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Abstract

Loss of integrity of the blood-brain barrier (BBB) in ischemic stroke victims initiates a devas-
tating cascade of events causing brain damage. Maintaining the BBB is important to pre-
serve brain function in ischemic stroke. Unfortunately, recombinant tissue plasminogen
activator (tPA), the only effective fibrinolytic treatment at the acute stage of ischemic stroke,
also injures the BBB and increases the risk of brain edema and secondary hemorrhagic
transformation. Thus, it is important to identify compounds that maintain BBB integrity in the
face of ischemic injury in patients with stroke. We previously demonstrated that intrave-
nously injected phosphorylated recombinant heat shock protein 27 (prHSP27) protects the
brains of mice with transient middle cerebral artery occlusion (tMCAO), an animal stroke-
model. Here, we determined whether prHSP27, in addition to attenuating brain injury, also
decreases BBB damage in hyperglycemic tMCAO mice that had received tPA. After induc-
tion of hyperglycemia and tMCAOQO, we examined 4 treatment groups: 1) bovine serum albu-
min (BSA), 2) prHSP27, 3) tPA, 4) tPA plus prHSP27. We examined the effects of prHSP27
by comparing the BSA and prHSP27 groups and the tPA and tPA plus prHSP27 groups.
Twenty-four hours after injection, prHSP27 reduced infarct volume, brain swelling, neurolog-
ical deficits, the loss of microvessel proteins and endothelial cell walls, and mortality. It also
reduced the rates of hemorrhagic transformation, extravasation of endogenous IgG, and
MMP-9 activity, signs of BBB damage. Therefore, prHSP27 injection attenuated brain dam-
age and preserved the BBB in tPA-injected, hyperglycemic tMCAQO experimental stroke-
model mice, in which the BBB is even more severely damaged than in simple tMCAQO mice.
The attenuation of brain damage and BBB disruption in the presence of tPA suggests the
effectiveness of prHSP27 and tPA as a combination therapy. prHSP27 may be a novel ther-
apeutic agent for ischemic stroke patients whose BBBs are injured following tPA injections.
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Introduction

Heat shock protein 27 (HSP27) is a small, highly conserved protein with various functions,
including as a molecular chaperone, free radical scavenger, and anti-apoptotic factor, that
interacts with cytochrome c and interferes with caspase activation complexes [1]. It is also
known to act as a stabilizer of actin and microtubules of the cytoskeleton [2]. There is
accumulating evidence that HSP27 protects various organs against stress [3]. HSP27-trans-
genic models exhibit numerous cytoprotective effects in in vivo models of various diseases,
including cardiac ischemia [4,5], kainate-induced hippocampal cell death [6], nerve

injury [7], the tau model of Alzheimer’s disease [8], [9], and the SOD1G93A model of amyo-
trophic lateral sclerosis [10]. HSP27 has also cytoprotective effect in ischemic stroke.
HSP27-transgenic mice exhibit reduced infarcts after transient cerebral ischemia [11].
Badien et al showed that viral delivery of HSP27 and intraperitoneal injection of
PEP1-HSP27 into ischemic animal models are also protective [12,13]. HSP27 also has
cytoprotective effect in ischemic stroke. HSP27-transgenic mice exhibit reduced infarcts
after transient cerebral ischemia [14]. Badien et al showed that viral delivery of HSP27

and intraperitoneal injection of PEP1-HSP27 into ischemic animal models are also protec-
tive [15,16]. Oligomerization and phosphorylation of HSP27 are both required for neuro-
protection against ischemic neuronal injury in HSP27 transgenic mouse models [17]. We
previously demonstrated that intravenously injected phosphorylated HSP27 protected the
brains of mice with transient middle cerebral artery occlusion (tMCAO) [18,19], whereby it
suppressed apoptotic cell death, oxidative DNA damage, and inflammatory responses, and
also preserved the BBB.

The BBB maintains the movement of molecules, ions, and cells between neural cells and
the blood, and regulates ionic homeostasis, hormonal and transmitter levels, and the transport
of nutrients in the brain [20]. Its destruction, therefore, is one of the most disabling conse-
quences of stroke [21]. Increased BBB permeability, matrix metalloproteinases, and aquapor-
ins [22] lead to severe brain edema [22,23], a predictor of poor neurological outcome.
Protection against these damaging sequelae of stroke may save human lives. Thus, mainte-
nance of BBB integrity following stroke is a critical therapeutic necessity and deserves detailed
investigation.

Recombinant tissue plasminogen activator (tPA) is the only effective fibrinolytic treatment
at the acute stage of ischemic stroke; however, it is associated with an increased risk of brain
edema and secondary hemorrhagic transformation. Thus, both cerebral ischemia and tPA
treatment injure the BBB, and ischemic stroke patients treated with tPA require drugs to pro-
tect the BBB. Currently, only edaravone, a potent free-radical scavenger, is available for BBB
protection [24-26]; however, it has limited use due to side effects, including liver and renal
dysfunction [27].

Hence, a novel drug to protect the BBB is required for patients with ischemic stroke to pre-
vent the expansion of ischemic damage, tPA-induced BBB injury, and hemorrhagic transfor-
mation. A drug is also required that can attenuate ischemic brain damage even when the BBB
is injured. In this study, we tested the hypothesis that prHSP27 can attenuate ischemic brain
damage and BBB disruption in BBB-injured tMCAO mice. We used hyperglycemia [28,29],
tPA, and ischemic insults to injure the BBB. Pre-ischemic, hyperglycemic mice exhibit larger
ischemic infarct volumes and more severe hemorrhage than normoglycemic mice [30], and
this model has been widely used as a BBB injury model in various studies [28,29]. We exam-
ined whether intravenously injected prHSP27 attenuated brain damage and BBB disruption in
tPA-injected, hyperglycemic tMCAO mice, whose BBB was more severely disrupted than that
of tMCAO mice.
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Materials and methods
Phosphorylated recombinant HSP27 preparation

rHSP27 (Acris Antibodies GmbH, Herford, Germany) was phosphorylated in vitro to form
prHSP27 using recombinant human active MAPKAP kinase 2 (R&D Systems, Inc., Minneapo-
lis, MN, USA) as described previously [18].

Animals

All mouse procedures were approved by the Animal Care Committee of the Juntendo Univer-
sity. A total of 104 adult, 10-week-old, male C57BL/6 mice weighing 20-25 g were used in this
study. All mice were housed under controlled lighting and provided with food and water ad
libitum. The mice were anesthetized with 4.0% isoflurane (Abbott Japan Co., Ltd., Tokyo,
Japan) and maintained on 1.0-1.5% isoflurane in 70% N,O and 30% O, using a small-animal
anesthesia system. The mice were subjected to 1-h tMCAO followed by reperfusion as
described previously [31]. To monitor cortical perfusion, laser Doppler flowmetry was per-
formed with the Periflux System (PERIMED, Inc., Stockholm, Sweden) before, during, and
after occlusion by placing a probe on the skull at the midpoint between the right eye and right
ear. Body temperature was maintained at 37 + 0.5°C with a warming blanket during surgery.
Mice showing occlusion (<20% of baseline) during ischemia and reperfusion (>80% of base-
line) after the suture was withdrawn were included in the study (n = 104). 17% of the mice

(n =21) were excluded from the experiments. These mice were anesthetized with an intraperi-
toneal injection of 50 mg/kg pentobarbital and decapitated.

Experimental protocol

To increase the BBB disruption and the occurrence of hemorrhagic transformation, D-glucose
(6 mL/kg at 50% wt/vol) was injected intraperitoneally 15 min before tMCAO [32]. The mice
were subjected to 1-h MCAO and then reperfusion. After 2 h of reperfusion, tPA (tPA; 10 mg/
kg dissolved in PBS) (Activacin; Kyowa Hakko Kirin Corporation, Tokyo, Japan.), tPA (10
mg/kg) plus prHSP27 (50 ug/mouse dissolved in PBS), prHSP27 (50 ug/mouse), or bovine
serum albumin (BSA; 50 ug/mouse) was injected via the tail-vein [18,19]. BSA had no influ-
ence in our study, and thus the BSA group served as a control.

During this procedure, body temperature was maintained at 37.0 + 0.5°C with a heating
pad. Twenty-four hours after reperfusion, the mice were anesthetized with an intraperitoneal
injection of 50 mg/kg pentobarbital and decapitated. All subsequent assays were performed
blinded to the mouse treatment group.

Assessment of hemorrhagic transformation

To analyze and macroscopically classify the hemorrhagic changes, we stained coronal brain
sections with 2,3,4-triphenyl tetrazolium chloride (TTC). Twenty-four hours after reperfusion,
the mice were anesthetized with pentobarbital (50 mg/kg, i.p.) and transcardially perfused
with 0.1 M phosphate buffer pH 7.4. Brains were removed, cut into 1-mm-thick coronal slices,
and stained with 1% TTC in 0.1 M phosphate buffer. Using digital images, hemorrhages were
classified into 5 groups based on type and extension as described previously: Grade 0: no
hemorrhage; Grade 1: hemorrhagic infarction defined as small petechiae, generally along the
boundary of the infarct; Grade 2: hemorrhagic infarction with more confluent petechiae within
the damaged area; Grade 3: parenchymal hemorrhage characterized by blood clots in less than
30% of the injured parenchyma; and Grade 4: parenchymal hemorrhage with clots in more
than 30% of the infarct [33].

PLOS ONE | https://doi.org/10.1371/journal.pone.0198039 May 24,2018 3/18


https://doi.org/10.1371/journal.pone.0198039

@° PLOS | ONE

Phosphorylated recombinant HSP27 protect the brain in tPA-injected hyperglycemic tMCAQO mice

IgG staining

Twenty-four hours after reperfusion, mice were anesthetized with pentobarbital (50 mg/kg,
i.p.) and decapitated. The brains were carefully removed and fixed in 4% paraformaldehyde
for at least 2 days at 4°C and then overnight in 30% sucrose. To evaluate the permeability of
the BBB to endogenous IgG proteins, we assessed coronal cryostat brain slices (20 um) that
were stained with IgG antibodies (donkey anti-mouse IgG, 1:300; Vector Laboratories).
Immunoreactivity was visualized using the avidin-biotin complex method (Vectastain ABC
kit, dilution 1:400; Vector Laboratories) [34], scanned with AxioVision software (Carl Zeiss
Microlmaging GmbH, Géttingen, Germany), and measured using the Image] program (NIH,
http://rsb.info.nih.gov/nih-image/). We measured the total luminances of the ipsilateral and
contralateral hemispheres from each slice, and then computed an average luminance for each
mouse. The number of mice in each treatment group are indicated for each result. IgG staining
was then calculated as follows: (average of total ipsilateral hemispheric luminance — average of
blank luminance) / (average of total contralateral hemispheric luminance — average of blank
luminance).

Measurement of serum glucose levels

D-glucose (6 mL/kg at 50% wt/vol) was injected intraperitoneally. Serum glucose was mea-
sured from the ophthalmic venous plexus before intraperitoneal injections (pre) and 15 min, 1
h, 2 h, 3 h, and 4 h after intraperitoneal injections.

Measurement of infarct area and volume and brain swelling

To evaluate infarct area and volume, nine consecutive coronal cryostat brain slices (20-pm sec-
tions at 40-pm intervals) from the frontal cortex to the posterior striatum (forebrains) were
stained with cresyl violet, scanned with AxioVision software (Carl Zeiss Microlmaging
GmbH, Gottingen, Germany), and measured using the ImageJ program (NIH, http://rsb.info.
nih.gov/nih-image/). We measured infarct volume for each brain was calculated by summa-
tion of the infarcted area of all slices. Brain swelling was calculated as follows: (total ipsilateral
hemispheric volume x total contralateral hemispheric volume) / total contralateral hemi-
spheric volume x 100). In addition, infarct volume corrected for edema was calculated as fol-
lows: (1 /1 + brain swelling) x infarct volume.

Neurological severity score

Neurological functions were evaluated a few minutes post MCAO and again 24 hours follow-
ing reperfusion. Neurologic severity scores were based on motor, sensory, and reflex tests.
These tests are similar to contralateral neglect testing described in humans [35]. The severity
score of injury was graded on a scale of 0 to 14 (normal score 0, maximal deficit score 14). One
point was awarded either for the inability to perform, or for abnormal task performance, or for
the lack of a tested reflex. Each mouse was subjected to three rounds of each test. Observers of
the behavioral test were blinded to the treatment group.

SDS-PAGE gelatin zymography

Gelatin zymography was used to measure the levels of matrix metallopeptidase 9 (MMP-9) as
described previously [36]. Twenty-four hours after reperfusion, the mice were anesthetized
with pentobarbital (50 mg/kg, ip.) and transcardially perfused with 0.1 M phosphate buffer pH
7.4. The brains were quickly removed, divided into ipsilateral ischemic hemispheres and con-
tralateral non-ischemic hemispheres, and the ischemic hemisphere of each mouse was
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homogenized in 10 volumes of lysis buffer (50 mmol/L Tris-HCI pH 7.4 containing 150
mmol/L NaCl, 1% IGEPAL CA-630, 0.1% SDS, and 0.1% deoxycholic acid) including protease
inhibitors (2 pg/mL leupeptin, 2 pg/mL aprotinin, and 1 mmol/L phenylmethylsulfonyl fluo-
ride) on ice with a Teflon glass homogenizer. After centrifugation at 10 000 x g for 7 min at
4°C, the supernatant was collected.

Protein concentrations were determined using a BCA protein assay kit (Thermo Scientific,
Rockford, IL, USA). The samples (12 pg/lane) were prepared using a gelatin zymography kit
(Cosmo Bio Co., Tokyo, Japan). Gels were scanned and analyzed with a standard computer-
assisted imaging system. Due to the limit of electrophoresis gel size, we could not run all the
samples on a single gel. Therefore, we used 3 gels after adjusting the protein concentration of
the samples to load equal amounts of protein across the gels. We present the quantitative data
on ratios of tPA and tPA+PrHSP27 to BSA after setting the area obtained from the BSA sample
to 1.

SDS-PAGE and immunoblotting

Proteins were separated by SDS-PAGE gels and subsequently transferred to a PVDF mem-
brane. Block Ace (Daiichi Kogyo Seiyaku, Co., Ltd., Gifu, Japan) or phosphate-buffered saline
(PBS) containing 0.05% Tween-20 (Sigma-Aldrich Co.) was used for blocking. PVDF mem-
branes with transferred proteins were incubated overnight with antibodies against occludin
(1:500; Invitrogen, Thermo Scientific™, Carlsbad, CA, USA). Immunoreactive bands were visu-
alized with an enhanced chemiluminescence kit (GE Healthcare Life Sciences). Protein loading
of lanes was assessed with o-tubulin immunoreactivity (53 kDa).

Immunohistochemistry

Immunohistochemistry was performed on 20-um, free-floating sections. Sections of forebrain
and basal ganglia were stained overnight using rabbit anti-ionized calcium binding adapter
molecule-1 (Iba-1; 1:500; Wako Pure Chemical Industries, Ltd., Osaka, Japan) and rabbit anti-
collagen IV polyclonal (1:200; Abcam, Cambridge, UK) antibodies. The sections were then
incubated with biotinylated secondary antibodies (1:300; Vector Laboratories, Inc.) and subse-
quently processed with avidin-biotinylated peroxidase complex (VECTASTAIN ABC Kit;
1:400; Vector Laboratories, Inc.).

Lectin staining

To detect endothelial cells, 20-um sections were incubated with 5 ug/mL FITC-labeled tomato
lectin (Lycopersicon esculentum) (Vector Laboratories, Inc.), which recognizes endothelial cell
walls, for 4 h at 4°C. Cellular nuclei were stained with DAPI. The fluorescence images were
observed by a Keyence microscope. The volume of FITC labeling in the penumbra and ische-
mic core was computed using the image analysis software supplied with the microscope (Key-
ence, Osaka, Japan). Total FITC signal intensity was counted in 3 sections of penumbra area/
mouse.

Cell counts and statistical analysis

In the immunohistochemical analyses, positively stained cells in the ischemic boundary zone
adjacent to the ischemic core (0.25 mm?), which is about 50 um away from the infarct area
[19], and basal ganglia in five sections from each mouse were counted using AxioVision.
Blood vessels were identified by their morphology, and staining intensity (collagen IV) was
measured using the Image] program (NIH, http://rsb.info.nih.gov/nih-image/). All values are
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expressed as mean + standard error of the mean (SEM). One-way analysis of variance and post
hoc Fisher’s protected least significant difference tests were used to determine the significance
of differences between the groups. P values less than 0.05 indicated significant differences.

Electron microscopy

Anesthetized rats were transcardially perfused with 2% paraformaldehyde/2% glutaraldehyde
buffered with 0.1 mol/L phosphate buffer. Brain tissues were quickly excised and subsequently
immersed in the same fixative overnight at 4°C. Using Rodent Brain Matrices (ASI Instru-
ments, Warren, MI, USA), 1-mm-thick brain slices were made through the chiasm. Samples
were harvested from the peri-infarct cortex area, post-fixed with 2% OsO, in 0.1 mol/L phos-
phate buffer for 2 h at 4°C in the dark, block stained in 1% uranyl acetate for 1 h, dehydrated
with a graded series of aqueous alcohol solutions, and embedded in Epon 812 (TAAB, Berk-
shire, UK). Silver sections were cut with an ultramicrotome (Leica UC6; Leica Microsystems,
Vienna, Austria), stained with uranyl acetate and lead citrate, and observed with an electron
microscope (HT7700; Hitachi, Tokyo, Japan).

Results

Effect of treatment with prHSP27 with or without tPA on infarct volume
and neurological deficit in mice with tMCAO receiving tPA

There were no significant differences in body weight among the variously treated groups, nor
were there significant differences in glucose levels among the groups (Table 1). Ischemic mice
were intravenously injected with BSA (n = 9), prHSP27 (n = 6), tPA (n = 7), and tPA plus
prHSP27 (n = 7) 2 h after the start of reperfusion (Fig 1A). Infarct volumes were measured in
cresyl violet-stained sections 24 h after reperfusion (Fig 1B). Brain swelling in each group was
24.9 + 16.5% in the BSA group, 9.3 £ 7.5% in the prHSP27 group, 31.5 £ 9.8% in the tPA
group, and 17.1 + 10.2% in the tPA plus prHSP27 group, respectively. Brain swelling was
decreased by 63% (p = 0.016) in the prHSP27 group compared to the BSA group and by 46%
(p =0.023) in the prHSP27 plus tPA group compared to the tPA group. tPA did not signifi-
cantly increase brain swelling compared to BSA (p = 0.385) (Fig 1C). Brain infarct volumes
(corrected for edema) were 35.6 + 2.0 mm” in the BSA group, 18.7 + 4.2 mm® in the prHSP27
group, 38.0 + 4.6 mm® in the tPA group, and 31.2 + 4.0 mm” in the tPA plus prHSP27 group

Table 1. Body weight and blood glucose levels among groups.

Parameter Substance injected

BW (g) BSA prHSP27 tPA tPA+prHSP27
Pre 22.3+1.3 24.6+0.6 23.4%1.2 23.0+1.3
24h 19.9£1.0 21.6+0.7 21.3%1.6 20.3%1.6

Blood glucose(mg/dl)
Pre 135+11 138+12 147+13 143+11
15 min 430+118 504+56 496+108 498+34
1h 283+53 302+10 285+106 334+20
2h 246+44 260+45 272462 277+66
3h 115+22 116x10 111£10 117+12
4h 101+7 1056 100+8 103+13

Body weight and blood glucose levels before surgery (Pre) and at 24 h following reperfusion or at 15 min, 1 h, 2 h, 3 h, and 4 h after D-glucose injection. Data are

mean + SEM (n = same as above for all measurements).

https://doi.org/10.1371/journal.pone.0198039.t001
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Fig 1. Experimental protocol. (A) D-glucose was injected intraperitoneally at 15 min before 1-h transient middle cerebral artery occlusion (MCAO).
Following MCAO, the mice were re-perfused for 2 h and then injected with recombinant tissue plasminogen activator (tPA, n = 7), phosphorylated
recombinant heat shock protein 27 (prHSP27, n = 6), tPA plus prHSP27 (tPA+prHSP27, n = 7), or bovine serum albumin (BSA, n = 9). The mice were
sacrificed 24 h later. (B) Representative photomicrographs of infarct areas stained with cresyl violet at 24 h after reperfusion. Infarct areas are
circumscribed with dotted lines. prHSP27 decreased brain infarct size. Scale bar = 2 mm. (C) Brain swelling. (D) Infarct volume corrected for edema.
*p < 0.05, §p < 0.001. (E) prHSP27 improved neurological severity scores at 1 h following MCAO and at 24 h following reperfusion in mice treated
with the above substances. Data are mean + standard error of the mean (SEM; #n = same as above). *p < 0.05: tPA and prHSP27 vs. tPA, §p < 0.001:

BSA vs. prHSP27.

https://doi.org/10.1371/journal.pone.0198039.g001
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(Fig 1D). Infarct volume (corrected for edema) was decreased by 47% (p < 0.001) in the
prHSP27 group compared to the BSA group and by 18% (p = 0.012) in the tPA with prHSP27
group compared with tPA alone. tPA did not significantly increase infarct volume compared
to BSA (p = 0.247). prHSP27 reduced brain swelling and infarct volume in both groups treated
with or without tPA.

Neurological severity scores at 24 h following reperfusion were 8.6 + 1.1 in the BSA group
(n=9),5.1 £ 1.1 in the prHSP27 group (n =6), 9.1 £ 1.3 in the tPA group (n=7), and 7.6 + 0.5
in the tPA plus prHSP27 group (n = 7) (Fig 1E). prHSP27 decreased neurological severity
scores in mice compared to BSA (p < 0.001). tPA plus prHSP27 decreased neurological sever-
ity scores in mice compared with tPA alone (p = 0.014).

prHSP27 reduces mortality

Mortality rates were 20% in the BSA group, 0% in the prHSP27 group, 35% in the tPA group,
and 7% in the tPA plus prHSP27 group (Fig 2A). prHSP27 significantly reduced mortality in
mice compared to those injected with BSA. prHSP27 also significantly reduced mortality of
mice treated with tPA.

prHSP27 reduces hemorrhagic transformation

TTC staining of brain sections showed that the prHSP27 plus tPA mouse group (n = 9) had
macroscopic hemorrhage classifications of grade 0 (n = 4; 45%), 1 (n = 3; 33%), and 2 (n = 2;
22%). By contrast, the tPA group (n =9) had grades of 0 (n = 1; 11%), 1 (n =2;22%),2 (n=1;
11%), 3 (n = 3; 33%), and 4 (n = 2; 22%), while the BSA group (n = 11) had hemorrhagic grades
of 0 (n = 6; 55%), 2 (n=2; 18%), 3 (n = 1;9%), and 4 (n = 2; 18%) (Fig 2B). Macroscopic
hemorrhaging was decreased by 50% (p = 0.013) by prHSP27 plus tPA compared to tPA alone
and by 27% (p = 0.035) by prHSP27 compared to BSA. prHSP27 also reduced the number of
mice with major macroscopic hemorrhages of grades 3 and 4. None of the prHSP27-treated
mice had grade 3 or 4 macroscopic hemorrhages.

prHSP27 attenuates blood-brain barrier permeability

We examined the permeability of the BBB by measuring endogenous brain IgG. The density of
IgG was 2.28 + 0.41 in the BSA group (n = 7), 1.48 £ 0.37 in the prHSP27 group (n = 6),

3.19 + 1.26 in the tPA group (n = 7), and 1.85 + 0.37 in the tPA plus prHSP27 (n = 7) group
(Fig 3). IgG extravasation was significantly decreased in the prHSP27 group compared to that
in the BSA group (p = 0.0038) and significantly decreased in the prHSP27 plus tPA group com-
pared to that in the tPA alone group (p = 0.032).

prHSP27 protects endothelial cells

As the disruption of the BBB due to the combined induction of hyperglycemia and tPA was
equal to or greater than that induced by hyperglycemia alone, we continued to use the com-
bined induction for all further studies. The observation that prHSP27 reduced brain edema
and macroscopic hemorrhages suggested that it might have preserved the structure of endo-
thelial cells of brain arteries in the ischemic boundary zone of these mice. We evaluated endo-
thelial cell wall images stained with FITC-tomato lectin. FITC staining was significantly higher
in the mice treated with tPA plus prHSP27 than those treated with tPA alone (p = 0.021) (Fig
4A), indicating that prHSP27 maintained the cell wall structure of endothelial cells. prHSP27
also increased the levels of occludin in hyperglycemic tMCAO mice treated with tPA vs. those
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Fig 2. prHSP27 reduces mortality and hemorrhagic transformation at 24 h after reperfusion. (A) At 24 h after
reperfusion following MCAO, the mortality rate was 20% (6/30) in the BSA treatment group, 0% (0/15) in the prHSP27
group, 35% (11/31) in the tPA group, and 7% (2/28) in the tPA plus prHSP27 group. *p < 0.05: BSA vs. prHSP27, ¥p < 0.01:
tPA plus prHSP27 vs. tPA. (B) Effect of administering tPA on macroscopic hemorrhages. (Upper) Representative coronal
brain sections stained with 1% 2,3,5-triphenyl tetrazolium chloride at 24 h after reperfusion showing the five grades of
hemorrhages: Grades 0-4. (Lower) whole, unstained brains with the same hemorrhages.

https://doi.org/10.1371/journal.pone.0198039.9002
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Fig 3. prHSP27 attenuates blood-brain barrier permeability. (A) Representative photomicrographs of endogenous
IgG extravasation stained in BSA- (n = 7), prHSP27- (n = 6), tPA- (n = 7), and tPA plus prHSP27- (n = 7) treated mice
at 24 h after reperfusion. Scale bar = 2 mm. (B) Quantitation of IgG staining in nine consecutive coronal brain slices
from each mouse. Data are means + SEM. *p < 0.05: tPA plus prHSP27 vs. tPA, ip < 0.005: BSA vs. prHSP27.

https://doi.org/10.1371/journal.pone.0198039.g003

treated with tPA alone (p = 0.028) (Fig 4B). The optical density of collagen IV, a basement
membrane protein, was not significantly changed by tPA treatment compared to BSA treat-
ment (p = 0.091), while in the mice treated with tPA, prHSP27 increased the levels of collagen
IV (p = 0.016) (Fig 4C).
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Fig 4. prHSP27 maintains the cell wall structure of endothelial cells and tight junction proteins. (A) Localization of endothelial cell-
stained FITC-tomato lectin on the penumbra and core of the ischemic side of the brain from mice treated with tPA or tPA plus
prHSP27. FITC-staining is higher in the mice treated with prHSP27. *p < 0.05: tPA vs tPA plus prHSP27. (B) Immunoblot analysis
(upper) and quantitation (lower) of occludin. Protein loading was calculated relative to tubulin. $p < 0.005: tPA plus prHSP27 vs. tPA.
(C) Photomicrographs (upper) and quantitation (lower) of type IV collagen immunostaining in the infarct boundary zones in BSA-
(n=5),tPA- (n=5), and tPA plus prHSP27- (n = 5) treated mice at 24 h after reperfusion. prHSP27 maintained the type IV collagen
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structure of the basement membrane. Scale bars = 100 um. Data are mean + SEM. *p < 0.05: tPA plus prHSP27 vs. BSA, tPA plus
prHSP27 vs. tPA.

https://doi.org/10.1371/journal.pone.0198039.9004

prHSP27 reduces MMP-9 activity and microglial activation

We measured the activity of MMP-9, which degrades collagen type IV, by gelatin zymography
(Fig 5A). In hyperglycemic tMCAO mice, tPA tended to increase the activity of MMP-9, and
prHSP27 attenuated this increase (p = 0.03). To evaluate the inflammatory microglial activa-
tion, we counted the Iba-1-positive microglia. In the ischemic boundary zone, the number of
cells immunopositive for Iba-1 was significantly lower in the hyperglycemic tMCAO mice
injected with prHSP27 plus tPA than in those with rtPA alone (p < 0.001) (Fig 5B).

prHSP27 preserves BBB structure

Finally, we observed changes in BBB structure via electron microscopy. In the tPA-treated
mice, the basement membrane was thinner and there was more detachment between astro-
cytes and the basement membrane on the ischemic side of the brain than on the non-ischemic
side. When prHSP27 was injected along with tPA, basement membranes were thicker and
there was less detachment between astrocytes and basement membranes (Fig 6), suggesting
that prHSP27 preserved BBB structure against ischemic insult in the presence of hyperglyce-
mia and tPA.

Discussion

In the present study, we examined and confirmed the brain protective effects of intravenously
injected prHSP27 in hyperglycemic tMCAO mice treated with tPA, which enhance the BBB-
disruption. We first verified that prHSP27 decreased brain edema and infarct volume and
improved neurological symptoms in hyperglycemic tMCAO mice in the presence or absence
of tPA, thus confirming the effectiveness of prHSP27 against ischemic injury [18,19], and
showing that prHSP27 was also effective against ischemic brain damage in mice whose BBB
was severely injured. Therefore, we have now demonstrated the effectiveness of the combina-
tion therapy of prHSP27 and tPA.

Second, we showed that prHSP27 attenuated the BBB damage in this model. prHSP27
decreased both hemorrhagic transformation, especially parenchymal macroscopic hemor-
rhages, and BBB permeability in hyperglycemic tMCAO mice treated with tPA. Furthermore,
prHSP27 decreased MMP-9 activity, which tended to be increased by tPA, and preserved
endothelial cell walls. Electron microscopic studies also showed that prHSP27 preserved BBB
structure on the ischemic side of brains in tPA-treated mice. Together, these findings argue
strongly in favor of a protective role of prHSP27 in maintaining the BBB and suggest the possi-
bility of using prHSP27 therapy in patients with stroke.

Leak et al. also showed that BBB disruption caused by ischemic injury due to tMCAO was
attenuated in mice over-expressing transgenic HSP27 [37]. There are two major differences
between their study and ours. One, while they used only ischemic insult, we used a triple
method (hypoglycemia, tMCAO, and tPA) to injure the BBB, and two, while transgenic
HSP27 was overexpressed before the ischemic insult in Leak’s studies, we injected HSP27 after
the ischemic and hyperglycemic insults, which is closer to the situation that would be experi-
enced by stroke patients.

We consider that prHSP27 preserves endothelial cells, glia, and neurons both intracellularly
and extracellularly. Previously, we showed that some injected prHSP27 is found in neurons
[18]. We speculate that small amounts of prHSP27 might also localize in endothelial cells and
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Fig 5. Effect of prHSP27 on the expression of matrix metalloproteinase-9 (MMP-9) on the ischemic side. (A) Zymographic
(upper) and densitometric (lower) analyses of MMP-9 protein in BSA- (n = 7), tPA- (n = 7), and tPA plus prHSP27- (n=7)
treated mice at 24 h after reperfusion. #p < 0.005: tPA plus prHSP27 vs. tPA. (B) Photomicrographs of ionized calcium binding
adapter molecule-1 (Iba-1) immunostaining (upper) and number of Iba-1-positive cells (lower) in the infarct boundary zones in
BSA- (n=5), tPA- (n=5), and tPA plus prHSP27- (n = 5) treated mice at 24 h after reperfusion. prHSP27 suppressed the
inflammatory response. Scale bars = 100 pm. Data are mean + SEM. *p < 0.05: tPA plus prHSP27 vs. BSA, ®p < 0.001: tPA plus
prHSP27 vs. tPA.

https://doi.org/10.1371/journal.pone.0198039.g005
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Fig 6. Effect of cerebral ischemia on prHSP27 in the blood-brain barrier. (A) Electron microscopic analysis of the blood-brain barrier on the non-

ischemic side of tPA- (contralateral tPA, n = 3), ischemic side of tPA- (tPA, n = 3), and ischemic side of tPA plus prHSP27- (tPA and prHSP27, n = 3)
treated mice. Magnification, x5000 (left row) and x15000 (right row). The left row shows magnifications of the boxed areas in the right row. Scale bars,
1 um (left row) and 500 nm (right row). a: astrocyte endfeet; e: endothelial cell; L: lumen. Arrowheads: the space between the basement membrane and
astrocyte endfeet. Asterisks indicate the space between the basement membrane and astrocyte endfeet (B).

https://doi.org/10.1371/journal.pone.0198039.9006

glia. We hypothesize that intracellular prHSP27 preserved endothelial cells, glia, and neurons
by inhibiting the apoptotic pathway, preventing aggregations of misfolded proteins, and stabi-
lizing the cytoskeleton, and attenuated ischemic brain damage and BBB damage in this study.
prHSP27 was injected intravenously, suggesting that it might have first affected endothelial
cells and preserved them, and then subsequently protected other cells. These hypotheses
remain to be tested. Recently, the functions of extracellular HSP27 were reported [38-40].
Extracellular HSP27 was also thought to function as an immunomodulatory molecule [39,41].
Brain ischemia induces an immunological response, microglial activation, and subsequent
recruitment of circulating leukocytes to the ischemic brain [42,43]. We demonstrated that
prHSP27 decreased the number of cells immunopositive for Iba-1, a marker of inflammation,
suggesting that it eventually attenuates and modulates immune responses. prHSP27 may pro-
tect endothelial cells, glial cells, and neurons both intracellularly and extracellularly, thereby
maintaining BBB function.

We demonstrated the possibility of co-administering tPA and prHSP27 for stroke treat-
ment. tPA is the only beneficial pharmacotherapy for acute ischemic stroke, but also injures
the BBB and increases the risk of brain edema and secondary hemorrhagic transformation.
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prHSP27 decreased not only infarct volume but also hemorrhagic transformation, a major
complication of tPA therapy. These results suggest that combination therapy using tPA with
prHSP27 may achieve better outcomes in acute cerebral ischemia. prHSP27 might be a useful
therapeutic agent to protect against not only acute cerebral ischemic stroke but also acute hem-
orrhagic stroke.

We found that prHSP27 had no effect on blood glucose, the inducer of hemorrhagic trans-
formation in our model, indicating that the decreased hemorrhagic transformation and BBB
disruption were independent of their effects on glycemic control. The 2-mg/kg-dose of
prHSP27 required for neuroprotection in our model appears to be adequate for its protective
effects. We injected prHSP27 intravenously, that should be the same administration route
used clinically. Further studies are needed to establish them (Guidance for Industry Estimating
the Maximum Safe Starting Dose in Initial Clinical Trials for Therapeutics in Adult Healthy
Volunteers, http://www.fda.gov/downloads/Drugs/Guidances/UCMO078932.pdf#search=%
27guidekines+for+industry+sfe+starting%:27).

We think that prHSP27 might be a suitable combination therapy for patients with ischemic
stroke who have been administrated or require tPA therapy. prHSP27 might decrease infarct
volume and prevent secondary hemorrhage caused by tPA injection. Recently, rHSP27 admin-
istration was reported to be effective in other disease model animals. Subcutaneous injection
of rHSP27 reduced atherosclerotic lesions in mice and humans [44], and implantation of
rHSP27-eluting stents in rabbit carotid arteries markedly improved re-endothelialization in an
artery injury model [17]. Thus, the possibility of HSP27 administration therapy is growing and
might be useful in future stroke and other disease therapy.

Acknowledgments

We acknowledge R Ishikawa for performing experiments.

Author Contributions

Conceptualization: Hideki Shimura, Ryota Tanaka.

Data curation: Yoshiaki Shimada, Hideki Shimura.

Formal analysis: Yoshiaki Shimada, Hideki Shimura, Kazuo Yamashiro.
Funding acquisition: Hideki Shimura.

Investigation: Yoshiaki Shimada, Hideki Shimura, Masato Koike.
Methodology: Hideki Shimura, Ryota Tanaka, Masato Koike.

Project administration: Hideki Shimura, Ryota Tanaka, Takao Urabe.
Resources: Hideki Shimura.

Software: Yoshiaki Shimada, Hideki Shimura, Masato Koike.
Supervision: Nobutaka Hattori.

Visualization: Yoshiaki Shimada.

Writing - original draft: Yoshiaki Shimada, Hideki Shimura.

Writing - review & editing: Hideki Shimura, Ryota Tanaka, Kazuo Yamashiro, Masato
Koike, Yasuo Uchiyama, Takao Urabe, Nobutaka Hattori.

PLOS ONE | https://doi.org/10.1371/journal.pone.0198039 May 24,2018 15/18


http://www.fda.gov/downloads/Drugs/Guidances/UCM078932.pdf%23search=%27guidekines+for+industry+sfe+starting%27
http://www.fda.gov/downloads/Drugs/Guidances/UCM078932.pdf%23search=%27guidekines+for+industry+sfe+starting%27
https://doi.org/10.1371/journal.pone.0198039

@° PLOS | ONE

Phosphorylated recombinant HSP27 protect the brain in tPA-injected hyperglycemic tMCAQO mice

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Mymrikov EV, Seit-Nebi AS, Gusev NB. Large potentials of small heat shock proteins. Physiol Rev.
2011; 91(4):1123-59. https://doi.org/10.1152/physrev.00023.2010 PMID: 22013208.

Benjamin IJ, McMillan DR. Stress (heat shock) proteins: molecular chaperones in cardiovascular biol-
ogy and disease. Circ Res. 1998; 83(2):117-32. PMID: 9686751.

Vidyasagar A, Wilson NA, Djamali A. Heat shock protein 27 (HSP27): biomarker of disease and thera-
peutic target. Fibrogenesis Tissue Repair. 2012; 5(1):7. https://doi.org/10.1186/1755-1536-5-7 PMID:
22564335.

Efthymiou CA, Mocanu MM, de Belleroche J, Wells DJ, Latchmann DS, Yellon DM. Heat shock protein
27 protects the heart against myocardial infarction. Basic Res Cardiol. 2004; 99(6):392—4. https://doi.
org/10.1007/s00395-004-0483-6 PMID: 153094 11.

Hollander JM, Martin JL, Belke DD, Scott BT, Swanson E, Krishnamoorthy V, et al. Overexpression of
wild-type heat shock protein 27 and a nonphosphorylatable heat shock protein 27 mutant protects
against ischemia/reperfusion injury in a transgenic mouse model. Circulation. 2004; 110(23):3544-52.
https://doi.org/10.1161/01.CIR.0000148825.99184.50 PMID: 15569832.

Akbar MT, Lundberg AM, Liu K, Vidyadaran S, Wells KE, Dolatshad H, et al. The neuroprotective
effects of heat shock protein 27 overexpression in transgenic animals against kainate-induced seizures
and hippocampal cell death. J Biol Chem. 2003; 278(22):19956-65. https://doi.org/10.1074/jbc.
M207073200 PMID: 12639970.

Sharp P, Krishnan M, Pullar O, Navarrete R, Wells D, de Belleroche J. Heat shock protein 27 rescues
motor neurons following nerve injury and preserves muscle function. Exp Neurol. 2006; 198(2):511-8.
https://doi.org/10.1016/j.expneurol.2005.12.031 PMID: 16497297.

Abisambra JF, Blair LJ, Hill SE, Jones JR, Kraft C, Rogers J, et al. Phosphorylation dynamics regulate
Hsp27-mediated rescue of neuronal plasticity deficits in tau transgenic mice. J Neurosci. 2010; 30
(46):15374-82. https://doi.org/10.1523/JNEUROSCI.3155-10.2010 PMID: 21084594.

Shimura H, Miura-Shimura Y, Kosik KS. Binding of tau to heat shock protein 27 leads to decreased con-
centration of hyperphosphorylated tau and enhanced cell survival. J Biol Chem. 2004; 279(17):17957—
62. https://doi.org/10.1074/jbc.M400351200 PMID: 14963027.

Sharp PS, Akbar MT, Bouri S, Senda A, Joshi K, Chen HJ, et al. Protective effects of heat shock protein
27 in amodel of ALS occur in the early stages of disease progression. Neurobiol Dis. 2008; 30(1):42—
55. https://doi.org/10.1016/j.nbd.2007.12.002 PMID: 18255302.

Kato H, Araki T, ltoyama Y, Kogure K, Kato K. An immunohistochemical study of heat shock protein-27
in the hippocampus in a gerbil model of cerebral ischemia and ischemic tolerance. Neuroscience. 1995;
68(1):65—71. PMID: 7477936.

Currie RW, Ellison JA, White RF, Feuerstein GZ, Wang X, Barone FC. Benign focal ischemic precondi-
tioning induces neuronal Hsp70 and prolonged astrogliosis with expression of Hsp27. Brain Res. 2000;
863(1-2):169-81. PMID: 10773205.

Dhodda VK, Sailor KA, Bowen KK, Vemuganti R. Putative endogenous mediators of preconditioning-
induced ischemic tolerance in rat brain identified by genomic and proteomic analysis. J Neurochem.
2004; 89(1):73-89. https://doi.org/10.1111/j.1471-4159.2004.02316.x PMID: 15030391.

Stetler RA, Cao G, Gao Y, Zhang F, Wang S, Weng Z, et al. Hsp27 protects against ischemic brain
injury via attenuation of a novel stress-response cascade upstream of mitochondrial cell death signal-
ing. J Neurosci. 2008; 28(49):13038-55. https://doi.org/10.1523/JNEUROSCI.4407-08.2008 PMID:
19052195.

Badin RA, Lythgoe MF, van der Weerd L, Thomas DL, Gadian DG, Latchman DS. Neuroprotective
effects of virally delivered HSPs in experimental stroke. J Cereb Blood Flow Metab. 2006; 26(3):371—
81. https://doi.org/10.1038/sj.jcbfm.9600190 PMID: 16079790.

Badin RA, Modo M, Cheetham M, Thomas DL, Gadian DG, Latchman DS, et al. Protective effect of
post-ischaemic viral delivery of heat shock proteins in vivo. J Cereb Blood Flow Metab. 2009; 29
(2):254-63. https://doi.org/10.1038/jcbfm.2008.106 PMID: 18781161.

Ma X, Hibbert B, McNulty M, Hu T, Zhao X, Ramirez FD, et al. Heat shock protein 27 attenuates neoin-
tima formation and accelerates reendothelialization after arterial injury and stent implantation: impor-
tance of vascular endothelial growth factor up-regulation. FASEB J. 2014; 28(2):594—602. https://doi.
org/10.1096/fj.13-230417 PMID: 24142570.

Shimada Y, Tanaka R, Shimura H, Yamashiro K, Urabe T, Hattori N. Phosphorylation enhances recom-
binant HSP27 neuroprotection against focal cerebral ischemia in mice. Neuroscience. 2014; 278:113—
21. https://doi.org/10.1016/j.neuroscience.2014.07.073 PMID: 25135354.

PLOS ONE | https://doi.org/10.1371/journal.pone.0198039 May 24,2018 16/18


https://doi.org/10.1152/physrev.00023.2010
http://www.ncbi.nlm.nih.gov/pubmed/22013208
http://www.ncbi.nlm.nih.gov/pubmed/9686751
https://doi.org/10.1186/1755-1536-5-7
http://www.ncbi.nlm.nih.gov/pubmed/22564335
https://doi.org/10.1007/s00395-004-0483-6
https://doi.org/10.1007/s00395-004-0483-6
http://www.ncbi.nlm.nih.gov/pubmed/15309411
https://doi.org/10.1161/01.CIR.0000148825.99184.50
http://www.ncbi.nlm.nih.gov/pubmed/15569832
https://doi.org/10.1074/jbc.M207073200
https://doi.org/10.1074/jbc.M207073200
http://www.ncbi.nlm.nih.gov/pubmed/12639970
https://doi.org/10.1016/j.expneurol.2005.12.031
http://www.ncbi.nlm.nih.gov/pubmed/16497297
https://doi.org/10.1523/JNEUROSCI.3155-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/21084594
https://doi.org/10.1074/jbc.M400351200
http://www.ncbi.nlm.nih.gov/pubmed/14963027
https://doi.org/10.1016/j.nbd.2007.12.002
http://www.ncbi.nlm.nih.gov/pubmed/18255302
http://www.ncbi.nlm.nih.gov/pubmed/7477936
http://www.ncbi.nlm.nih.gov/pubmed/10773205
https://doi.org/10.1111/j.1471-4159.2004.02316.x
http://www.ncbi.nlm.nih.gov/pubmed/15030391
https://doi.org/10.1523/JNEUROSCI.4407-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/19052195
https://doi.org/10.1038/sj.jcbfm.9600190
http://www.ncbi.nlm.nih.gov/pubmed/16079790
https://doi.org/10.1038/jcbfm.2008.106
http://www.ncbi.nlm.nih.gov/pubmed/18781161
https://doi.org/10.1096/fj.13-230417
https://doi.org/10.1096/fj.13-230417
http://www.ncbi.nlm.nih.gov/pubmed/24142570
https://doi.org/10.1016/j.neuroscience.2014.07.073
http://www.ncbi.nlm.nih.gov/pubmed/25135354
https://doi.org/10.1371/journal.pone.0198039

@° PLOS | ONE

Phosphorylated recombinant HSP27 protect the brain in tPA-injected hyperglycemic tMCAQO mice

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Teramoto S, Shimura H, Tanaka R, Shimada Y, Miyamoto N, Arai H, et al. Human-derived physiological
heat shock protein 27 complex protects brain after focal cerebral ischemia in mice. PLoS One. 2013;
8(6):66001. https://doi.org/10.1371/journal.pone.0066001 PMID: 23785464.

Luissint AC, Artus C, Glacial F, Ganeshamoorthy K, Couraud PO. Tight junctions at the blood brain bar-
rier: physiological architecture and disease-associated dysregulation. Fluids Barriers CNS. 2012;
9(1):23. https://doi.org/10.1186/2045-8118-9-23 PMID: 23140302.

Platten M, Wick W. Blood-brain barrier and brain edema. Handb Clin Neurol. 2012; 104:53-62. https://
doi.org/10.1016/B978-0-444-52138-5.00005-0 PMID: 22230435.

Xiao F. Bench to bedside: brain edema and cerebral resuscitation: the present and future. Acad Emerg
Med. 2002; 9(9):933—-46. PMID: 12208684.

Balami JS, Buchan AM. Complications of intracerebral haemorrhage. Lancet Neurol. 2012; 11(1):101—
18. https://doi.org/10.1016/S1474-4422(11)70264-2 PMID: 22172625.

Kawai H, Nakai H, Suga M, Yuki S, Watanabe T, Saito Kl. Effects of a novel free radical scavenger,
MCI-186, on ischemic brain damage in the rat distal middle cerebral artery occlusion model. J Pharma-
col Exp Ther. 1997; 281(2):921-7. PMID: 9152402.

Ueno 'Y, Zhang N, Miyamoto N, Tanaka R, Hattori N, Urabe T. Edaravone attenuates white matter
lesions through endothelial protection in a rat chronic hypoperfusion model. Neuroscience. 2009; 162
(2):317-27. https://doi.org/10.1016/j.neuroscience.2009.04.065 PMID: 19409967.

Edaravone Acute Infarction Study G. Effect of a novel free radical scavenger, edaravone (MCI-186), on
acute brain infarction. Randomized, placebo-controlled, double-blind study at multicenters. Cerebro-
vasc Dis. 2003; 15(3):222-9. https://doi.org/10.1159/000069318 PMID: 12715790.

Lapchak PA. A critical assessment of edaravone acute ischemic stroke efficacy trials: is edaravone an
effective neuroprotective therapy? Expert Opin Pharmacother. 2010; 11(10):1753-63. https://doi.org/
10.1517/14656566.2010.493558 PMID: 20491547.

HuQ, MaQ, ZhanY, He Z, Tang J, Zhou C, et al. Isoflurane enhanced hemorrhagic transformation by
impairing antioxidant enzymes in hyperglycemic rats with middle cerebral artery occlusion. Stroke.
2011; 42(6):1750-6. https://doi.org/10.1161/STROKEAHA.110.603142 PMID: 21474807.

Soejima Y, Hu Q, Krafft PR, Fujii M, Tang J, Zhang JH. Hyperbaric oxygen preconditioning attenuates
hyperglycemia-enhanced hemorrhagic transformation by inhibiting matrix metalloproteinases in focal
cerebral ischemia in rats. Exp Neurol. 2013; 247:737—-43. https://doi.org/10.1016/j.expneurol.2013.03.
019 PMID: 23537951.

Huang J, Liu B, Yang C, Chen H, Eunice D, Yuan Z. Acute hyperglycemia worsens ischemic stroke-
induced brain damage via high mobility group box-1 in rats. Brain Res. 2013; 1535:148-55. https://doi.
org/10.1016/j.brainres.2013.08.057 PMID: 24012767.

Hara H, Huang PL, Panahian N, Fishman MC, Moskowitz MA. Reduced brain edema and infarction vol-
ume in mice lacking the neuronal isoform of nitric oxide synthase after transient MCA occlusion. J
Cereb Blood Flow Metab. 1996; 16(4):605—11. https://doi.org/10.1097/00004647-199607000-00010
PMID: 8964799.

Wang L, Fan W, Cai P, Fan M, Zhu X, Dai Y, et al. Recombinant ADAMTS13 reduces tissue plasmino-
gen activator-induced hemorrhage after stroke in mice. Ann Neurol. 2013; 73(2):189-98. https://doi.org/
10.1002/ana.23762 PMID: 23280993.

Garcia-Yebenes |, Sobrado M, Zarruk JG, Castellanos M, Perez de la Ossa N, Davalos A, etal. A
mouse model of hemorrhagic transformation by delayed tissue plasminogen activator administration
after in situ thromboembolic stroke. Stroke. 2011; 42(1):196—2083. https://doi.org/10.1161/
STROKEAHA.110.600452 PMID: 21106952.

Kuroki T, Tanaka R, Shimada Y, Yamashiro K, Yuji U, Shimura H, et al. Exendin-4 inhibits matrix Metal-
loproteinase-9 activation and reduces infarct growth after focal cerebral ischemia in hyperglycemic
mice.Stroke. 2016; 47(5):1328—1335. https://doi.org/10.1161/STROKEAHA.116.012934 PMID:
26979865.

LiY, Chopp M, Chen J, Wang L, Gautam SC, Xu YX, et al. Intrastriatal transplantation of bone marrow
nonhematopoietic cells improves functional recovery after stroke in adult mice. J Cereb Blood Flow
Metab. 2000; 20(9):1311-1319. https://doi.org/10.1097/00004647-200009000-00006 PMID:
10994853.

Sumii T, Lo EH. Involvement of matrix metalloproteinase in thrombolysis-associated hemorrhagic trans-
formation after embolic focal ischemia in rats. Stroke. 2002; 33(3):831-6. PMID: 11872911.

Leak RK, Zhang L, Stetler RA, Weng Z, Li P, Atkins GB, et al. HSP27 protects the blood-brain barrier
against ischemia-induced loss of integrity. CNS Neurol Disord Drug Targets. 2013; 12(3):325-37.
PMID: 23469858.

PLOS ONE | https://doi.org/10.1371/journal.pone.0198039 May 24,2018 17/18


https://doi.org/10.1371/journal.pone.0066001
http://www.ncbi.nlm.nih.gov/pubmed/23785464
https://doi.org/10.1186/2045-8118-9-23
http://www.ncbi.nlm.nih.gov/pubmed/23140302
https://doi.org/10.1016/B978-0-444-52138-5.00005-0
https://doi.org/10.1016/B978-0-444-52138-5.00005-0
http://www.ncbi.nlm.nih.gov/pubmed/22230435
http://www.ncbi.nlm.nih.gov/pubmed/12208684
https://doi.org/10.1016/S1474-4422(11)70264-2
http://www.ncbi.nlm.nih.gov/pubmed/22172625
http://www.ncbi.nlm.nih.gov/pubmed/9152402
https://doi.org/10.1016/j.neuroscience.2009.04.065
http://www.ncbi.nlm.nih.gov/pubmed/19409967
https://doi.org/10.1159/000069318
http://www.ncbi.nlm.nih.gov/pubmed/12715790
https://doi.org/10.1517/14656566.2010.493558
https://doi.org/10.1517/14656566.2010.493558
http://www.ncbi.nlm.nih.gov/pubmed/20491547
https://doi.org/10.1161/STROKEAHA.110.603142
http://www.ncbi.nlm.nih.gov/pubmed/21474807
https://doi.org/10.1016/j.expneurol.2013.03.019
https://doi.org/10.1016/j.expneurol.2013.03.019
http://www.ncbi.nlm.nih.gov/pubmed/23537951
https://doi.org/10.1016/j.brainres.2013.08.057
https://doi.org/10.1016/j.brainres.2013.08.057
http://www.ncbi.nlm.nih.gov/pubmed/24012767
https://doi.org/10.1097/00004647-199607000-00010
http://www.ncbi.nlm.nih.gov/pubmed/8964799
https://doi.org/10.1002/ana.23762
https://doi.org/10.1002/ana.23762
http://www.ncbi.nlm.nih.gov/pubmed/23280993
https://doi.org/10.1161/STROKEAHA.110.600452
https://doi.org/10.1161/STROKEAHA.110.600452
http://www.ncbi.nlm.nih.gov/pubmed/21106952
https://doi.org/10.1161/STROKEAHA.116.012934
http://www.ncbi.nlm.nih.gov/pubmed/26979865
https://doi.org/10.1097/00004647-200009000-00006
http://www.ncbi.nlm.nih.gov/pubmed/10994853
http://www.ncbi.nlm.nih.gov/pubmed/11872911
http://www.ncbi.nlm.nih.gov/pubmed/23469858
https://doi.org/10.1371/journal.pone.0198039

@° PLOS | ONE

Phosphorylated recombinant HSP27 protect the brain in tPA-injected hyperglycemic tMCAQO mice

38.

39.

40.

41.

42,

43.

44,

Thuringer D, Jego G, Wettstein G, Terrier O, Cronier L, Yousfi N, et al. Extracellular HSP27 mediates
angiogenesis through Toll-like receptor 3. FASEB J. 2013; 27(10):4169-883. https://doi.org/10.1096/fj.
12-226977 PMID: 23804239.

Salari S, Seibert T, Chen YX, Hu T, Shi C, Zhao X, et al. Extracellular HSP27 acts as a signaling mole-
cule to activate NF-kappaB in macrophages. Cell Stress Chaperones. 2013; 18(1):53—-63. https://doi.
0rg/10.1007/s12192-012-0356-0 PMID: 22851137.

Batulan Z, Pulakazhi Venu VK, Li Y, Koumbadinga G, Alvarez-Olmedo DG, Shi C, et al. Extracellular
Release and Signaling by Heat Shock Protein 27: Role in Modifying Vascular Inflammation. Front
Immunol. 2016; 7:285. https://doi.org/10.3389/fimmu.2016.00285 PMID: 27507972.

Jin C, Cleveland JC, Ao L, Li J, Zeng Q, Fullerton DA, et al. Human myocardium releases heat shock
protein 27 (HSP27) after global ischemia: the proinflammatory effect of extracellular HSP27 through
toll-like receptor (TLR)-2 and TLR4. Mol Med. 2014; 20:280-9. https://doi.org/10.2119/molmed.2014.
00058 PMID: 24918749.

ladecola C, Anrather J. The immunology of stroke: from mechanisms to translation. Nat Med. 2011;
17(7):796-808. https://doi.org/10.1038/nm.2399 PMID: 21738161.

Macrez R, Ali C, Toutirais O, Le Mauff B, Defer G, Dirnagl U, et al. Stroke and the immune system: from
pathophysiology to new therapeutic strategies. Lancet Neurol. 2011; 10(5):471-80. https://doi.org/10.
1016/S1474-4422(11)70066-7 PMID: 21511199.

Seibert TA, Hibbert B, Chen YX, Rayner K, Simard T, Hu T, et al. Serum heat shock protein 27 levels
represent a potential therapeutic target for atherosclerosis: observations from a human cohort and treat-
ment of female mice. J Am Coll Cardiol. 2013; 62(16):1446-54. https://doi.org/10.1016/j.jacc.2013.05.
041 PMID: 23764828.

PLOS ONE | https://doi.org/10.1371/journal.pone.0198039 May 24,2018 18/18


https://doi.org/10.1096/fj.12-226977
https://doi.org/10.1096/fj.12-226977
http://www.ncbi.nlm.nih.gov/pubmed/23804239
https://doi.org/10.1007/s12192-012-0356-0
https://doi.org/10.1007/s12192-012-0356-0
http://www.ncbi.nlm.nih.gov/pubmed/22851137
https://doi.org/10.3389/fimmu.2016.00285
http://www.ncbi.nlm.nih.gov/pubmed/27507972
https://doi.org/10.2119/molmed.2014.00058
https://doi.org/10.2119/molmed.2014.00058
http://www.ncbi.nlm.nih.gov/pubmed/24918749
https://doi.org/10.1038/nm.2399
http://www.ncbi.nlm.nih.gov/pubmed/21738161
https://doi.org/10.1016/S1474-4422(11)70066-7
https://doi.org/10.1016/S1474-4422(11)70066-7
http://www.ncbi.nlm.nih.gov/pubmed/21511199
https://doi.org/10.1016/j.jacc.2013.05.041
https://doi.org/10.1016/j.jacc.2013.05.041
http://www.ncbi.nlm.nih.gov/pubmed/23764828
https://doi.org/10.1371/journal.pone.0198039

