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Introduction

Ischemic stroke is caused by glucose and oxygen deficiency result-
ing from the reduction or complete blockage in blood flow to the
brain. The three primary natural causes of ischemia are thrombo-
sis, embolism, and systemic decrease in blood perfusion [1]. At
present, the risk of intracranial hemorrhagic transformation limits
the use of thrombolytic therapy [2]. Increased levels of reactive
oxygen species (ROS), including superoxide radical (O3), hydro-
gen peroxide (H,0,), and hydroxyl radical (OH ), are major
causes of tissue injury after cerebral ischemia, because they cause
destruction of cellular proteins, lipids, and DNA and disruption of
normal cellular signaling and gene regulation [3]. O3 is of particu-
lar importance. Compelling evidence has indicated that cerebral
ischemia and traumatic brain injury can cause increased O3 for-
mation, which is considered a component of acute brain injury
[4,5]. The interaction of O; with nitric oxide produces peroxyni-
trite, a highly toxic molecule that causes further tissue damage
and is considered as the trigger molecule for apoptosis after an
ischemic stroke [6]. As ROS precursors, hydrogen peroxide
(H,0,) can induced apoptotic cell death so that H,O,-induced
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SUMMARY

Aims: Manganese superoxide dismutase (MnSOD), one of the most crucial antioxidant
enzymes in the central nervous system, is thought to be one of the major mechanisms by
which cells counteract the injuries of reactive oxygen species after cerebral ischemia. In this
study, we used a novel synthesized compound (MnTm4PyP) with highly effective superox-
ide dismutase activity to study the therapeutic potential of MnSOD and the possible under-
lying mechanisms in cerebral ischemia. Methods: Primary cultured cortical neurons were
used to examine the protective effect of the compounds. Mice with middle cerebral artery
occlusion were used as ischemic stroke animal model. Animals were pretreated with
MnTm4PyP intravenously 30 min before surgery. At 24 h after surgery, neurological
behavior and histological function were observed. Infarcted cortex tissues and cultured
neurons were collected for investigation of the oxidative stress signaling pathways. Results:
In vitro studies revealed that MnSOD mimic MnTm4PyP pretreatment significantly
increased viability of neurons after injury by H,O,. Intracellular superoxide radical levels
were eliminated. In vivo experiments demonstrated MnTm4PyP pretreatment reduced
infarct volume and improved neurological function. The MnSOD mimic alleviated oxidative
stress and apoptosis. Conclusion: MnSOD is an effective therapeutic target in ischemic
stroke prevention because of its antioxidant effects and oxidative stress regulation.

apoptosis serves as a valuable model for the studies of neuropro-
tection related to oxidative stress.

Numerous studies have focused on the therapeutic efficacy of
various antioxidant compounds in both animal models and
humans [7-10]. However, concerns about the bioavailability of
these compounds have not been resolved yet [11,12]. Superoxide
dismutase (SOD) is an endogenous enzyme that is part of the first
line of defense through its elimination of O; by converting it into
H,0, and O,. SOD enzymes have been shown to reduce ischemic
and traumatic brain injuries, thus leading to the recent renewal of
interest in upregulating the synthesis of different SODs [13-15].
In addition, manganese superoxide dismutase (MnSOD or SOD2)
knockout mice have exhibited neonatal lethality from neurode-
generation and cardiomyopathy [16,17]. Previous studies have
demonstrated that MnSOD deficiency exacerbates cerebral infarc-
tion after cerebral ischemia and that reperfusion after cerebral
ischemia significantly reduces the expression of MnSOD [18,19].
This cause-and-effect relationship between MnSOD and cerebral
ischemia implies that MnSOD could be an effective therapeutic
target for the treatment of stroke. Overexpression of MnSOD has
been shown to be neuroprotective [20]. However, the properties
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of the enzyme (e.g., low oral activity, immunogenicity because of
nonhuman sources, and short half-life) largely limit its application
as a therapeutic target.

Manganese porphyrins were synthesized as a new class of low
molecular weight antioxidants that mimic the high catalytic effi-
ciency of MnSOD in scavenging for O3 . In this study, we tested
the capability of MnTm4PyP and MnTPPS (see Figure 1) to mimic
the enzymatic function of MnSOD. Their neuroprotective effects
and the possible underlying mechanisms were investigated using
primary cultured cortical neurons and middle cerebral artery
occlusion (MCAO) mice.

Materials and Methods
Materials

Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine
serum (FBS) were purchased from Gibco BRL (Gaithersburg, MD,
USA). Cell Titer 96® AQueous MTS reagent and Cyto Tox 96 Non-
radioactive Cytotoxicity Assay Kit were acquired from Promega
(Madison, WI, USA). Dihydroethidium (DHE), 2',7'-dichlorofluo-
rescein-diacetate (DCFH-DA), and Fluo-3 AM were obtained from
Invitrogen (Paisley, UK); antibodies against caspase-3, f-actin,
and cytochrome ¢ were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibodies against C/EBP homologous
protein (CHOP) were obtained from Cell Signaling Technology
(Danvers, MA, USA).

Synthesis of Manganese Porphyrins

Metal-free  porphyrins—Tetrakis(1-methylpyridinium-4-yl)por-
phyrin p-Toluenesulfonate (Tm4PyP) and Tetraphenylporphyrin
Tetrasulfonic Acid Hydrate (TPPSH)—were obtained from TCI
Chemicals (Tokyo, Japan). Manganese complexes were prepared
by metallation of the porphyrin ligands as described previously
with some modifications [21,22]. Briefly, porphyrin was added to
manganese acetate in water (1:20) at 80°C. The reaction was
monitored by UV-visible spectroscopy until the completion of
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Figure 1 Chemical structure of MnSOD mimics.
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metallation. To prepare Mn(III)Tm4PyP, the PF6 salt of the man-
ganese complex was precipitated from the solution with the addi-
tion of NH4PF¢. The compound was then dissolved in acetone and
tetrabutylammonium chloride solution was added, leading to the
formation of the chloride salt of porphyrin. The precipitate was
washed thoroughly with acetone and dried in vacuo at room tem-
perature. Mn(III)TPPS was prepared by acidification of the solu-
tion to pH 3 with 1 N HCI, chromatography on a Dowex 50-WX8
cation exchange column, and dialysis against water for 2 days.
The solution was evaporated to recover the product. Anal. Calcd
(Found) for Mn(III)Tm4PyPCl5.2H20 was C 55.92 (55.75), H
4.27 (4.38), N 11.86 (11.72); for Mn(III)TPPSH4Cl+5H20 was C
47.46 (47.62), H 3.44 (3.29), N 5.03 (5.09).

Primary Cortical Neuron Culture and Cell
Viability Assay

Primary cortical neuronal cultures were prepared as described pre-
viously [23,24]. Eighteen-day-old embryonic Sprague Dawley rats
were sacrificed, and cortex tissues were obtained quickly. Tissues
were incubated in 0.25% trypsin at 37°C for 15 min and then trit-
urated with a Pasteur pipette. Clumps were removed by filtering.
Cortical neurons were cultured in poly-p-lysine (5 pg/mL)-coated
wells in DMEM (10% FBS, 100 U/mL penicillin, 5 mM 4-(2-hy-
droxyethyl)-1-piperazineethanesulfonic acid, and 500 ng/mL insu-
lin) at 37°C and 5% CO,. Three days after plating, 10 ug/mL of
cytarabine was added to the culture medium to reduce the num-
ber of glia. The medium was changed every 3 days. Experiments
were performed after cells were maintained in culture for 9 days.
Cells were treated with different concentrations of MnSOD
mimics for 30 min, washed twice, and then treated with 100 uM
of H,O, for 18 h. Cell viability was measured by a colorimetric
assay using Cell Titer 96° AQueous MTS reagent. Half maximal
effective concentration (EC50) was analyzed using the Originpro
software (Version 8.0; Originlab, Northampton, MA, USA).

Drug Treatment and Animal Ischemic Stroke
Model

This study was conducted using the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of
Health. All experimental protocols were approved by the Animal
Care and Use Committee of the Peking University. Animals were
supplied by the Laboratory Animal Center of the Peking Univer-
sity Health Science Center (Beijing, China). Adult male C57BL/six
mice (20-25 g) were housed under diurnal lighting conditions
and allowed food and water ad libitum. They were randomly
divided into three groups: control group (sham, n = 6), MCAO
group treated with natural saline (vehicle, n = 6), and MCAO
group with MnTm4PyP treatment (MnTm4PyP, n = 6). In the
drug-treated group, 1.5 mg/kg of MnTm4PyP was administered
via intravenous (IV) injection 30 min before MCAO. Mice in the
vehicle group received 1.5 mg/kg of 0.9% NaCl IV 30 min before
MCAO. After drug treatment, stroke was induced in mice through
transtemporal coagulation as described previously [25]. Briefly,
mice were anesthetized with 3.5% chloral hydrate (0.1 mL/10 g,
i.p.). A 1-cm skin incision was made in the midpoint the between
left eye and left ear, and a burr hole was drilled through the
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temporal skull using a high-speed microdrill. After the removal of
the dura mater, bipolar electrocoagulation forceps (ERBOTOM,
ERBE, Germany) were used to permanently occlude the exposed
left middle cerebral artery. The wound was closed using stitches.
Body temperature was kept at 37°C using a heating blanket. The
same operation was performed on the sham group, except for the
absence of MCAO.

Measurement of Intracellular O, and H,0,
Levels

Dihydroethidium and DCFH-DA were used to detect intracellular
O and H,0, levels, respectively. Primary cultured neurons were
treated with 5 uM of MnTm4PyP for 30 min, washed twice, and
then treated with 100 uM of H,O, for 2 h. After three washings
with PBS, cells were incubated with DHE or DCFH-DA at 37°C for
30 min and then washed twice. Cells were observed under a
laser-scanning confocal microscope (Leica, Heidelberg, Germany),
with fluorescence intensity corresponding to the levels of intracel-
lular H,0,. Fluorescence intensity data were analyzed using the
Leica TCSNT software.

Neurological Behavior and Histological Studies

Mice were sacrificed 24 h post-MCAO. The brain was collected
and sliced into six coronal sections (2 mm thick). They were
stained with 0.1% of 2,3,5-triphenyltetrazolium chloride (TTC) in
natural saline at 37°C for 30 min and postfixed with 10% forma-
lin for 2 h. Images of the sections were scanned, and infarcted
areas were measured by the Scion Image software (Ver. 4; Scion
Corporation, Frederick, MD, USA). Hematoxylin and eosin (HE)
staining assays were performed to observe the neuropathology as
described previously [26]. Terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) assays were carried out
to detect apoptotic cells in situ according to the method described
in [27].

To evaluate neurological behavior after stroke, the neurological
deficit scoring system with a scale of zero to five was utilized [28].
In addition, the body swing test was performed to measure motor
asymmetry [29]. Briefly, the mouse was held by its tail, and the
direction of the swings made by the mouse was recorded. Move-
ment of the mouse head sideways beyond 10° from the body’s
midline was considered a swing direction. Tests were repeated 20
times for each animal, and the animal was allowed to move freely
for 30 second before retesting.

Measurement of Intracellular Ca%* Levels

Fluo-3 AM was used to observe the continuous changes in cellular
Ca** levels as described previously [30]. Briefly, primary cultured
neurons were treated with 1 or 10 uM MnTm4PyP for 18 h. Cells
were incubated with 5 uM Fluo-3 AM at 37°C and washed with
Earle’s Balanced Salt Solution. Cellular Ca** was observed using a
laser-scanning confocal microscope with an excitation of 488 nm
and an emission of 526 nm. Seven visual fields were randomly
selected for observation. The basal level was determined after
2 min of observation. Then, 100 uM H,0, was added to the
medium, and changes in intracellular Ca®* levels, represented by
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Fluo-3 fluorescent intensities, were observed for 10 min without
interruption. Data from five experiments were analyzed using the
Leica TCSNT software.

Western Blot analysis

Western blot was performed as described previously [31]. Briefly,
tissue samples were derived from the infarct tissue of MCAO mice
brain. Cultured cells were pretreated with 1 or 5 uM MnTm4PyP,
followed by H,0, treatment for 18 h. Tissue samples and cultured
cells were washed with cold PBS and lysed using NP-40 lysis buf-
fer. Proteins were determined using the Bradford assay. Equal
amounts of total proteins (20 ug) were electrophoresed on an SDS
—PAGE gel and transferred to a PVDF immunoblotting membrane.
The membrane was blocked with 5% nonfat milk in TBST (TBS
with 0.02% of Tween-20, pH 7.5) for 1 h and then incubated
overnight at 4°C with primary antibodies diluted in TBST
(1:1000). The membrane was incubated with HRP-conjugated
secondary antibodies (1:6000) at 37°C for 1 h and was visualized
using an enhanced chemiluminescent detection kit (Applygen
Technologies, Beijing, China). Optical band densities were
quantified using the Gel-Pro Analyzer software.

Statistical Analysis

Data are presented as mean = SD. Multiple comparisons were
performed using the Student’s #-test function of the SPSS software
(Version 16.0; SPSS, Chicago, IL, USA). A probability of P < 0.05
was considered statistically significant.

Results

Neuroprotection of MnSOD on Primary Cultured
Cortical Neurons

The neuroprotective effects of MnSOD mimics on H,0,-induced
neurotoxicity were examined through MTS assay of primary cul-
tured cortical neuron exposed to H,O,. Results (Figure 2A)
showed that 18 h of H,O, (100 uM) treatment markedly
decreased the viability of primary cultured cortical neurons com-
pared with the untreated control group. Pretreatment of cells with
MnTm4PyP (3.2-100 uM) increased cell viability in a dose-depen-
dent manner compared with the H,O, group. MnTPPS exhibited
minimal neuroprotective effects. The dose-effect curve (Figure 2B)
revealed that MnTm4PyP had dose-dependent neuroprotective
behavior at low concentrations (0.78-50 uM). At concentrations
above 50 uM, the protective effect declines, and the half-effective
concentration is approximately 5 uM. Thus, we determined that
MnTm4PyP is an effective compound that displays high MnSOD
activity and used it in subsequent experiments.

Levels of Intracellular O, and H,0, were
Reduced by MnSOD mimic

Primary cultured cortical neurons were used to evaluate the abil-
ity of the MnSOD mimic to scavenge for intracellular O;. Repre-
sentative laser-scanning confocal microscope images of neurons
stained with DHE or DCFH-DA are shown in Figure 3. Neurons
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Figure 2 Protective effects of MNSOD mimics on H,0x-induced toxicity in
primary cortical neuron cultures. Cell viability was evaluated using the
MTS assay. (A) Neurons were treated with different concentrations of
MNnTPPS or MnTm4PyP before exposure to H,0, for 18 h. (B) Protective
effects of MnTm4PyP on H,0,-induced toxicity. Values represent
mean + SD in separate experiments (n = 5). *P <0.05, *P <0.01
compared with the H,0, group.

were loaded with DHE after treatment with 100 uM H,O, for 2 h
(Figure 3A). Levels of intracellular O; markedly increased com-
pared with the control group. In contrast, the levels of intracellu-
lar O3 in neurons treated with 5 uM of MnSOD mimic before
H,0, treatment were significantly reduced compared with the
H,0, group. The bright field images showed a morphologically
superior integration of synapses of the neurons in the MnTm4PyP
group, suggesting that MnSOD mimic treatment attenuated the
apoptosis and necrosis induced by H,O,. MnSOD mimic treatment
slightly reduced intracellular H,O, levels (Figure 3B).

MnSOD Mimic Ameliorated Neuropathology and
Improved Neurological Function

2,3,5-Triphenyltetrazolium chloride staining of mice in the
sham group who underwent a similar operating procedure 24 h
postsurgery except for the absence of left MCAO did not reveal

814 NS Neuroscience & Therapeutics 18 (2012) 811-818

H.-F. Huang et al.

any infarct area (Figure 4A). An infarct area was observed in the
left cortex (28.70 £+ 4.94% of the hemisphere) of mice in the vehi-
cle group treated with 0.9% NaCl. In the MnTm4PyP treatment
group, infarct volume was significantly decreased (13.06 + 2.57%
of the hemisphere) compared with the vehicle group. Infarct vol-
ume was reduced from 28.70 + 4.94% to 13.06 = 2.57% after
1.5 mg/kg of MnTm4PyP treatment 30 min before MCAO. The
ischemic cerebral cortex of mice in the vehicle group exhibited
marked tissue damage, as indicated by condensed, irregularly
shaped nuclei (Figure 4B). Tissue damage was ameliorated in
MnTm4PyP group mice. The amount of TUNEL-positive apoptotic
cells was remarkably decreased in the MnTm4PyP group
compared with the vehicle group (Figure 4C).

We utilized the neurological scoring system and swing test to
evaluate neurological function (Figure 5). Mice from the sham
group did not display any neurological deficit, and their neurolog-
ical score is zero. In contrast, mice in the vehicle group had the
highest neurological deficit score, which concurs with the results
of our infarct volume measurements and histological studies.
MnTm4PyP treatment could rescue the neurological deficit score.
Similarly, mice from the sham group did not show any motor
asymmetry. The swing rate (53.03 = 5.74%) was close to the the-
oretical value of 50%. The vehicle group had a rate of
93.38 + 4.58%, suggesting severe motor asymmetry. Treatment
with the MnSOD mimic reduced the neurological deficit to
60.27 £ 6.83% (Figure 5B). These findings demonstrate that the
MnSOD mimic has a neuroprotective effect on MCAO mice in
terms of neuropathology and neurological function.

MnTm4PyP Ameliorated Oxidative Stress In vitro
and In vivo

MnTm4PyP can reduce intracellular O3 levels and is potentially
neuroprotective. Western blot analysis was performed to study
the mechanisms underlying this neuroprotective effect. Cortical
tissues for molecular analysis were collected from brains with
MCAO-induced injury in the ipsilateral cortex (Figure 4A).
Expression levels of cleaved-caspase-3, cytochrome ¢, and CHOP
in the MnTm4PyP group were markedly reduced compared with
the vehicle group (Figure 6A). Furthermore, in vitro analysis
revealed that MnTm4PyP can attenuate the H,O,-induced
increase in these oxidative markers in a dose-dependent manner
(Figure 6B). We investigated the expression of ER stress hallmark
GRP78 because we previously found that ER stress is usually
involved in oxidative stress in neurons.

Because disturbed intracellular Ca®* homeostasis is closely
related to oxidative stress and ER stress, changes in the cytosolic
Ca’* levels of neurons were tested (Figure 6C). Cytosolic Ca®* lev-
els remained at base line in the group treated with MnTm4PyP for
18 h compared with the control group. After the addition of H,0,,
cellular Ca** levels remarkably increased. For cells treated with
MnTm4PyP, after the immediate increase upon treatment with
H,0,, cellular Ca?" decreased in a dose-dependent manner.
Within 10 min of observation, neurons treated with 10 uM
MnTm4PyP had comparatively normal Ca** homeostasis com-
pared with the H,O, injury group. This finding suggests that nor-
mal Ca?* homeostasis would not be interrupted when neurons are
protected by the MnSOD mimic. Results indicate that ER stress is

© 2012 Blackwell Publishing Ltd
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Figure 4 Neuroprotective effects of the
MnSOD mimic in ischemic stroke. (A) The
infarct area of each group was evaluated by

2,3,5-triphenyltetrazolium chloride staining. (B)

Hematoxylin and eosin staining of infarcted
cortex. (C) Terminal deoxynucleotidyl

transferase-mediated dUTP nick end labeling-

positive cells in infarcted cortex. Quantitative
analyses of infarct volume by Scion Image
software. Values represent mean + SD of
separate experiments (n = 6). ¥**P < 0.01
compared with the vehicle group.
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Figure 5 Neuroprotective effects of MNTm4PyP on neurological function
in ischemic stroke. (A) Neurological deficit score. (B) Motor asymmetry
evaluation. Values represent mean =+ SD of separate experiments (n = 6).
**P < 0.01 compared with the vehicle group.

not markedly influenced by MnTm4PyP protection based on the
markers of ER stress and intracellular Ca®* level.

Discussion

The core brain tissue in ischemic stroke that is exposed to the most
dramatic reduction in blood flow is severely injured and subse-
quently undergoes necrotic cell death. The necrotic core is sur-
rounded by a zone where less severely affected tissue is rendered
functionally silent by reduced blood flow but remains metaboli-
cally active. This region represents an opportunity for therapy and
is referred to as the “ischemic penumbra” [3,32]. Mechanisms
such as increased O3 production, elevated Ca?" by excitotoxicity,
and inflammatory responses are vital in ischemia [33]. Increased
levels of ROS are major causes of tissue injury after cerebral ische-
mia, particularly O3 levels. These findings suggest that MnSOD,
the first-line-of-defense enzyme for scavenging O3, can be an
effective therapeutic target.

Hence, we used low molecular weight compounds that mimic
MnSOD activity to observe the potential of MnSOD as a treatment
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target for stroke. MnTm4PyP eliminated O in a concentration-
dependent behavior, whereas MnTPPS possessed a relatively
lower MnSOD activity. These findings are consistent with previ-
ous reports [12]. We cultured cortical neurons for in vitro assays to
examine the protective effect of MnSOD mimics against H,O,-
induced neuronal injury. Results showed that MnTm4PyP has
better protective effects than MnTPPS in the H,0,-induced neuro-
nal injury model (Figure 2A). These findings indicate that
MnTPPS has lower neuroprotective activity than MnTm4PyP,
probably due to its relatively low MnSOD activity and its inability
to penetrate the membrane because of its high negative charges.
Further studies of MnTm4PyP using this model suggested that it
has dose-dependent neuroprotective effects (Figure 2B). There-
fore, we selected MnTm4PyP as the more suitable MnSOD mimic
for the evaluation of the therapeutic potential of MnSOD in
subsequent experiments.

A specific probe for testing intracellular O; was used to deter-
mine whether MnTm4PyP can function as an O; elimination
agent. Results suggest that MnTm4PyP can scavenge O; with high
efficacy and efficiency (Figure 3A). Interestingly, we also
observed slightly reduced intracellular H,O, levels (Figure 3B),
which is consistent with the previous reports that MnTm4PyP is a

© 2012 Blackwell Publishing Ltd
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mimic of both SOD and catalase [34,35]. The efficiency of
MnTm4PyP O; elimination was higher than that of H,O, reduc-
tion. Our findings can be used to design new analogs that possess
high efficiency in eliminating both O3 and H,O, levels.

We then examined the protective potential by which the
MnSOD mimic affects MCAO mice. As shown in Figures 4 and 5,
a left MCAO causes infarction in the cortical after TTC staining.
Histological studies showed obvious tissue damage, while the
TUNEL assay suggested the marked presence of apoptotic cells in
the infarcted cortex. Mice with MCAO suffered severe neurologi-
cal deficit and lacked motor symmetry. Treatment with the
MnSOD mimic at 1.5 mg/kg 30 min before MCAO significantly
ameliorated infarct volume, tissue damage, and apoptosis. The
resulting neurological function impairment was alleviated com-
pared with the vehicle group, indicating that the MnSOD mimic
possesses protective properties in cerebral ischemic stroke.

To understand the molecular mechanism through which
MnSOD protects neurons, Western blot analysis was performed to
verify the regulation of oxidative stress. Cerebral ischemia resulted
in the opening of mitochondrial transition pores, which resulted
in the release of normally sequestered proapoptotic proteins, such
as cytochrome ¢, from the intermembrane space into the cytosol
[36]. Findings suggest that cytochrome c is significantly increased
in the infarct cortex of MCAO mouse and that MnSOD mimic
treatment alleviates this increase in cytochrome ¢ (Figures 6). Cas-
pase-3 has been identified as a key mediator of apoptosis in animal
ischemic stroke models [3]. In this study, we observed a significant
upregulation of the active form of caspase-3 in the infarct cortex
of MCAO mice. Consistently, the MnSOD mimic attenuated the
increase in active caspase-3 levels after MCAO, indicating that
MnSOD may be involved in mitochondrial ROS production and
its protective role after permanent ischemia. MnSOD can inhibit
mitochondrial cytochrome c release to cytosol, thereby preventing
apoptosis. Thus, it functions as an endogenous mitochondrial anti-
oxidant after permanent cerebral ischemia. CHOP, also known as
Gadd153, is a downstream proapoptotic gene that can be induced
by severe ER stress via the ATF6, IRE1, and PERK-elF2a pathways
[37]. Although the exact role of CHOP in mediating apoptosis is
not fully understood, this molecule may act as a proapoptotic tran-
scription factor that can be induced by severe ER and oxidative
stresses [38]. Findings of this study suggest that treatment with
the MnSOD mimic can ameliorate the upregulation of CHOP in
the infarcted cortex.

Our previous study on oxidative stress-induced ER stress indi-
cated that the upregulation of CHOP may be a sign of ER stress
involvement. Thus, we performed an in vitro assay to examine
whether ER stress is involved in MnSOD neuroprotection in this
study. Similar to in vivo results, treatment with H,O, of primary
cultured neurons resulted in significant upregulation of cyto-
chrome ¢ and CHOP. The MnSOD mimic also attenuated the
increase in their expression levels. Glucose-regulated protein 78
(GRP78, also known as binding immunoglobulin protein Bip) is
the hallmark of ER stress [30,31]. Results of this study suggest that

© 2012 Blackwell Publishing Ltd
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GRP78 expression after MnSOD treatment is not significantly dif-
ferent compared with the H,O,-treated group, indicating that
MnSOD does not disturb the homeostasis of the ER.

Sustained elevations and excessive calcium influx of cytosolic
Ca”" is considered to be a major cause of cell death [39,40]. ER
stress, including upexpression of XBP1 and ER-resident chaperone
GRP78, would be triggered following cell exposure to calcium ion-
ophores [41,42]. By releasing Ca®* from ER reservoirs and taking
up Ca?* from the cytoplasm, the ER is responsible for cellular Ca**
homeostasis [39]. A steady Ca>* level in the ER lumen is crucial
not only for Ca?* related signal transduction but also for protein
synthesis [43]. An interruption in Ca”* level affects many ER
functions, including protein folding, quality control and protein
degradation [44]. Excessive modification of cellular Ca** has been
reported to result in ER stress and cell death [45,46]. Results of
this study showed a remarkable increase in cytoplasm Ca>* levels
after H,0, treatment because of oxidant-induced (e.g. superoxide
and hydroxyl radicals) calcium influx through voltage-gated cal-
cium channels [47]. The MnSOD mimic effectively scavenges for
cellular superoxide and hydroxyl radicals, thus contributing to the
inhibition of early calcium overload state induced by oxidants.
Long-term Ca®* levels normalized in the presence of the MnSOD
mimic in the culture medium probably due to the inactivation of
the influx of extracellular Ca?* and possible ER stress, as evi-
denced by the levels of the ER stress hallmark GRP78. Our find-
ings indicate that MnSOD may be a good treatment target because
of its noninvolvement in Ca®* homeostasis and severe ER stress.

This study demonstrates the neuroprotective properties of
MnSOD in vitro and in vivo. (1) MnSOD, as a direct antioxidant,
can significantly scavenge for intracellular O; and maintain ROS
levels within the proper oxidative environment. (2) MnSOD is
involved in mitochondrial ROS production and the mitochondrial
protective role after permanent ischemia by inhibiting the release
of mitochondrial cytochrome ¢ to the cytosol, thereby preventing
apoptosis. (3) MnSOD can reduce the expression of CHOP, which
is a proapoptotic transcription factor induced by ER stress that
mediates DNA damage. However, the specific mechanism through
which MnSOD regulates mitochondrial functions, oxidative stress,
and apoptosis, as well as MnSOD regulation, requires further
investigation. Findings of this study indicate that MnSOD is an
effective therapeutic target for cerebral ischemic stroke treatment.
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