Efficacy of phosphocreatine pre-administration on
XIAP and Smac in ischemic penumbra of rats with
focal cerebral ischemia reperfusion injury?

Wei Wang', Qi Wang', Wanyou Yu', Lianhua Chen", Zhong Li"

'MD, Department of Anesthesiology, the Jiangning Hospital Affiliated, Nanjing Medical University, China. Acquisition
and analysis of data, manuscript writing.

"MD, Department of Anesthesiology, the First People’s Hospital of Shanghai Affiliated, Nanjing Medical University,
Shanghai, China. Analysis and interpretation of data.

"PhD, Professor, Key Laboratory of Modern Toxicology (Ministry of Education), School of Public Health, Nanjing Medical
University, China. Conception and design of the study, critical revision, final approval the manuscript.

4 )
Abstract

Purpose: To observe the efficacy of phosphocreatine pre-administration (PCr-PA) on X-linked
inhibitor of apoptosis protein (XIAP), the second mitochondia-derived activator of caspase
(Smac) and apoptosis in the ischemic penumbra of rats with focal cerebral ischemia-
reperfusion injury (CIRI).

Methods: A total of 60 healthy male Sprague Dawley (SD) rats were randomly divided into
three groups (n=20): group A (the sham operation group), group B [intraperitoneally injected
with 20 mg/kg (10 mg/ml) of saline before preparing the ischemia-reperfusion (IR) model],
and group C [intraperitoneally injected with 20 mg/kg (10 mg/ml) of PCr immediately before
preparing the IR model]. After 24 h for reperfusion, the neurological function was evaluated
and the tissue was sampled to detect expression of XIAP, Smac and caspase-3 positive cells in
the ischemic penumbra so as to observe the apoptosis.

Results: Compared with group B, neurological deficit scores, numbers of apoptotic cells,
expression of Smac,caspase-9 and the numbers of Caspase-3 positive cells were decreased
while expression of XIAP were increased in the ischemic penumbra of group C.

Conclusions: Phosphocreatine pre-administration may elicit neuroprotective effects in the
brain by increasing expression of X-linked inhibitor of apoptosis protein, reducing expression
of second mitochondia-derived activator of caspase, and inhibiting the apoptosis in the
ischemic penumbra.
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n Introduction

The key to treating ischemic stroke lies
in recanalizing partial vessels or thrombolytic
therapy, which can rescue or reduce neuronal
apoptosis in the ischemic penumbra in a timely
manner*?, The ischemic cerebral tissue outside
and surrounding the focal central infarction
area is called the ischemic penumbra. Since
it is a reverse injury area, its function can be
restored if treated timely and effectively®*.
Studies have shown that CIRI is associated
with metabolic disorders, energy failure,
oxygen free radicals, calcium overload, NO,
inflammatory response, excitatory amino acids,
cerebral edema, or apoptosis®”. Cell apoptosis
after cerebral ischemia-reperfusion injury
relies on endogenous death receptor pathway
and mitochondrial apoptosis pathway. In
mitochondrial apoptosis pathway, apoptosis-
promoting  protein is released from
mitochondrial intermembrane space and
redistributed into the cytoplasm, leading to
caspase activation and cell apoptosis®. Smac,
a type of apoptosis-promoting protein,can
antagonize caspase-inhibiting XIAP, accelerating
the process of cell apoptosis®. Studies have
showed that PCr has effects of brain protection,
but the specific mechanism is not clear yet'®*,
The current study investigated the efficacy
of PCr-PA on XIAP, Smac and apoptosis in the
ischemic penumbra of rats a focal CIRI, with
the aim of exploring the possible mechanism
by which PCr can protect the brain.

n Methods

This study was carried out in strict
accordance with the recommendations in
the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health.
The animal use protocol has been reviewed
and approved by the Institutional Animal Care
and Use Committee (IACUC) of Nanjing Medical
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University.

A total of 60 male SD rats, weighing
280-320 g, aged 9-10 weeks, were provided
by Nanjing Medical University. They were
randomly divided into three groups (n = 20)
as follows: group A of sham operation; group
B, which were intraperitoneally injected with
20 mg/kg (10 mg/ml) of saline immediately
before preparing the IR model; and group C,
which were intraperitoneally injected with PCr
(Haikou Qili Pharmaceutical Co., Ltd., Hainan,
China) at a dose of 20 mg/kg (10 mg/ml)
immediately before preparing the IR model.

The rats were fasted for 12 h (but were
free to drink water) before surgery. To prepare
the CIRI model, each rat was then prepared
to undergo one of the modified modeling
method*?. The rats were anesthetized by an
intraperitoneal injection of 2% pentobarbital
sodium (50 mg/kg) and retained spontaneous
breathing. A median neck incision was then
made to expose the right common carotid
artery, internal carotid artery, and external
carotid artery. Thereafter, an incision was
made under the branch of the common carotid
artery, and one round nylon line (3.0, Ethicon,
USA), which was approximately 17.5 mm in
length (starting from the branch of the internal
and external carotid arteries), was placed
into the internal carotid artery until a slight
resistance was felt. The internal carotid artery
was then ligated for 2 h, and the thread was
then pulled out to allow for a 24-h reperfusion.
Rats in group S underwent the same steps
as above, except that the insertion depth of
the thread was less than 10 mm. One multi-
function monitor with an anal temperature
probe was used during surgery to monitor
the body temperature, which was maintained
at 37.0-37.5°C using one roasted lamp. The
modeling was thought to be successful when
the Homer sign appeared in the right eye,
the left forelimb abducted when the tail was
lifted, and the rat crawled to the left or turned
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counterclockwise. The rats in group B and C
that did not meet the above performance
criteria were excluded from the current study.
Please note however, that all animals survived
and none were excluded in each group.

Neurological function assessment

After the reperfusion, the neurological
deficit was marked using a method described
previously'>. The following scale was used:
0 point: no neurological deficit; 1 point: the
contralateral forelimb cannot be completely
stretched; 2 points: turned around to the
hemiplegic side while walking; 3 points:
dumped to the hemiplegic side; and 4 points:
cannot walk on its own and consciousness is
depressed.

Definition of infarcted core area and ischemic
penumbra

The infarcted core area and ischemic
penumbra were defined using the same
microscope, as previously described®.The
tissue was then stained with hematoxylin and
eosin (HE).

Histopathological observation

Brain tissue from a total of 10 rats,
which were randomly sampled from each group
and perfused using 4% paraformaldehyde,
were obtained. The coronal brain tissue was
then sampled, fixed, embedded with paraffin,
and prepared as 6-mm slices for HE staining,
using the optic chiasm as a reference point.
The neuronal morphology, necrosis, and tissue
structure were then observed using light
microscopy.

Determination of apoptosis

The samples were first embedded
in  paraffin  embedding according to
the manufacturer instructions of the
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deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) kit (Precinorm, Germany),
before undergoing diaminobenzidine (DAB)
coloration and HE re-staining. The results
were determined as follows: the nuclei of the
apoptotic cells appeared buffy, while the nuclei
of normal cells were blue. The positive cells in
five, randomly selected high-magnification
fields of the same slide (x400 times) were
counted. The average number of positive cells
were then calculated.

Expression of XIAP and Smac

A random sample of 10 rats from
each group, were sacrificed, and their brain
tissue was removed and underwent a 5-min
immediate quick freezing at -20°C. Using a
previously described method!®, the coronal
segments were then sliced at sites, which
were 3 mm and 9 mm away from the frontal
lobe front. The brain tissue (6 mm in thickness)
within the above segment was then cut open
along the line 2 mm away from the sagittal
suture. The median structures of these two
hemispheres, which are supplied with blood
by the anterior cerebral artery, were then
removed. The remaining left and right sides
were then cut sagittally along the line, which
was 2 mm away and at a 30° oblique to the
sagittal section. The lateral cortex and the
medial cortex were the infarcted core area
and ischemic penumbra, respectively.Tissues
of the ischemic penumbra were taken out.
Sampling and paraffin embedding were made
with freezing at -80 2C. The tissue homogenate
was taken to extract the total protein, then
the protein was quantified by bicinchoninic
acid (BCA). A dose of 70 pg protein was
transferred to polyvinylidence fluoride
(PVDF) membrane after polyacrylamide
gel electrophoresis, and closed by 5% skim
milk for 1 h at room temperature. The PVDF
membrane was marked and segmented by
standard pre-stained protein molecular weight,
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then incubated with anti-XIAP,Smac (santa
cruz, USA), aspase-9 (CST, USA) and anti-B-
actin(Immunoway, USA) at 42C overnight, and
then with horseradish peroxidase(HRP)—anti-
antibody (Jackson ImmunoResearch,USA) for
2 h at room temperature. After luminescence,
development, fixation and scanning of ECL, the
image was analyzed by software of Image.Pro.
Plus6.0 (Media Cybemetics USA). The protein
expression level was quantified by the ratio
of the gray value of the protein stripe to the
corresponding B-actin.

Determination of caspase-3 positive cells

After paraffin section and hydration,
detection of SP and coloration of DAB, the
cytoplasm of positive cells became brownish
yellow. Each slice were selected three
fields(x200), then the positive cells were
counted in the ischemic penumbra.

Statistical analysis

All statistical analyses were performed
with SPSS for Windows (version 16.0; SPSS Inc.
Chicago, IL, USA). Measurement data were
expressed as mean + standard deviation (¥
ts). The differences among different regions
and among different groups were analyzed
using a one-way analysis of variance (ANOVA).
Statistical significance was set at P<0.05.

u Results

Structure and cell morphology distribution in
the infarct brain tissues

Cell morphology of brain tissues was
normal in group A. The ischemic penumbra,
area between the infarcted foci and normal
regions in group B, demonstrated its special
cell morphology,indicating that the infarcted
core area mainly covered the striatum, parietal
cortex, and partial frontal cortex. The infarcted
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core area in group C was smaller than that
in group B, mainly covering the striatum and
partial parietal cortex.

Neurological function scoring

Compared with group A, the
neurological deficit scores of group B and C
were increased (P <0.01). The neurological
deficit score of group C was lower than that in
group B (P <0.05) (Table 1).

Table 1 - Comparison of neurological deficit
scores among different groups.

Group A Group B Group C
0 2.6%0.5° 1.4+0.6%

All values are the mean * standard deviation. n=20 per group.
The neurological deficit was described after the reperfusion.
9P <0.01 vs. group A ; °P <0.05 vs. group B.

Comparison of apoptosis

Compared with group A, the numbers
of apoptotic cells in the infarcted core area and
ischemic penumbra of group B and C increased
(P <0.01). Compared with group B, the numbers
of apoptotic cells in the infarcted core area and
ischemic penumbra of group C decreased (P
<0.05).Compared with the infarcted core area,
the numbers of apoptotic cells in the ischemic
penumbra of group B and Cincreased (P <0.05)
(Table 2).

Table 2 - Comparison of apoptotic cells among
different groups.

A 4.1+0.9 3.9+0.7
B 15.9+1.6° 46.9+3.3%
C 15.5+1.72 25.6+2.7%¢

All values are the mean + standard deviation. n=10 per group.
The infarcted core area and ischemic penumbra were followed
manual instructions of TUNEL kit, then colored by DAB and re-
strained by hematoxylin. °P<0.01 vs. group A; °P<0.05 vs. group
B; °P<0.05 vs. the infarcted core area.TUNEL,deoxynucleotidyl
transferase dUTP nick end labeling; DAB, diaminobenzidine.
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Expression of XIAP and Smac <0.01) 24 h after reperfusion. Compared with
group B, XIAP expression increased and Smac

Compared ~ with  group A, XIAP expression decreased in group C (P <0.05)
expression decreased and Smac expression (Figure 1).
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Figure 1 - The expression of XIAP and Smac proteins in ischemic penumbra after 24h of ischemia reperfusion
in the three groups. The protein expression level of XIAP and Smac was quantified by the ratio of the gray
value of the protein stripe to the corresponding B-actin. °P <0.05 vs. group A; °P <0.05 vs. group B. XIAP,
x-linked inhibitor of apoptosis protein; Smac, the second mitochondia-derived activator of caspase.

Expression of caspase-9 B and C (P <0.05) 24h after reperfusion.
. Compared with group B, caspase-9 expression
Compared with group A, caspase-9 decreased in group C (P <0.05) (Figure 2).
expressions increased significantly in group
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Figure 2 - The expression of caspase-9 proteins in ischemic penumbra after 24h of ischemia-reperfusion in the
three groups. The protein expression level of caspase-9 was quantified by the ratio of the gray value of the
protein stripe to the corresponding B-actin. ?P <0.05 vs. group A; °P <0.05 vs. group B.

Expression of caspase-3 positive cells increased in group B and C (P<0.05). Compared
with group B, the number of Caspase-3 positive

Compared with group A,the number of cells decreased in gruop C (P <0.05) (Table 3
Caspase-3 positive cells in ischemic penumbra and Figure 3).
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Table 3 - Comparison of caspase-3 positive cells
among different groups.

Group A Group B Group C
(97.3%6.3) (152.149.2)° (115.116.4)®

All values are the mean + standard deviation. n=10 per group.
Each slice were selected three fields (x 200), then the positive
cells were counted in the ischemic penumbra. °P<0.01 vs.
group A; °P<0.05 vs. group B.

A B c

Figure 3 - The expression of caspase-3 cells
in ischemic penumbra after 24h of ischemia
reperfusion in the three groups DAB, x200). After
paraffin section and hydration, detection of SP
and coloration of DAB, the cytoplasm of positive
cells became brownish yellow. A random image of
each group was selected above. SPstreptavidin-
perosidase; DAB, diaminobenzidine.

[} Discussion

When preparing the rat model of
CIRI, given its good stability, ease (since
there is no need of a craniotomy), and low
trauma, the suture-embolus method can be
used to accurately control the ischemic and
reperfusion time, with a high success rate and
low mortality®*. In the current study, the IR rats
exhibited significant infarction signs, increased
neurological deficit scores, and significant
brain injury. Since the main site of lesion was
adjacent to the optic chiasm, sampling sites
were set 3 mm before and after the optic
chiasm.

In the present study, the infarcted foci
in the IR rats mainly involved the striatum,
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parietal cortex, and partial frontal cortex, which
was almost consistent with a previously study
conducted by Memezawa?®®. The results showed
that although PCr can increase the expression
of XIAP and reduce the expression of Smac in
infarcted core region to a certain extent, the
striatum was the tissue firstly involved in the
infarcted core area; so PCr could not reverse
serious injury of the striatum and could only
reduce the injury in partial parietal cortex and
frontal cortex. According to the positioning
method of the cerebral ischemic penumbra in
rats®® and the HE staining results, these areas
made up the ischemic penumbra. In addition,
TUNEL staining results showed that PCr could
not reduce the number of apoptotic cells in the
infarcted core region. These results suggested
that PCr mainly reversed the injury in the
ischemic penumbra, not the infarcted core
area. Therefore, we compared the expression
of XIAP, Sam, caspase-3 and caspase-9 in the
ischemic penumbra tissue of rats.

Regulated by the caspase family,
apoptosis is one of the main mechanisms
governing cell death after cerebral ischemia-
reperfusion injury. Once activated by caspase,
it triggers an irreversible cascade reaction'®.The
inhibitor of apoptosis proteins(IAPs) family may
regulate the activation of caspase, including
c-1API, c-IAP2, XIAP and Survivin. XIAP, directly
associated with Caspase-3, caspase-7 and
caspase-9, is the strongest caspase inhibitor'’.
Saito et al.®® believe that activation of the
XIAP pathway occurs prior to the activation of
caspase cascade, and the interaction between
XIAP and Smac and caspase is critical for
neuronal cell death after cerebral ischemia.
Our study showed that the expression of XIAP
decreased and the expression of caspase-9 and
caspase-3 increased in ischemic penumbra of
group B at 24 h. However, the expression of XIAP
increased and the expression of caspase-9 and
caspase-3 decreased in group C. The activation
of caspase-9 or caspase-3 after ischemia might
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increase the degradation of XIAP. PCr can
promote the expression of XIAP (or inhibit its
degradation), inhibit the activity of caspase-9
and Caspase-3, and reduce apoptosis in the
penumbra zone of cerebral ischemia, all of
which contribute to its protection for the brain.

Smac, located in the intermembrane
space, is one of the negative regulatory gene for
XIAP. Under the stimulation of apoptosis, Smac
in the cytoplasm directly combines with I1APs
(especially XIAP), inhibiting their anti-apoptotic
activity®. It has been found that expression
inhibition of Smac is one of the key mechanisms
in the protection against cerebral ischemic
injury?. Up-regulation of XIAP and down-
regulation of Smac improve the prognosis of
cerebral ischemia?'.This study showed that the
expression of Smac in the ischemic penumbra
region increased significantly 24 h after
cerebral ischemia reperfusion in the group B,
suggesting that Smac is involved in the death
of cells after ischemia. The expression of Smac
in group C was significantly lower than that
in group B, suggesting that PCr can alleviate
the focal cerebral ischemia-reperfusion injury
by reducing the expression of Smac in the
ischemic penumbra.

] Conclusions

Phosphocreatine  pre-administration
may elicit neuroprotective effects in the brain
by increasing expression of X-linked inhibitor
of apoptosis protein, reducing expression
of second mitochondia-derived activator
of caspase, and inhibiting the apoptosis in
the ischemic penumbra. Thus, it delayed
the progression of the ischemic penumbra
toward infarcted core area and reduced the
volume of the infarct. Therefore, given its
neuroprotective effects, we postulate that PCr-
PA can improve the prognosis of patients with
cerebral ischemia reperfusion injury.
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