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SUMMARY

Aims: Inflammation and apoptosis play important roles in increasing vascular permeability

following subarachnoid hemorrhage (SAH). The objective of this study was to evaluate

whether urinary trypsin inhibitor (UTI), a serine protease inhibitor, attenuates vascular per-

meability by its antiinflammatory and antiapoptotic effects after experimental SAH. Meth-

ods: Subarachnoid hemorrhage models were established in adult male Sprague–Dawley

rats by endovascular perforation. UTI was administered by intraperitoneal injection imme-

diately following SAH. Brain edema was assessed by magnetic resonance imaging (MRI) at

24 h after SAH. Neurological deficits, brain water content, vascular permeability, malondi-

aldehyde (MDA) concentration, and myeloperoxidase (MPO) activity were evaluated.

Immunohistochemical staining and Western blot were used to explore the underlying pro-

tective mechanism of UTI. Results: Urinary trypsin inhibitor 50,000 U/kg significantly

attenuated brain edema and neurological deficits and reduced vascular permeability at 24 h

after SAH. MDA concentration and MPO activity in hippocampus were significantly

decreased with UTI treatment. Furthermore, the levels of phosphorylated JNK, NF-jB
(p65), tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6) and proapoptotic protein p53,

caspase-3 were elevated in the microvascular endothelial cells of the hippocampus after

SAH, which were alleviated with UTI treatment. Conclusion: Urinary trypsin inhibitor

reduced vascular permeability after SAH through its antiinflammatory and antiapptotic

effects via blocking the activity of JNK, NF-jB, and p53.

Introduction

Brain edema is a common and critical pathology following sub-

arachnoid hemorrhage (SAH), and it is an independent risk factor

for mortality and poor outcome after SAH [1]. Blood–brain barrier

(BBB) disruption, which occurs due to the opening of endothelial

tight junctions, degradation of basal lamina and loss of endothe-

lium, increases vascular permeability and leads to vasogenic edema

after SAH [2,3]. Accumulating evidence suggests that BBB disrup-

tion induced by inflammation and apoptosis of the endothelial cells

contributes to increased vascular permeability after SAH [4–7].

It has been reported that activated neutrophils [8] and some

proinflammatory factors, such as tumor necrosis factor-a (TNF-a)
and interleukin-6 (IL-6) [9,10], are involved in this process. Fol-

lowing SAH, oxidative stress induced by activated neutrophils and

blood components (hemoglobin) can activate mitogen-activated

protein kinase (MAPK) such as c-Jun N-terminal kinase (JNK)

and its downstream protein, which further triggers apoptotic or

inflammatory cascades in the endothelial cells [11,12]. Further, it

has been reported that quenching neutrophil activity was benefi-

cial in limiting microvascular injury and increasing survival after

SAH [13]. In addition, proapoptotic proteins such as p53 [6] and

PUMA [2] and proinflammatory factor TNF-a [9] can induce

apoptosis of endothelial cells after SAH. Therefore, strategies tar-

geting inflammation and apoptosis may enhance vascular protec-

tion and thereby reduce BBB permeability after SAH.

Urinary trypsin inhibitor (UTI), a glycoprotein with a molecular

weight of 67,000, is a protease inhibitor purified from human

urine. It can suppress proteases such as trypsin, chymotrypsin,

and elastase, as well as stabilize lysosomal membrane and thereby

inhibit the release of lysosomal enzymes [14]. It has been reported

that UTI can suppress both the activity and production of elastase

secreted by neutrophils [15,16]. Additionally, UTI can also reduce

the production of cytokine-induced neutrophil chemoattractants

and attenuate neutrophil accumulation and thereby mitigate neu-

trophil-mediated endothelial injury [16]. UTI effectively alleviated

reperfusion injury in ischemic liver [8], intestine [17], and kidney

[18]. In addition, it decreased TNF-a concentration in a rodent
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hepatic ischemia-reperfusion model [19]. However, the effect of

UTI on reducing vascular permeability after SAH has not yet been

studied.

In this study, we aim to evaluate whether UTI reduces brain

edema and improves neurological deficits after SAH. Additionally,

we will investigate whether UTI maintains vascular integrity after

SAH by its antiinflammatory and antiapoptotic properties.

Materials and Methods

All procedures were conducted following a protocol evaluated and

approved by the Association of Medical Ethics of Peking Univer-

sity Health Science Center in Beijing, China.

SAH Model

The SAH model was established in male Sprague–Dawley rats

(300–320 g) using endovascular perforation method as previously

described [20]. Briefly, under 2–3% isoflurane anesthesia, a

sharpened 4-0 nylon suture was introduced into the right internal

carotid artery (ICA) until resistance was felt (approximately 18–

22 mm from the common carotid bifurcation). The suture was

then further advanced to perforate the bifurcation of anterior and

middle cerebral arteries and withdrawn immediately. Sham-oper-

ated rats underwent the same procedure except that the suture

was withdrawn immediately after the resistance was felt. The

body temperature was monitored by a rectal probe, and normo-

thermia was maintained by a heating lamp during the procedure.

After surgery, the animals were individually housed in heated

cages and closely monitored until full recovery.

Experimental Groups and Treatment

Firstly, 42 rats were randomly divided into five groups. Finally, 33

rats (described as 33/42, same below) were used after excluding

the dead and unqualified animals according to the inclusion crite-

ria (see below). The dose-dependent effects of UTI were deter-

mined at 24 h following SAH (Figure S1A). UTI was dissolved in

normal saline and administered by intraperitoneal injections

immediately after SAH, the vehicle group received an equivalent

volume of normal saline by intraperitoneal injection after SAH.

Next, 93 (93/108) rats were randomly divided into three groups.

The protective role of UTI and its mechanism were explored at 6 h

or 24 h after SAH (Figure S1B).

SAH Grade

The SAH grade was blindly assessed as previously described [21].

Briefly, the basal surface of brain was divided into six segments;

each segment was allotted a score (0–3) depending on the amount

of blood. The animals received a total score ranging from 0 to 18

by summing up the scores of each segment (sham group = 0).

In this study, after establishing SAH model, the living animals

with subdural hemorrhage, extradural hemorrhage, and mild

hemorrhage (SAH grade score < 12) were considered as unquali-

fied animals and excluded from the study. Only living animals

experiencing severe SAH (grade score > 12) were included in this

work.

Neurobehavior Testing

Neurobehavior evaluation was performed using modified Garcia

test [22] at 6 h and 24 h after surgery by the researchers blinded

to the groups. Briefly, six parameters were tested: spontaneous

activity, symmetrical movements of limbs, forelimbs outstretching

(scored 0–3) and climbing, body proprioception, and response to

whisker stimulation (scored 1–3). The total score ranged between

3 and 18.

Brain Water Content Measurement

The animal’s brain was removed at 6 h or 24 h following SAH and

divided into left hemisphere, right hemisphere, cerebellum, and

brainstem as previously described [20]. Each part was weighed

immediately after removal (wet weight) and weighed again after

drying in an oven at 105°C for 72 h (dry weight). The following

formula was used to calculate the brain water content: ([wet

weight�dry weight]/wet weight) 9100%.

BBB Permeability Assessment

Blood–brain barrier permeability was assessed by evaluating

Evans blue dye extravasation at 24 h after SAH as previously

described [5]. Briefly, Evans blue dye (2%, 5 mL/kg) was injected

over 2 min into the left femoral vein and allowed to circulate for

60 min. The animals were transcardially perfused with 0.01 mol/L

phosphate-buffered saline (PBS) at the time of euthanasia. The

brains were removed and divided into the same regions as

described for brain water content measurement. The brain sam-

ples were then weighed, homogenized in PBS, and centrifuged at

15,000 g for 30 min after which the supernatant was treated with

an equal volume of trichloroacetic acid. Following overnight incu-

bation at 48°C and centrifugation at 15,000 g at 48°C for 30 min,

the supernatant was used for spectrophotometric quantitation of

extravasated Evans blue dye at 615 nm.

Magnetic Resonance Imaging (T2-Weighted
Imaging)

All MRI data sets were quantitated using standard protocols as

previously reported [23]. SAH leads to global brain injury, and the

hippocampus is particularly susceptible to developing edema

induced by BBB disruption. Hence, we chose the hippocampus as

the region of interest (ROI) [24] and performed MRI evaluation at

24 h after surgery. The rats were anesthetized and placed in a

supine position on a plastic half-pipe frame, later introduced into

an experimental 3.0-Tesla (T) MRI animal scanner (Magnetom

Trio with TIM system; Siemens, Germany). The animal’s head was

positioned in a custom-made “birdcage coil” (inner diameter of

30 mm) for signal excitation and detection. To minimize move-

ment artifacts, a muscle relaxant was administered continuously

via the femoral artery (diluted Tracrium or atracurium besilate;

initial bolus 4 mg/kg BW followed by 4.5 mg/h; Glaxo Well-

come). The conventional T1-imaging was applied for accurate ori-

entation of subsequent scans and exclusion of additional

pathologies such as accidental intracerebral hemorrhage (Figure

S2A–C). T2-weighted images were acquired using a multi-echo
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sequence (8 TEs: 17.5 ms + 7 9 17.5 ms, TR = 2 seconds,

FOV = 3.2 9 3.2 cm2, M = 128 9 64, NA = 2). The T2-weighted

data sets consisted of 8 consecutive, 1.7-mm thick slices, with 0-

mm slice gap, centered at the level of the hippocampus and care-

fully avoiding the adjacent heterogeneous tissue. All images were

obtained by two experienced, independent radiologists, and the

established standard of ROI was consistent in each animal. ROI

analysis was performed on a single slice at the same level. T2 maps

were generated by mono-exponential fitting of the T2-weighted

images on a pixel-by-pixel basis. The edema areas were calculated

from the T2 maps, and the average T2 values of bilateral hippo-

campus were compared among each group.

Myeloperoxidase (MPO) Activity

At 24 h after SAH, MPO activity of hippocampus was evaluated

by spectrophotometrically measuring the hydrogen peroxide-

dependent oxidation of 3,3′,5,5′-tetramethylbenzidine at 650 nm.

All procedures were directed by the instruction of MPO kit (Ji-

ancheng Biotechnology, Nanjing, China).

Malondialdehyde (MDA) Concentration

At 24 h after SAH, MDA concentration of hippocampus (a marker

of lipid peroxidation) was determined by TBA assay (expressed as

nmol/g protein). All procedures were directed by the instruction

of MDA kit (Jiancheng Biotechnology, Nanjing, China).

Immunohistochemical Staining

Immunohistochemical staining was performed as described pre-

viously [25]. The brains were fixed by cardiovascular perfusion

with 0.01 mol/L PBS and 4% paraformaldehyde and then post-

fixed in 4% paraformaldehyde followed by 30% sucrose. Coronal

sections 10 lm thick at the level of hippocampus were cut using

a cryostat (Leica Microsystems, Bannockburn, IL, USA) and

mounted on to poly-L-lysine-coated slides. Six series of sections

were incubated with the following primary antibodies: goat an-

tiphosphorylated JNK, mouse antiphosphorylated NF-jB (p65),

and rabbit antiphosphorylated p53 (Cell Signaling Technology,

Danvers, MA, USA); and mouse anti-TNF-a, rabbit anticaspase-3,
and rabbit anti-IL-6 (Santa Cruz Biotechnology, Santa Cruz, CA,

USA). The sections were then treated with the corresponding

species ABC Kit (Santa Cruz Biotechnology). Peroxidase activity

was revealed by 3-diaminobenzidine (DAB) and H2O2 at room

temperature for 5 min. The sections were dehydrated and cover-

slipped.

The quantitative analyses of immune-positive cells in the repre-

sentative microvessels in the hippocampus in each group were

completed by two independent investigators blinded to the exper-

imental conditions. Two sections containing bilateral hippocam-

pus were randomly selected for each animal (n = 6/group), and

four to six microvessels (20 lm in diameter) were randomly

selected in each section. The endothelial cells that were stained

deep yellow or brown yellow were considered as immune-positive

cells. The total number of positively stained endothelial cells in

each section was determined, and statistical analysis between the

groups was performed.

Immunofluorescence Staining

Brain sections were incubated overnight at 4°C with mouse an-

tiphosphorylated NF-jB (p65), rabbit antiphosphorylated p53,

and with DAPI for nuclear staining. The corresponding fluores-

cence dye-conjugated secondary antibodies (Jackson Immunore-

search, West Grove, PA, USA) were applied onto the sections and

incubated for 1 h at 21°C protected from light. The sections were

visualized with a fluorescence microscope, and the photomicro-

graphs were saved and merged with Image Pro Plus software

(Olympus, Melville, NY, USA). The serum instead of the primary

antibody was used as negative control for each staining.

Western Blotting

Western blotting was performed as described previously [26].

Under deep anesthesia, the animals were transcardially perfused

with 200 mL ice-cold 0.1 mol/L PBS (pH 7.4). Brain tissue was

harvested and stored at �80°C until analysis. Protein extraction

was performed by homogenizing brain samples in RIPA lysis

buffer (Santa Cruz Biotechnology) followed by centrifugation at

14,000 g at 4°C for 30 min. The supernatant was used as whole

cell protein extract, and the protein concentration was deter-

mined using a detergent compatible assay (Bio-Rad, Hercules,

CA, USA, Dc protein assay). Equal amount of protein (40 lg)
from hippocampus was loaded on a Tris glycine gel, electropho-

resed and transferred on a nitrocellulose membrane. The mem-

brane was blocked with blocking solution and then incubated

with the primary antibody overnight at 4°C. The primary anti-

bodies (1:1000) were goat antiphosphorylated JNK, mouse an-

tiphosphorylated NF-jB (p65), rabbit antiphosphorylated p53

(Cell Signaling Technology), and mouse anti-TNF-a (Santa Cruz

Biotechnology). Nitrocellulose membranes were incubated with

the corresponding secondary antibodies (1:2000, Santa Cruz

Biotechnology) for 1 h at room temperature. The bands were

probed with a chemiluminescence reagent kit (Amersham Bio-

science, Arlington Heights, IL, USA) and quantitated by densi-

tometry with Image J software (National Institutes of Health,

Bethesda, MD, USA). ß-actin was blotted on the same mem-

brane as a loading control.

Statistical Analysis

The neruobehavior data were expressed as median � 25th to

75th percentile and were analyzed using the Kruskal–Wallis test

followed by the Steel–Dwass multiple comparisons. Mortality was

analyzed by Chi-square test. All other data were expressed as

mean � standard deviation, and were analyzed by one-way anal-

ysis of variance (ANOVA) with the Tukey–Kramer post hoc tests. A

P-value of less than 0.05 was considered statistically significant.

Results

The Protective Effects of UTI

There was no significant difference in the SAH grade among the

treatment groups (data not shown). The similar SAH grade indi-

cates comparable injury among the treatment groups, which
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ensures that the differences in outcomes were the result of differ-

ent treatments.

Firstly, the most effective dose of UTI was determined by evalu-

ating the effects of three different doses of UTI on SAH-induced

injury. Rats were divided into 5 groups: sham (n = 5),

SAH + vehicle (n = 6), SAH + UTI 20,000 U/kg (n = 7),

SAH + UTI 50,000 U/kg (n = 8), and SAH + UTI 100,000 U/kg

(n = 7). UTI 50,000 U/kg was the most effective in decreasing

brain water content in the left and right hemispheres (P < 0.05,

ANOVA, Figure 1A) and improving neurological deficits

(P < 0.05, ANOVA, Figure 1B) at 24 h after SAH. Therefore, in

the subsequent experiments, the effect of UTI 50,000 U/kg on

maintaining the vascular integrity after SAH was evaluated.

Secondly, blood–brain barrier disruption was evaluated at 24 h

postinjury. Vehicle-treated SAH rats (n = 7) had significantly

increased Evans blue dye extravasation in all brain regions com-

pared with sham rats (n = 6; P < 0.05, ANOVA, Figure 1D). SAH

rats treated with UTI 50,000 U/kg (n = 6) had significantly

reduced Evans blue dye extravasation in bilateral hemispheres

compared with the vehicle-treated SAH rats (P < 0.05, ANOVA,

Figure 1D). However, there was no significant difference in mor-

tality rate between vehicle-treated (21.95%) and UTI 50,000 U/kg

treated (16.22%) SAH groups (P > 0.05, Chi-square test, Fig-

ure 1C).

Next, MRI (T2WI) was applied to further detect the anti-edema

effect of 50,000 U/kg UTI after SAH. The three-dimensional pilot

scans were performed to allow for accurate orientation of subse-

quent scans. Routine T1WI sequence was also performed to

exclude additional pathologies (Figure S2A–C). The dotted circles

in Figure 2A enclose bilateral hippocampus, which is the ROI.

There was no significant change of the volume in lateral ventricle

after SAH (Figure S2D, P > 0.05).The signal intensity in bilateral

hippocampus was markedly increased after SAH, which suggested

the presence of vasogenic edema in the hippocampus following

SAH (Figure 2C). SAH rats treated with UTI 50,000 U/kg had

markedly decreased signal intensity in the hippocampus (Fig-

ure 2D). The average T2 values in the hippocampus was markedly

increased in the vehicle-treated SAH group compared with the

sham rats, and treatment with UTI 50,000 U/kg reduced the T2

values in the hippocampus significantly (P < 0.05, ANOVA, Fig-

ure 2E).

In addition, brain water content and neurological deficits were

also evaluated at 6 h post-SAH to determine whether the effects

of UTI 50,000 U/kg would be evident at an earlier time point.

However, at 6 h following SAH, brain water content and neuro-

logical deficits were not significantly different between the vehicle

group and the group treated with UTI 50,000 U/kg (P > 0.05,

ANOVA, Figure 3A,B; n = 6 each group).

The Protective Mechanisms of UTI

At 24 h after SAH, both MDA concentration and MPO activity in

the hippocampus were significantly increased in the vehicle-trea-

ted SAH group compared with sham. Treatment with UTI

50,000 U/kg reduced both MDA concentration and MPO activity

significantly (P < 0.05, ANOVA, Figure 3C,D, respectively, n = 6

each group).

To determine whether UTI-mediated neuroprotection is depen-

dent on reducing inflammation and apoptosis, we next performed

Western blotting and immunohistochemical staining at 24 h post-

SAH. Immunohistochemical staining revealed increased levels of

phosphorylated JNK, phosphorylated p53, caspase-3, phosphory-

lated NF-jB (p65), TNF-a, and IL-6 in the endothelial cells of hip-

pocampus after SAH (Figure 4A2–F2) compared with sham

(Figure 4A1–F1) and treatment with UTI 50,000 U/kg reduced

the levels of all the markers (Figure 4A3–F3). In addition, quanti-

tative analyses of the endothelial cells stained with these markers

showed an increased number of positively stained endothelial

(A)

(C) (D)

(B)

Figure 1 The dose-dependent effects of

urinary trypsin inhibitor (UTI). Compared with

other two doses, the dose of 50,000 U/kg UTI

was the most effective on decreasing brain

water content in left and right hemispheres (A)

and neurological deficits (B) at 24 h after

subarachnoid hemorrhage (SAH). n = 5,6,7,8,7

in sham, SAH + vehicle, SAH + 20,000, 50,000

and 100,000 U/kg UTI groups. At 24 h after

SAH, 50,000 U/kg UTI markedly attenuated

Evans blue content in left and right

hemispheres (D), n = 6,7,6 in sham,

SAH + vehicle, SAH + 50,000 U/kg UTI groups,

although it could not significantly reduce the

mortality (C). P < 0.05 compared with the

sham group; #P < 0.05 compared with the

SAH + vehicle group.L.H, left hemisphere; R.H,

right hemisphere; C, cerebellum; B.S, brain

stem.
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cells in the vehicle-treated SAH rats compared with sham, which

was significantly reduced with UTI 50,000 U/kg treatment

(P < 0.05, ANOVA, Figure S3, n = 6 each group).

Immunofluorescence staining revealed that the levels of phos-

phorylated p53 and NF-jB (p65) were simultaneously elevated in

the endothelial cells after SAH (Figure 5B1–B4), which were sup-

pressed by UTI treatment (Figure 5C1–C4).

Western blot analysis performed at 24 h after SAH showed a sig-

nificant increase in phosphorylated NF-jB (p65), phosphorylated

p53, TNF-a, and phosphorylated JNK in the hippocampus after SAH

(n = 7) compared with sham (n = 6), which was markedly attenu-

ated by UTI treatment (n = 7; P < 0.05, ANOVA, Figure 6A–D).

Discussion

In this study, we investigated whether UTI reduced brain edema

and improved neurological deficits after SAH. Additionally, we

evaluated whether UTI preserved microvascular integrity after

SAH through its antiinflammatory and antiapoptotic effects via

blocking the activity of JNK, NF-jB, and p53.

(A) (B) (C) (D)

(E)

Figure 2 T2-weighted images and analysis. (A) demonstrated the bilateral hippocampus (the dotted circles). The signal intensity and average T2 values of

bilateral hippocampus were significantly increased in the subarachnoid hemorrhage (SAH) + vehicle group compared with those in the Sham group (B, C,

E), which were decreased by 50,000 U/kg urinary trypsin inhibitor (UTI) treatment (D, E). In figure E, P < 0.05 compared with the sham group; #P < 0.05

compared with the SAH + vehicle group.

(A)
(B)

(C) (D)

Figure 3 UTI preserved microvascular

integrity partly through anti-inflammation. At 6

hours following SAH, the 50,000 U/kg UTI

treatment did not show protective effects

(A and B). In addition, at 24 h after SAH, both

MDA concentration and MPO activity in

hippocampus were decreased by 50,000 U/kg

UTI treatment (P < 0.05, ANOVA, C, D; n = 6

each group). P < 0.05 compared with sham

group; #P < 0.05 compared with SAH + vehicle

group. MDA, malondialdehyde; MPO,

myeloperoxidase; L.H, left hemisphere; R.H,

right hemisphere; C, cerebellum; B.S, brain

stem.
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(A1) (B1) (C1) (D1) (E1) (F1)

(A2) (B2) (C2) (D2) (E2) (F2)

(A3) (B3) (C3) (D3) (E3) (F3)

Figure 4 Immunohistochemical staining of the microvasculature in hippocampus. The levels of phosphorylated-JNK, phosphorylated-p53, caspase-3,

phosphorylated-NF-jB (p65), tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6) in endothelial cells of microvasculature in hippocampus were markedly

elevated, in addition, the numbers of endothelial cells with positive staining were also increased (A1–F1, A2–F2).These pathologies were significantly

attenuated by 50,000 U/kg urinary trypsin inhibitor (UTI) treatment (A3–F3). Scale bars = 10 lm, “stars” indicated microvessels; “arrows” showed the

endothelial cells, n = 6 each group.

(A1) (A2) (A3) (A4)

(B1) (B2) (B3) (B4)

(C1) (C2) (C3) (C4)

Figure 5 The immunofluorenscence staining of the microvasculature in hippocampus. In sham group, the phosphorylated-p53 and NF-jB (p65) were

bare in the endothelial cells (A1–A4). After subarachnoid hemorrhage (SAH), p53 and NF-jB (p65) in the endothelial cells were simultaneously activated

and distributed in the nucleus (B1–B4). Urinary trypsin inhibitor (UTI) treatment could significantly suppress the levels of phosphorylated-p53 and NF-jB

(p65) in the endothelial cells (C1–C4). Scale bars = 20 lm, “stars” indicated microvessels; “arrows” showed the endothelial cells, n = 6 each group.
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We first evaluated the dose effect of UTI by assessing brain

edema and neurobehavioral deficits, which are two important

outcomes widely assessed after SAH [27,28]. Brain edema is a

major pathology that leads to early brain injury (EBI) after SAH

and is an independent risk factor for mortality and poor outcome

after SAH [1]. Consistent with earlier reports, our experiments

showed that UTI 50,000 U/kg was most the effective dose [29,30].

UTI 50,000 U/kg alleviated brain edema and neurological deficits

at 24 h after SAH and also significantly reduced microvascular

permeability. However, the protective effect of UTI was not appar-

ent at 6 h after SAH, which indicates that UTI requires a time win-

dow of at least more than 6 h to demonstrate beneficial effect

after SAH. Interestingly, we also found that higher dose of UTI

(100,000 U/kg) did not show protective effects after SAH which

could likely be due to potential toxic effects of the drug.

Next, we observed that UTI 50,000 U/kg suppressed MPO activ-

ity at 24 h post-SAH. Blood neutrophil count has been shown sig-

nificantly increased after SAH and is associated with poor clinical

outcome in patients after SAH [31]. The activity of MPO, an

enzyme released mostly by the neutrophils, is widely used as a bi-

omarker for neutrophil infiltration and inflammatory response.

The proteases secreted by activated neutrophils during the acute

inflammatory phase can degrade the extracellular matrix, thus

leading to tissue destruction [32]. Furthermore, our results

showed that UTI 50,000 U/kg reduced cerebral MDA concentra-

tion at 24 h post-SAH. MDA is a frequently used marker of lipid

peroxidation, and an increased MDA level demonstrates the loss

of cellular membrane stability after SAH.

Given these results, we next explored whether the potential

antiinflammatory and antiapoptotic effects of UTI were involved

in decreased JNK activation in the microvascular endothelial cells

after SAH. JNK is a member of the MAPK family that regulates

various biological processes implicated in tumorigenesis and neu-

rodegenerative disorders [33]. Phosphorylated JNK (p-JNK) can

activate its downstream target NF-jB (p65) [34], which can

enhance the production of proinflammatory factors such as TNF-a
and IL-6. Accumulating evidence support the notion that elevated

NF-jB activity contributes to ischemia induced neurological

injury [35,36]. Additionally, p-JNK can also activate p53 and trig-

ger the apoptotic cascade by the formation of proapoptotic cas-

pase-3 [37]. Our results showed that inflammation related to p-

JNK, p-NF-jB (p65), TNF-a, and IL-6 was significantly increased

in the microvascular endothelial cells in the hippocampus after

SAH. The expression of p-p53 and caspase-3 was also significantly

increased in the endothelial cells after SAH. Additionally, our

immunofluorescence results showed that p53 and NF-jB (p65)

were simultaneously activated in endothelial cells following SAH.

Treatment with UTI significantly decreased the levels of p-JNK

and the expression of proinflammatory p-NF-jB (p65), TNF-a, IL-
6, and the proapoptotic protein p-p53 and caspase-3 was also sig-

nificantly reduced with the UTI treatment.

In conclusion, we demonstrated for the first time that UTI

improved neurological function, reduced brain edema and micro-

vascular permeability through its antiinflammation and antiapop-

tosis effects via blocking the activity of JNK, NF-jB, and p53 after

experimental SAH in rats. However, our study has weaknesses as

it did not explore the long-term outcomes after UTI treatment.

Additional studies will be needed to strengthen the observations

of beneficial outcomes shown in this study.
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(A) (B)

(C) (D)

Figure 6 Western blot analysis. The western

blot results revealed a significant increase of

phosphorylated-NF-jB (p65), phosphorylated-

p53, tumor necrosis factor-a (TNF-a) and

phosphorylated-JNK in hippocampus at 24 h

after subarachnoid hemorrhage (SAH), which

was markedly attenuated by 50,000 U/kg

urinary trypsin inhibitor (UTI) treatment (A–D).

P < 0.05 compared with the sham group;
#P < 0.05 compared with the SAH + vehicle

group. n = 6,7,7 in sham, SAH + vehicle,

SAH + 50,000 U/kg UTI groups, respectively.
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Figure S1. Experiment designs. (A) Experiment 1 was designed to

evaluate the dose-dependent effect of UTI. (B) Experiment 2 was

designed to explore the effects and mechanism of UTI treatment.

IP, intraperitoneally injection; MRI, magnetic resonance imaging;

T2WI, T2-weighted imaging; MDA, malondialdehyde; MPO: mye-

loperoxidase; IF: immunofluorescence staining; IHC, immunohis-

tochemical staining; WB, western blot.

Figure S2. T1 weighted magnetic resonance imaging (MRI)

images and the volume of lateral ventricle each group.

Figure S3. The number of endothelial cells with positive staining

per section each group.
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