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ABSTRACT. Inflammation plays an important role in cerebral ischemia
reperfusion, which can cause severe damage to the brain and may lead
to cerebral hemorrhage transformation. p38-mitogen-activated protein
kinase (p38mapk) has been implicated in the etiology of a number of
diseases because it is a cause of inflammation, but comparatively little
research has been carried out into its role in the etiology of ischemia
reperfusion. We investigated the expression of p38mapk in cerebral
ischemia reperfusion to gain a better understanding of its potential role
in hemorrhagic transformation (HT). One hundred rats were randomly
divided into three groups: an ischemia reperfusion group, an ischemia
group, and a sham-operated group. We carried out neurological
deficit assessments, infarct volume measurements, histopathological
examinations, and immunohistochemistry analyses. p38mapk was
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overexpressed in the ischemia reperfusion group, which exhibited
severe tissue damage and greater edema than the other two groups.
These results suggest that p38mapk plays an important role in cerebral
ischemia reperfusion, and may be one of the causes of HT.
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INTRODUCTION

Cerebral infarction is a serious threat to human life, especially in adults. In patients with
cerebral ischemia, recanalization is the most effective means of treating acute cerebral infarct.
Emergency medical interventions for cerebral infarction include intravenous thrombolysis,
endovascular interventions, systemic anticoagulation, and antiplatelet therapy (Robinson et
al., 2014). The therapeutic goal is to salvage potentially reversible ischemic tissue and save
the ischemic penumbra in order to reduce infarct size and improve neuromuscular function.
However, recanalization carries a risk of hemorrhagic transformation (HT).

Recent studies have shown that disruption of the blood brain barrier (BBB) leads
to HT. Therefore, preservation of the BBB is a common goal of neuroprotective therapies
(Wang et al., 2014a). HT may be caused by cerebral ischemia reperfusion, which is a complex
pathological condition in which the inflammatory response plays a crucial role (Wang et al.,
2013). Cerebral ischemia reperfusion and local cell debris have a strong cytotoxic effect in
the brain parenchyma after middle cerebral artery occlusion (MCAO). The cytotoxic response
occurs within minutes of the onset of cerebral ischemia and involves proinflammatory
responses, oxidative stress, neurologic damage, and cell death (Choi et al., 2010). Inflammation
leads to increased permeability of the BBB, and blood may be discharged from damaged
vessels. Therefore, inhibition of inflammatory responses to protect the BBB at the early stage
of ischemia is an attractive therapeutic strategy.

Mitogen-activated protein kinases (MAPKSs) are serine/threonine kinases that are
rapidly activated in response to growth factor stimulation. The MAPK pathway is an important
intracellular signal transduction system that involves extracellular signal-regulated protein
kinase (ERK), stress-activated protein kinases, or c-jun, N-terminal kinase (JNK), and p38-
mitogen-activated protein kinase (p38mapk) (Exil et al., 2014; Wang et al., 2014b). p38mapk
is involved in intracellular responses, such as inflammation, cell-cycle regulation, cell death,
development, differentiation, senescence, and tumorigenesis (Zhao et al., 2014). In one study
using a mouse model of allergic asthma, treatment with p38mapk and inducible nitric oxide
synthase inhibitors attenuated the effects of glutathione depletion on airway reactivity and
inflammation (Nadeem et al., 2014).

There are few therapeutic strategies available for minimizing brain damage and
improving functional recovery after a stroke. Similarly, few therapeutic strategies are available
for HT. Neural therapy is used to treat cerebral hemorrhage, but it is a negative therapy.
Cerebral hemorrhage is normally treated using neutral methods, but no significant effect has
ever been found.

There is a need to develop active prevention and treatment strategies for HT. The aim
of the present study was to investigate the potential role of p38mapk in nerve damage due to
cerebral ischemia reperfusion and to explore the mechanisms underlying HT.
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MATERIAL AND METHODS
Animals

One hundred male Sprague-Dawley rats (200-240 g each) were obtained from the
Laboratory Animal Centre of Medicine Inspecting Institute in Qingdao, People’s Republic
of China. The rats were maintained on a 12-h light/12-h dark regimen at 19°-25°C and
55-65% humidity. Food and water were provided ad [ibitum. Animals were acclimatized
to laboratory conditions for at least 3 days before surgery. 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 was
reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of
Qingdao University.

Reversible middle cerebral artery (MCA) occlusion (Longa et al., 1989)

Animals were anesthetized by intraperitoneal injection of chloral hydrate (10%).
Body temperature was monitored and maintained at 36.5°-37.5°C. A standard model of
the intraluminal MCA was used to create permanent MCA focal ischemia by intraluminal
placement of a filament.

Experimental groups

Rats were randomly divided into three groups. Rats in the ischemia reperfusion group
(N =40) were subjected to filament insertion for 2 h and were euthanized after 24 h. Rats in the
ischemia group (N = 40) were subjected to filament insertion for 26 h and were immediately
euthanized. Rats in the sham-operated group (N = 15) were subjected to the same surgical
procedure as the first two groups except for filament insertion, and were euthanized after 26 h.
Five rats were used as preliminary experimental animals.

Analysis of neurological deficit scores

A double-blind neurological test was administered to the experimental groups 2 h post-
ischemia. A modified five-point scale system was used: 0, normal spontaneous movements;
1, right front leg flexed but no circling clockwise; 2, circling clockwise; 3, spin clockwise
longitudinally; 4, unconsciousness and no response to noxious stimulus.

Determination of infarct volume

Twenty-six hours after transient MCAO, the rats were re-anesthetized with chloral
hydrate. The fresh brains were dissected, cut into four coronal slices, and incubated in
2% 2,3,5-triphenyltetrazolium chloride (TTC) for 20 min at 37°C. They were then fixed
by immersion in 4% paraformaldehyde solution. The stained cerebral sections were
photographed, and ipsilateral and contralateral hemispheric volumes and infarct volumes
were quantified using the Image Pro-Plus 5.1 (Media Cybernetics, Inc., Bethesda, MD,
USA) analysis software.
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Preparation of paraffin sections

Twenty rats from each group were euthanized for the preparation of paraffin sections.
The rats were anesthetized by intraperitoneal 10% chloral hydrate injection and their blood was
cleared using physiological saline. Following whole-body perfusion/fixation, the brains were
harvested and placed in 4% paraformaldehyde for 24 h. Paraffin embedding was performed
after ethanol dehydration and exposure to xylene to clear the brain tissue. Slices (5-um thick)
were prepared and stored for later use.

Histopathological examination

Microtomed brain tissue sections were dewaxed, hydrated, and stained with
hematoxylin and eosin for histopathological examination.

Immunohistochemistry

Dewaxed and hydrated microtomed brain tissue sections were blocked using 3% H,O,
for 10 min and incubated with p38mapk rabbit polyclonal antibody (Santa Cruz Biotechnology;
1:100 dilution in 0.01 M phosphate-buffered saline) followed by incubation with secondary
antibody (Zhong Shan Biology Technology Company, Peoples’ Republic of China). Five
visual fields of the ischemic region of the infarct were selected, and the immune-reactive cells
were counted under a light microscope with a 400X objective lens.

Statistical analysis

All results are reported as means + SE. The Student #-test (SPSS 18.0 software) was
used to compare test groups with the sham-operated control group. The level of significance
was set at P < 0.05.

RESULTS

One hundred rats were included in this study, of which five were used as preliminary
experimental animals. The remaining 95 were used as experimental animals, of which 10
died during the course of the experiment. Eighty-five rats underwent successful middle
cerebral artery infarction. The sham-operated group comprised 15 rats, while the ischemia
reperfusion and ischemia groups comprised 35 rats each. Five rats from each group were
used as pathological models. In the sham-operated group, five rats were used to detect brain
infarct volume and five were used to detect index expression. In the ischemia reperfusion and
ischemia groups, 10 rats were used to detect brain infarct volume and 20 were used to detect
index expression.

Ischemia reperfusion improved neurological deficit
Neurological deficit was examined and scored on a 5-point scale 2 and 26 h after

surgery. Compared with the sham-operated group, the neurological deficit scores in the
ischemia reperfusion and ischemia groups improved significantly (P < 0.05) 26 h after surgery,
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but not after 2 h. The 26-h neurological deficit scores in the ischemia reperfusion group were
higher than those in the ischemia group (P < 0.05; Figure 1).

40

35

B 2n

w
o

14
w

—
w

Neurological Deficit Scores
N
(=)

.
(=}

4
w

0

Sham Ischemia IR
Figure 1. Effect of operation on rat neurological function scores. After ischemia, the 2-h scores in the ischemia and
ischemia reperfusion (I/R) groups were significantly improved compared with the sham-operated group (P < 0.05).
However, the differences between the 2-h scores in the ischemia and I/R groups were not statistically significant (P
> 0.05). At 26 h, the scores in the ischemia and I/R groups were improved compared with the 2-h scores (P < 0.05).
The 26-h scores in the I/R group were higher than in the ischemia group (P < 0.05).

Ischemia reperfusion improved infarct volume

Cerebral infarction was detected by TTC staining (Figures 2 and 3). No infarction was
observed in the sham-operated group. At 26 h, the infarct volume in the ischemia reperfusion group
(42.3 £ 1.33%) was significantly larger than in the ischemia group (33.7 = 3.06%; P < 0.05).

Sham

Ischemia

/R

Figure 2. Photographs showing infarct volume at 26 h after operation. Unaffected brain regions were stained, and
infarct regions were unstained. No infarction was observed in the sham-operated group.
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Figure 3. Infarct volume at 26 h after operation. The infarct volume in the ischemia reperfusion (I/R) group was
significantly larger than in the ischemia group (P < 0.05).

Degree of tissue necrosis increased after reperfusion

Necrotic tissue was not observed in the sham-operated group. In the ischemia group,
necrotic tissue was observed in the zone where blood is supplied by the middle cerebral artery.
The extent of damage was found to be greater in the ischemia reperfusion group than in the
ischemia group (Figure 4).
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Figure 4. Histopathological examination. Damaged neurons, characterized by nuclear pyknosis and karyolysis,
were evident in the ischemia and ischemia reperfusion (I/R) groups. Many vacuoles developed around the neurons.
The I/R group was more seriously damaged than the ischemia group. The microphotographs were produced at a
400X magnification. A. Sham-operated group. B. Ischemia group. C. I/R group.

p38mapk was significantly overexpressed after reperfusion

Immunohistochemistry analysis revealed that few cells were reactive with primary
antibodies against p38mapk in the cortices of rats in the sham-operated group. However, the
number of p38mapk-positive cells increased in the cortices of rats in the ischemic group.
The number of positive cells was significantly greater in the cortices of rats in the ischemic
reperfusion group compared with those in the cortices of rats in the ischemic group. The
differences between the three groups were statistically significant (P < 0.05; Figures 5 and 6).
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Figure 5. p38mapk expression in the cortex of rats after operation. The microphotographs were produced at a 400X
magnification. A. Sham-operated group. B. Ischemia group. C. Ischemia/reperfusion (I/R) group.
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Figure 6. Number of cells expressing p38mapk in the cortex of rats after operation. The level of p38mapk expression
in the ischemia reperfusion (I/R) group was significantly higher than in the other two groups (P < 0.05).

DISCUSSION

Currently, the treatment of choice for cerebral ischemia is early reperfusion. However,
HT, which is a common complication of ischemic stroke, is exacerbated by thrombolytic
therapy. Increased reactive oxygen species, necrosis, and apoptosis can lead to more serious
inflammation injury after reperfusion, and can result in BBB damage. No effective therapeutic
interventions are available to treat HT, and there is a need to develop effective methods to
prevent, predict, and treat it. To this end, the mechanism underlying cerebral hemorrhage
transformation needs to be thoroughly understood. Ischemia reperfusion injury is an important
factor leading to HT, and novel methods to prevent ischemia reperfusion injury have to be
developed to prevent HT (Chen et al., 2014).

The cellular microenvironment, such as the presence of cell damage, and the
concentrations of nutrients, growth factors, and cytokines, can be altered. Cells respond to these
alterations by activating four well-characterized subfamilies of MAPKs: ERK1/2, ERKS, INKs,
and p38s. MAPKs are activated by the central three-tiered core signaling modules: MAPK
kinase kinases (MKKKs), MAPK kinases (MKKs), and MAPKSs (Cuenda and Rousseau, 2007).
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Among the MAPKSs, p38mapk has been implicated in the etiology of a number of
diseases, and it plays an important role in cellular differentiation, cell migration, inflammation,
cancer, cardiovascular dysfunction, Alzheimer’s disease (AD), and Parkinson’s disease
(PD). The EGFR-MAPK pathway can be activated by deoxycholic acid in hepatocytes and
in a number of gastrointestinal cells, including Barrett’s-associated esophageal cells, gastric
cancer cells, cholangiocarcinoma cells, and colon cancer cells. The EGFR-MAPK pathway
plays a role in colon cancer development and metastasis (Centuori and Martinez, 2014).
AD and PD are the most common neurodegenerative diseases. Despite intensive study, the
pathogeneses of AD and PD are poorly understood. Astrocytes in the central nervous system
maintain homeostasis and support neuronal function. However, senescent astrocytes can
activate p38mapk and secrete inflammatory factors. Other clinical studies have found that
phosphorylated p38mapk and phosphorylated JNK levels are significantly increased in AD
and PD patients. Thus, p38mapk may play a role in the etiology of AD and PD (Bhat et al.,
2012; Wang et al., 2014b). p38mapk activation in the cortex has been observed after MCAO,
which in turn activates cytokines such as TNF-a and IL-1p. It has been demonstrated that
TNF-a and IL-1B destroy the structure and function of the BBB. Damage to the BBB results
in cerebral hemorrhage transformation. Therefore, it has been suggested that p38mapk has
a potential role in attenuating the disruption of the BBB following ischemia (Dong et al.,
2013; Wu et al., 2014). In mice, p38mapk contributes to the expression of LPS-induced COX-
2 (an inflammatory mediator). ET-1 induction can also lead to upregulation of the COX-2/
PGE?2 system in brain microvascular endothelial cells by activation of ETB-dependent MAPK
cascades (Lin et al., 2013; Chuang et al., 2014). Based on a clinically relevant experimental
model, it has been demonstrated that activation of both JNK and p38mapk in the rostral
ventrolateral medulla sustains central cardiovascular regulation during progression towards
brain stem death (Chang, 2012).

The role of p38mapk has also been studied in other contexts. Choi et al. (2012) found
that acupuncture can relieve pain by inhibiting reactive oxygen species-induced microglial
activation and inflammatory responses. Activation of p38mapk and ERK is the main cause
of inflammatory responses. Atorvastatin, which may act by downregulating p38mapk and
ameliorating BBB permeability, protects the brain from the damage caused by MCAO at the
early stage. Thus, p38mapk may increase BBB permeability (Cui et al., 2010). Luteolin, which
may act by downregulating p38mapk and upregulating ERK expression, protects the brain
from the damage caused by permanent MCAO (Qiao et al., 2012).

The BBB protects the brain from toxic substances by limiting the entry of unwanted
blood components to the brain. It permits the entry of nutrients and endocrine signals to the
central nervous system through active transport mechanisms and passive diffusion. The BBB
secures the brain’s immune-privileged status by restricting the entry of peripheral inflammatory
mediators such as cytokines and antibodies. The BBB is composed of specialized endothelial
cells of the cerebral microvasculature, surrounding pericytes, astrocytic endfeet, perivascular
macrophages, microglia, the basement membrane, and cell-cell junctions (Keller, 2013;
Najjar et al., 2013; Hsu and Kanoski, 2014; Williams et al., 2014). As mentioned above,
inflammation-mediated damage leads to BBB hyperpermeability, and S100 calcium-binding
protein A4 (S100A4) may play a role in the induction of BBB disruption caused by the
inflammation associated with rheumatoid arthritis. SI00A4 is reported to stimulate expression
and proteolytic activation of matrix metalloproteinases (MMPs) in endothelial cells. MMPs are
known to disrupt the BBB (Nishioku et al., 2011). Microvascular tight junctions (TJs) maintain
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the integrity of the BBB. Hyperpermeability of the BBB in multiple sclerosis is involved in
the pathology of microvascular TJs. Ischemia reperfusion injury elicits a series of events at the
BBB, which in the early phase cause BBB disruption and TJ complex degradation, whereas
in the later phase they are associated with inflammatory processes and cytokine-induced BBB
changes. It has been demonstrated that for most TJ proteins, such as claudin-5, occludin, and
Z0-1, a very specific fragmentation or loss of staining is noted in vessels after MCAO when
they are compared with the corresponding area in sham-operated mice or the contralateral
hemisphere (Kirk et al., 2003; Sladojevic et al., 2014).

The major findings of the current study are as follows. Firstly, the neurological deficit
scores of the ischemia reperfusion group were higher than those of the other two groups.
Secondly, the volume of infarction was larger in the ischemia reperfusion group than in the
other two groups. Thirdly, histopathological examination showed that the extent of damage
was greater in the ischemia reperfusion group than in the other two groups. Fourthly, p38mapk
protein expression was significantly higher in the ischemia reperfusion group than in the other
two groups. p38mapk may, therefore, be one of the causes of ischemia reperfusion injury and
increased cerebral hemorrhage transformation.

A number of reports have studied the role of p38mapk in cerebral infarction. Most
studies have concluded that p38mapk plays an adverse role in cerebral tissue, including the
BBB. However, Yang et al. (2012) have proposed that microglial cells may play a beneficial
role in the central nervous system, and astrocyte-conditioned, medium-induced, brain-derived
neurotrophic factors may be mediated through the p38-MAPK signaling pathway. MMPs
are known to cause BBB breakdown (Shin et al., 2007). Delayed neuroprotection induced
by sevoflurane may be via opening of mitochondrial ATP-sensitive potassium channels and
p38mapk phosphorylation, which indicates that p38mapk is a protective factor in neurons that
have undergone ischemic stimulation (Ye et al., 2012).

However, other studies do not support the conclusions drawn from the three studies
mentioned above. Osteopontin is one of the cytokines involved in vascular inflammation, and
its expression is induced by aldosterone. p38mapk is an intermediary between osteopontin and
aldosterone, and is an inflammatory mediator that can destroy normal tissue (Fu et al., 2012).
Kwon et al. (2013) have demonstrated that aluminum nanoparticles have a neurotoxic effect
on rat brains that is mediated by activation of the p38mapk pathway. Cellphone radiation
exposure can lead to biological interaction, and 3G mobile phone exposure causes a transient
increase in phosphorylation of p38mapk. This in turn leads to mitochondrial dysfunction-
mediated cytochrome c release and subsequent activation of caspases, which are involved in
the process of radiation-induced apoptotic cell death (Kesari et al., 2014).

To conclude, the present study provides evidence that p38mapk is a damage-inducing
factor. A study could be designed using a p38mapk inhibitor to strengthen the conclusions
drawn from the present study. However, it is difficult to establish cellular targets of signaling
pathways associated with cerebral hemorrhage transformation damage. A clearer insight into
the physiological and pathophysiological roles of p38mapk may lead to a better understanding
of cerebral hemorrhage transformation, which in turn may pave the way for the development
of novel approaches for preventing and treating neurological pathologies.
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