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Abstract: To investigate the effects of Ulinastatin (UTI) in cerebral ischemia-reperfusion (IR) injury in rats and wheth-
er this effect might be related to Aquaporin 4 (AQP4), one hundred and eighty adult male Sprague Dawley (SD)
rats, weighing 230-280 g, were randomly divided into 3 groups: sham (S) group, IR group and UTI (U) group. Every
group was further divided into 3 sub-groups: 6 h group, 24 h group and 48 h group. The transient focal IR injury was
induced by inserting a silicone-coater monofilament nylon suture (0.28 mm) from the right external carotid artery to
the origin of the left middle cerebral artery. The suture was removed after 2 h to allow reperfusion. UTI treatment
group was injected with UTI 200000 u/kg at the beginning of the reperfusion period, while S group and IR group
were injected with the same volume of saline. Samples were taken according to the reperfusion time (6 h, 12 h and
24 h). Infract volume was measured by triphenyl tetrazolium chloride staining, and brain water content was deter-
mined by wet-dry weight method and neurological scores were checked with a five-point scale. Expression levels
of AQP4 were checked with immunohistochemistry and Western blot. Results: Compared with S group, the infarct
volume, water content, neurological scores and AQP4 levels in the rat brain tissues were significantly increased in IR
group. Administration of UTI significantly decreased the infarct volume, water content of the brain tissue and neuro-
logical scores. Moreover, the expression levels of AQP4 were also down-regulated by UTI treatment. Conclusion: UTI
improves cerebral IR injury in rats potentially via decreasing the expression levels of AQP4.
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Introduction

Cerebral ischemia is among the diseases that
most compromise the human species [1].
Occlusion of a cerebral artery impairs blood
flow and will lead to neuronal death. Early
reperfusion is necessary. However, reperfusion
of the tissue is also associated with inflamma-
tion, increased reactive oxygen species, necro-
sis and apoptosis. These damages to the brain
will continue even after the blood flow is
restored and cause cerebral edema [2]. Thus,
ischemia-reperfusion (IR) injury is a complicat-
ed pathologic procedure [2]. Novel method to
prevent the IR injury is highly needed [1, 2].

Ulinastatin (urinary trypsin inhibitor, UTl) is a 67
kDa glycoprotein purified from the urine of
healthy humans. With its anti-protease and
anti-inflammatory effects, UTI has been widely
used as a drug for patients with acute inflam-
matory disorders, such as disseminated intra-

vascular coagulation, shock, and pancreatitis
[3]. Some studies have reported that UTI pro-
tected against cerebral IR injury [4-6].
Aquaporin-4 (AQP4) is a water-channel protein
enriched in the brain. It controls water fluxes
into and out of the brain parenchyma and plays
an important role in cerebral ischemia. In the
present study, we aim to investigate the effects
of UTI in cerebral IR injury and whether this
effect might be related to AQP4.

Materials and methods

This study was conducted in accordance to the
guidelines for the care and use of animals in
research, and under the protocols approved by
the Guangzhou University of Connecticut
Animal Care and Use Committee.

Establishment of cerebral IR model in rat

One hundred and eighty adult male SD rats,
weighing 230-280 g, obtained from the
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Figure 1. Ulinastatin improves the neurological score in cerebral ischemia-re-
perfusion. Neurological scores of all groups. Date are expressed as Mean *
SEM (n =5). *P < 0.05 vs. S group; **P < 0.05 vs. IR group.

Experimental Animal Center of Guangdong was
used in this study. These rats were randomly
divided into 3 groups: Sham (S) group, IR group
and UTI treatment (U) group. IR group and U
group were further divided into 3 sub-groups: 6
h reperfusion group, 24 h reperfusion group
and 48 h reperfusion group. Middle cerebral
artery occlusion (MCAQ) was induced by intralu-
minal filament method as described previously
[7]. Briefly, after the exposure of right common
carotid artery (CCA), internal carotid artery (ICA)
and the external carotid artery (ECA), a silicone-
coater monofilament nylon suture (0.28 mm)
was carefully inserted from the CCA into the ICA
and was advanced towards to occlude the ori-
gin of the left middle cerebral artery (MCA) until
a light resistance was felt (18-20 mm from CCA
bifurcation). Two hours later, the suture was
removed to allow reperfusion. U group was
injected with UTI 200000 u/kg at the beginning
of the reperfusion period, while S group and IR
group were injected with the same volume of
saline. Samples were taken according to the
reperfusion time (6 h, 12 h and 24 h).

Determination of the neurological score

The neurological deficit score was assessed
according to previous described [8]. At different
time points of reperfusion, the animals were
scored blindly based on a five-point scale: O:
normal; 1: drags forepaw, twisting when lifted;
2: circling spontaneously; 3: falls; 4: does not
walk, comatose; 5: dead.

Measurement of cerebral infarct volume

At the end of the reperfusion period, animals
were anesthetized with 10% chloral hydrate
and the brain was separated and kept at -20°C
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for 30 min for uniform sec-

tioning. The brain was

sliced into 2 mm thick

transverse sections and

was allowed to thaw at

room temperature. Each
B Ngroup slice was incubated sepa-
rately in 1% triphenyl tetra-
zolium chloride (TTC) (SI-
GMA Chemical Co., MO,
USA) for 20 min at 37°C.
TTC staining could discrimi-
nate infracted brain tissue
(unstained and appearing
white) from non-infarcted
brain tissue (deep red). The
cerebral infarction was
expressed as the ratio of the infarct volume to
total brain volume.

* MR group

** WU group

Calculation of brain water contents

Four days after MCAO, rats were killed and
brains were removed. The pons and olfactory
bulb were removed and the brains were weight-
ed to obtain their wet weight (ww). Thereafter
brains were dried at 110°C for 24 h for deter-
mining their dry weight (dw). Brain water con-
tent was calculated by using the following for-
mula: (ww-dw)/ww x 100 as an index for brain
edema.

Immunohistochemistry for AQP4 expression

Slices from the brain tissue were serially cut
into 20 um thick frontal sections. All sections
were incubated in 30% H,0, in Tris-buffered
saline (PBS) for 30 min at room temperature to
quench endogenous peroxidase. Sections were
incubated with 5% fetal bovine serum (Fre-
densborg, Denmark, cat. no.: 04009-1B) for 30
min at room temperature to block non-specific
binding. After that, sections were incubated
with rabbit anti-AQP4 diluted at 1:200 over-
night at 4°C (Alomone Labs Ltd., cat. no.: AQP-
004). The primary antibody of AQP-4 was
detected by using biotinylated goat anti-rabbit
IgG diluted at 1:400 (Sigma-Aldrich, cat. no.:
3275) for 30 min at room temperature followed
by streptavidin-biotin-peroxidase complex (St-
reptABComplex/HRP, DAKO, DK, cat. no.: K377)
prepared for 30 min at room temperature. The
immunoreaction was visualized using 0.015%
H202 in 3, 3-diaminobenzidine-tetrahydrochlo-
ride (DAB) as chromogen for 10 min at room
temperature. The sections were counterstained
with Mayer’s hematoxylin, and mounted, and
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Figure 2. Representative pictures of TTC staining. A: Infarct volume of Sham (S) group. B: Infarct volume of ischemia-

reperfusion (IR) group. C: Infarct volume of Ulinastatin (U) treatment group.
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Figure 3. Ulinastatin decreases cerebral infarct volume in cerebral ischemia-
reperfusion. Infarct volume of three groups. Date are expressed as Mean *
SEM (n =5). *p < 0.05 vs. S group; **P < 0.05 vs. IR group.
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Figure 4. Ulinastatin reduces brain water contents in cerebral ischemia-reperfu-
sion. Water content alterations after MCAO and reperfusion. Date are expressed
as Mean + SE (n =5), *P < 0.05 vs. S Group; **P < 0.05 vs. IR group.

thenexaminedunderanAxio-
skope microscope.

Western blot for AQP4
expression

Left parietal lobe cortex
was homogenized in 10
mmol/L Tris homogeniza-
tion buffer (pH 7.4) with
protease inhibitors (1 tablet
in 50 ml; Sigma, USA). The
samples were centrifuged
at 12,000 rpm for 20 min
and the supernatant was
collected for Western blot.
After determining the pro-
tein concentrations of the
supernatants (BCA method,
standard BSA), 50 ug pro-
tein of each sample was
loaded onto the 8% SDS
gel, and was separated by
electrophoresis and then
was transferred to PVDF
membrane. The membran-
es were incubated with rab-
bit anti-AQP4 polyclonal IgG
(1:500, Boster, CHINA) or
mouse anti-B-actin mono-
clonal 1gG (1:2000, Boster,
CHINA) overnight at 4°C.
After being washed three
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Figure 5. Immunohistochemistry of Aquaporin-4 (AQP4) expressions in ependyma, choroid plexus and blood capil-
lary. A: Sham (S) group. B: Ischemia-reperfusion (IR) 6 h group. C: Ulinastatin (U) 6 h group. D: IR 24 h group. E: U
24 h group. F: IR 48 h group. G: U 48 h group. H: Blood capillary. I: Choroid plexus. Expression of AQP4 was found
in ependyma appeared clay bank. Date are expressed as Mean = S.E.M (n = 5). IR group vs. S group, P < 0.05. U
group vs. IR group, P < 0.05.

times for 10 min with washing solution, the
membranes were incubated with goat anti-rab-
bit I1gG-HRP (1:2000, Boster, CHINA) or goat
anti-mouse 1gG-HRP (1:2000, Boster, CHINA).
The immune-reactive bands were visualized by
an ECL Western blotting detection kit (Pierce,
USA) on light sensitive film.
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Statistical analysis

All data are presented as the means + SD.
Differences among multiple groups were sta-
tistically analyzed using one-way ANOVA, fol-
lowed by Bonferroni test. Statistical signifi-
cance was assumed if P < 0.05.
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Figure 6. Representative western blotting of AQP4 expression. A: Sham (S)

group; B: Ischemia-reperfusion (IR) 6 h group; C: Ulinastatin (U) 6 h group; D: IR
24 h group; E: U 24 h group; F: IR 48 h group; G: U 48 h group.

UTI reduces brain water
contents in cerebral IR

The brain water content
was used to evaluate cere-
bral edema. IR significantly
increased the water con-
tent of the ischemic hemi-
sphere and reached a peak
at 24 h (Figure 4), whereas
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the water content of non-
ischemic hemisphere rem-
ained unchanged. Admin-
istration of UTI at the begin-
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3 —_ 2 ning of reperfusion period
§ % / significantly reduced the
g & l5 — water content of the right
§3 1 J/ % groum hemisphere (Figure 4).
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Figure 7. Ulinastatin down-regulates the expression level of AQP4 in cerebral
ischemia-reperfusion. Date are expressed as Mean + S.E.M (n = 5). IR group

vs. S group, P < 0.05. U group vs IR group, P < 0.05.

Result

UTI improves the neurological score in cere-
bral IR

We investigated whether UTI could improve
neurological scores in threats subjected to
cerebral IR. As shown in Figure 1, compared
with S group, the neurological scores of IR
group significantly increased and reached a
peak at 24 h. Administration of UTI could signifi-
cantly reduce neurological scores in IR.

UTI decreases cerebral infarct volume in
cerebral IR

To determine the cerebral infarct volume, TTC
staining was used in the present study. The
infarcted tissue of MCAO rats appeared white,
whereas the normal non-infarcted tissue was
red. Consistent with the results of neurological
deficits, IR induced obvious infarct (Figure 2),
indicating that an exacerbated brain damage
occurred. Interestingly, UTI treatment also
decreased cerebral infarct volume in rat sub-
jected to IR (Figure 3).

1487

Immunohistochemistry and
Western blot analysis were
used to investigate the
AQP4 expression patterns.
Both methods consistently
showed that IR reduced the expression level of
AQP4 while it was suppressed by administra-
tion of UTI (Figures 5-7), indicating that UTI
might improve cerebral IR injury in rats poten-
tially via decreasing the expression levels of
AQP4.

Discussion

The major findings of the present study are as
follows. Firstly, UTI improves the neurological
score in cerebral IR. Secondly, UTI decreases
cerebral infarct volume in cerebral IR. Thirdly,
UTI reduces brain water contents in cerebral IR.
Finally, UTI down-regulates the expression level
of AQP4 in cerebral IR.

AQP water-channel proteins are a family of
membrane channels that serve as selective
pores through which water crosses the plasma
membranes of many human tissues and cell
types [9-12]. To date, 13 mammalian AQPs
have been cloned and identified in human.
Among them, AQP4 is a water-selective trans-
porter originally cloned in 1994 from lung tis-
sue and has been shown to be enriched in the
brain [9-12]. The role of AQP4 in brain edema is
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still on debate [13, 14]. One study has showed
that mortality after acute water intoxication
and ischemic stroke was markedly reduced in
AQP4-null mice, which was associated with
reduced blood-brain barrier water permeability
and decreased rate of water flow into the brain
parenchyma. However, another study has
showed that AQP4-null mice had more brain
swelling compared with wild-type mice after
cortical freeze injury and brain tumor implanta-
tion [14]. In the present study, a predominant
expression of AQP4 was identified in ependy-
ma, choroid plexus and blood capillary by
immunocytochemistry. The results of our study
indicate that AQP4 is expressed at the mem-
brane, which adjust water in the brain, while it
is much less expressed in cerebral parenchy-
ma. We also found that in MACO model, infarct
sizes and brain water contents were positively
correlated with the expression of AQP4. It is
speculated that over-expression of AQP4
enhances a rapid influx of water and is respon-
sible for the infarct of brain tissue after focal
brain ischemia. However, Western blot showed
no difference of AQP4 expression between 6 h
IR group and S group. Another report also indi-
cated that in the early stage of cerebral edema,
AQP4 was not increased, and was even reduced
following the exacerbation of brain [15]. The
reduction of AQP4 expression prevents water
fluxed into cerebral cell to protect brain tissue.
Thus, it may be a self-protection of the brain.

The main objective of this study was to charac-
terize the effects of UTl in cerebral IR injury and
whether this effect might be related to AQP4.
UTIl is a human urinary trypsin inhibitor. A previ-
ous study has showed that UTI offered a protec-
tive effect against cerebral IR injury [16].
However, in our study, we identified the down-
regulation of AQP4 in a rat MCAO model in UTI
treatment group accompanied by an obvious
reduction in cerebral edema. Meanwhile, in the
UTI treatment group, infarct sizes and brain
water contents were also decreased. It is spec-
ulated that AQP4 down-regulation may alleviate
cerebral edema. Thus, suppressing expression
of AQP4 in the early stage of IR injury might be
an alternative way for brain protection.

In conclusion, UTI improves cerebral IR injury in
rats potentially via decreasing the expression
levels of AQP4. Administration of UTI might be a
novel way for cerebral protection.
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