the effects of 
SMTP-7– and t-PA–induced thrombolysis on gene  

expression in a mouse model of embolic stroke, to follow 
up our previous observations that SMTP-7 has a wide 
therapeutic time window and minimizes hemorrhage 
compared with t-PA (5 – 7). Here, a slight increase in 
infarct area was observed in t-PA–treated model mice 
compared with the saline group, but not in SMTP-7–
treated model mice. CBF recovered to around 70% of  

Fig. 3.  Gene expression after reperfusion with t-PA and SMTP-7. 
Each value is expressed as fold change compared with saline admin-
istration. Closed column: t-PA, Open column: SMTP-7.

Fig. 1.  Cerebral infarction after administration of t-PA, SMTP-7, or saline in a mouse model of embolic stroke. A) Coronal 
sections (2-mm thickness) showing 2,3,5-triphenyltetrazolium chloride–stained cerebral tissue, 24 h after embolization. Arrows 
indicate infarction area. B) Mean ± S.E.M. cerebral infarction area (n = 5 – 6 per group) and CBF (n = 3 per group). **P < 0.01, 
compared with the sham group.

Fig. 2.  Gene expression profile in post-ischemic brain. The 10  
canonical pathways with the greatest fold change from the sham 
group are shown, identified by Ingenuity Pathway Analysis in the 
ischemic core.
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the pre-ischemic value after administration of either 
drug; therefore, administration of t-PA, but not SMTP-7, 
induced ischemia/reperfusion injury.

Using microarray analysis, we have identified 22 
genes associated with ischemia/reperfusion injury after 
t-PA administration. Although it is widely known that 
various inflammatory mediators such as cytokines and 
chemokines are related to ischemia/reperfusion injury 
(11), enhancement of Hsp1a, Csf, Thbs1, and Serpine1 
expression was also observed in the present study.  
Upregulation of 70-kDa heat shock protein (Hsp70) 
mRNA reflects the severity of ischemic stress (12) and 
represents a protective mechanism during ischemia (13). 
Expression of Thbs1, a major angiostatic factor, also 
occurs after ischemia (14). Moreover, treatment with 
granulocyte colony stimulating factor or plasminogen 
activator inhibitor-1 reduces infarct volume after  
ischemia/reperfusion (15, 16). From these reports, we 
hypothesized that enhancement of the expression of 
these genes results in negative feedback, which contrib-
utes to ischemia/reperfusion injury. In SMTP-7–treated 
mice, proinflammatory gene expression was not enhanced. 
Therefore, SMTP-7 does not facilitate ischemia/reperfu-
sion injury or enhance the expression of the genes in  
the hypothesized negative feedback loop.

We paid particular attention to the expression of  
Il6, Stat3, S100a8, and Mmp9. Signal transducer and 

Fig. 4.  Effects of t-PA and SMTP-7 on mRNA expression of IL6, 
Stat3, S100a8, and Mmp9 in the ischemic core after embolic infarc-
tion (mean ± S.E.M. of 6 experiments). *P < 0.05, **P < 0.01, com-
pared with the sham group; #P < 0.05, ##P < 0.01, compared with the 
saline group.

Table 1.  Microarray analysis. Genes with more than threefold upregulation after administration of t-PA compared with saline

Gene symbol Gene name Fold

Hspa1a Heat shock 70 kDa protein 1A 19.3
Slpi Secretory leukocyte peptidase inhibitor 14.2
S100a9 S100 calcium binding protein A9 8.81
Stat3 Signal transducer and activator of transcription 3 8.34
Il6 Interleukin 6 7.67
S100a8 S100 calcium binding protein A8 7.26
Csf3 Colony stimulating factor 3 7.09
Pawr PRKC, apoptosis, WT1, regulator 6.94
Ptpn14 Protein tyrosine phosphatase, non-receptor type 14 6.76
Il1B Interleukin 1, beta 5.93
Ccl6 Chemokine (C-C motif) ligand 6 5.73
Thbs1 Thrombospondin 1 5.43
Mmp3 Matrix metallopeptidase 3 5.28
Gdf15 Growth differentiation factor 15 5.05
Il19 Interleukin 19 3.66
Atf3 Activating transcription factor 3 3,63
Tnc Tenascin C 3.45
Cxcl2 Chemokine (C-X-C motif) ligand 2 3.43
Spp1 Secreted phosphoprotein 1 3.22
Anxa2 Annexin A2 3.09
Serpine1 Serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor type 1), member 1 3.06
Mmp9 Matrix metallopeptidase 9 3.01
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activator of transcription (STAT) is induced by various 
stimuli, and activated STAT translocates into the nucleus 
and activates the transcription of its target genes (17). 
STAT expression is increased by ischemia (18), STAT3 
activation is related to ROS production, and inhibition  
of STAT3 activation leads to a decrease in infarct  
volume induced by focal cerebral ischemia/reperfusion 
injury (19). Excessive production of ROS also induces 
upregulation of Il6, and antioxidants attenuate this  
overexpression (20). Furthermore, STAT3 is a down-
stream target of IL-6 (21). The response to IL-6 binding 
leads to the homodimerization and translocation of 
STAT3 to the nucleus. Toll-like receptor-4 (TLR-4) is 
involved in ischemia/reperfusion injury (22) and acti-
vates the nuclear factor k-B (NF-kB) signaling pathway, 
which is linked to the transcription of proinflammatory 
genes such as Mmp9. The active form of Mmp9 appears 

after ischemia/reperfusion (23) and this is attributed  
to the oxidative stress–associated breakdown of the 
blood–brain barrier and ischemia/reperfusion-induced 
hemorrhage via oxidative stress (24). Additionally, 
S100A8 and S100A9, members of the S100 calcium-
binding protein family, are characterized as endogenous 
activators of TLR-4 (25); overexpression of these genes 
was found after ischemia/reperfusion (26). From these 
reports, we selected the genes Il6, Stat3, S100a8, and 
Mmp9 and verified their expression with real-time 
RT-PCR.

Consistent with the microarray, RT-PCR analysis  
indicated an increase in Il6, Stat3, S100a8, and Mmp9 
expression in the model mice after t-PA administration 
and an inhibitory effect of SMTP-7 on this overexpres-
sion. Mmp9 is proteolytic enzyme and cleavage is needed 
to change it to the active form. Protein level or enzymatic 
activity of Mmp9 was not examined in the present study. 
However, a recent study showed that SMTP-7 suppressed 
activation of Mmp9 and superoxide production (27). 
From these results and the previous repot, we theorized 
that the wide therapeutic time window of SMTP-7 could 
be attributed to the inhibitory effect on the expression  
of these proinflammatory genes after ischemia/reperfu-
sion. In addition, this is one reason why SMTP-7 appears 
to cause less hemorrhagic conversion (6). Some of the 
transcription factors known to be involved in gene  
expression are regulated by ROS (28 – 30). Therefore, 
the action of SMTP-7 may be attributable to its anti
oxidative action because superoxide production after 
transient focal cerebral ischemia was suppressed in 
SMTP-7–treated rats (27). NF-kB is one of the best 
characterized transcription factors activated by ROS 
(31). However, in the present study, this gene expression 
was not affected by t-PA administration (below threefold 
change), although Stat3 expression was significant 
greater than that in the saline-treated group. Although it 
is difficult to identify which transcription factor pathway 
contributes most to ischemia/reperfusion injury, we 
propose that the STAT3 pathway is involved at least in 
part, because of the upregulation of Stat3 after t-PA 
administration.

Next, we examined the effects of edaravone on the 
upregulation of gene expression induced by t-PA to 
verify whether ROS production was involved in the 
overexpression of proinflammatory genes after ischemia/
reperfusion. Combined administration of edaravone  
with t-PA not only reduced the infarct area but also 
ameliorated the overexpression of proinflammatory 
genes. It is reported that additive administration of  
edaravone ameliorates the oxidative damage induced  
by t-PA (32). From the present results and previous  
reports, we conclude that ROS is an important mediator 

Fig. 5.  Effect of edaravone on cerebral infarction and mRNA  
expression in embolic infarction model. A) Cerebral infarction.  
B) mRNA expression. Mean ± S.E.M. of 6 experiments. *P < 0.05, 
**P < 0.01, compared with the sham group; ##P < 0.01, compared 
with the saline group.
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of the response to ischemia/reperfusion, and scavenging 
of ROS is correlated with the expansion of the therapeutic 
time window in thrombolysis therapy using SMTP-7 via 
suppression of proinflammatory gene expression.

In summary, the expression of 22 genes associated 
with ischemia/reperfusion injury is enhanced after 
thrombolysis with t-PA but not with SMTP-7. This  
difference in gene expression may explain the wide  
therapeutic time window of SMTP-7; moreover, we 
propose that the mechanism behind the expanded thera-
peutic time window of this agent involves the suppres-
sion of the overexpression of transcription factor genes 
such as Stat3.
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