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Introduction

Oxidative stress is known as the unbalance between cellular oxi-
dative and antioxidant systems that involves cellular injury and
disruption of redox signaling. The role of oxidative stress has been
well established in many disorders of the CNS, including Alzhei-
mer’s disease (AD) [1], Parkinson’s disease (PD) [2], amyotrophic
lateral sclerosis (ALS) [3], and ischemic stroke [4]. While hyper-
physiological level of reactive oxygen species (ROS) generation is
triggered via diverse mechanisms, compromised antioxidant
responses are also pertinent [5-8]. Excessive ROS that outweighs
the capacity of cellular antioxidant systems can result in the dys-
function of major cellular systems, notably mitochondria and
endoplasmic reticulum (ER) [9,10]. Among the damages caused
by ROS, altered mitochondrial function and ER stress were found
to play important roles in those neural disorders [10,11].
Antioxidant strategies have been extensively investigated in
therapeutics of the various neural disorders [12,13]. Superoxide
dismutase (SOD) mimics are synthesized compounds designed to
mimic endogenous SODs with sufficient activity of superoxide
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SUMMARY

Aims: Oxidative stress is a direct cause of injury in various neural diseases. Manganese por-
phyrins (MnPs), a large category of superoxide dismutase (SOD) mimics, shown universally
to have effects in numerous neural disease models in vivo. Given their complex intracellular
redox activities, detailed mechanisms underlying the biomedical efficacies are not fully elu-
cidated. This study sought to investigate the regulation of endogenous antioxidant systems
by a MnP (MnTM-4-PyP) and its role in the protection against neural oxidative stress.
Methods: Primary cortical neurons were treated with MnTM-4-PyP prior to hydrogen per-
oxide-induced oxidative stress. Results: MnTM-4-PyP increased cell viability, reduced
intracellular level of reactive oxygen species, inhibited mitochondrial apoptotic pathway,
and ameliorated endoplasmic reticulum function. The protein levels and activities of endog-
enous SODs were elevated, but not those of catalase. SOD2 transcription was promoted in a
transcription factor—specific manner. Additionally, we found FOXO3A and Sirt3 levels also
increased. These effects were not observed with MnTM-4-PyP alone. Conclusion: Induc-
tion of various levels of endogenous antioxidant responses by MnTM-4-PyP has indispens-
able functions in its protection for cortical neurons against hydrogen peroxide-induced
oxidative stress.

anion (O3) dismutation and are usually complexed with metal
ions as the redox-active site [14]. Manganese (Mn) complexes,
especially manganese porphyrins (MnPs) are among the most
studied SOD mimics with great potential for clinical applications
[14]. MnPs are characterized by the diversity of their structures
and feasibility of optimization for activity, toxicity, and bioavail-
ability [14]. The efficacies of various MnPs have been confirmed
in models of AD, PD, ALS, cerebral stroke, and other CNS disor-
ders [15]. However, detailed investigations of the mechanism of
action in each case are limited. Explicit elucidation of the mecha-
nisms can be the bottleneck of efforts pursuing the clinical use of
MnPs [15].

Although initially designed as SOD mimics, it is recognized that
no current MnP is fully comparable to endogenous SODs in speci-
ficity and activity in an intracellular context [14,16]. This fact
highlights the importance of endogenous antioxidant systems in
counteracting oxidative stress in pathological conditions. MnPs
have complex redox chemistries that allow them to react with
reactive species other than O3 , cellular reductants such as glu-
tathione (GSH) and other redox-sensitive cellular components
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Figure 1 MnTM-4-PyP increases the viability of primary rat cortical neurons and reduces intracellular ROS levels. (A) Chemical structure of MNTM-4-PyP.
(B) Intracellular manganese (Mn) content in the neurons at different time points after MnTM-4-PyP treatment assayed with inductively coupled plasma
mass spectrometry (ICP-MS). The data represent Mn concentrations in the test samples, which are in direct proportion to the respective intracellular Mn
concentrations at the time points. ***P < 0.001. (C) Cell viability of primary rat cortical neurons with or without MnTM-4-PyP treatment for 24 h prior to
H,0, (30 min) -induced oxidative stress assayed by the AlamarBlue method. (D) Cell viability of the neurons treated with MnTM-4-PyP alone assayed by
the AlamarBlue method. (E) ROS levels in primary rat cortical neurons with or without MnTM-4-PyP treatment prior to H,0-induced oxidative stress were
detected by the fluorescent probes 2/, 7’-dichlorodihydrofluorescein diacetate (DCFH-DA) and dihydroethidium (DHE). Raw images acquired by a confocal
laser scanning microscope (CLSM) are shown. Scale bars represent 100 um. (F) Quantification of fluorescent intensity. In (C, D, and F), ***P < 0.001
compared to control groups; *P < 0.05, #P < 0.01, and *##P < 0.001 compared to H,0, groups. n = 3 for each group or time point in (B-D), n = 5 in (E,

F).

including transcription factors (TFs) [14]; both antioxidant and
pro-oxidant activities can be involved. There are also cases in
which direct reactive species-scavenging cannot account for their
biomedical efficacies [17,18]. Therefore, it is necessary to further
investigate into MnPs’ interaction with cellular redox systems and
their potential impact on cellular antioxidant responses.

Manganese (III) meso-tetrakis (N-methylpyridinium-4-yl) por-
phyrin (MnTM-4-PyP°* or MnTM-4-PyP, Figure 1A) is among the
earliest-discovered MnPs with a log ke,(O3) of 6.58 [19-22].
Other reported reactivities of MnTM-4-PyP involve peroxynitrite
(ONOO™) reduction [23], hypochlorous acid (HOCIl) reduction
[24], and catalase-like activity [25]. Glutathione peroxidase
(GPx)-like activity for peroxide scavenging was also observed in
isolated mitochondria [26], and similarly, O; reductase activity
coupled with GSH redox cycling can be implied [14,27]. However,
reactivity detected in solution such as SOD-like and catalase-like
activity may not be competent in a cellular context [27,28] and
not much is known about its intracellular behavior. Until recently,
MnTM-4-PyP was continually investigated in various CNS disease
models in vivo, including ischemic stroke [29], global cerebral
ischemia [30], PD [31], and epilepsy [32], and positive effects
were observed. We propose that MnTM-4-PyP may be a suitable
candidate for research on the interaction of MnPs with endoge-
nous antioxidant systems in neurons. We also hypothesize that
the potential to regulate endogenous antioxidant responses is
important for the antioxidant effects of MnPs.

In this study, we established the protection of MnTM-4-PyP
against neural oxidative injury using an in vitro model of hydrogen
peroxide (H,0,)-induced oxidative stress in primary rat cortical
neurons. Cell viability, cellular oxidation and functions of mito-
chondrial and ER were inspected. We further investigated the
underlying mechanisms by inspecting its impacts on the various
components of cellular antioxidant systems, including antioxidant
enzymes, redox-responsive TFs, and other regulator proteins of
redox responses.

Methods

Primary Rat Cortical Neuron Culture, MnTM-4-
PyP Treatment, and Oxidative Injury by H,0,

The brains were isolated from postnatal day 1 Sprague-Dawley
rats, and whole cerebral neocortices were dissected. Tissues were
incubated in 0.25% trypsin/EDTA and 30 U/mL DNAse for
15 min at 37°C and then triturated with a Pasteur pipette. The
clumps were removed by filtering. The dissociated cortical
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neurons were cultured in 5 pg/mL poly-L-lysine (Sigma, St. Louis,
MO, USA)-coated wells in Neurobasal-A with B-27 (Life Technol-
ogies, Carlsbad, CA, USA), 0.5 mm L-glutamine (Corning, Corn-
ing, NY, USA), and 1x penicillin—streptomycin. At 7 days in vitro,
cells were treated with various concentrations of MnTM-4-PyP
(Frontier Scientific, Logan, UT, USA) for 24 h, rinsed with PBS for
3 times, and treated with 100 pm H,O, for 30 min. In other exper-
iments, cells were treated with MnTM-4-PyP for 24 h without
subsequent H,O, treatment. Control experiments were performed
with no MnTM-4-PyP or H,O, treatment, and the H,O,-injury
group was treated with 100 um H,O, for 30 min only.

AlamarBlue Cell Viability Assay

The cells treated as described above were assayed for cell via-
bility with AlamarBlue cell viability assay reagent (Life Tech-
nologies). Ten microlitre resazurin solution was added to the
medium, and cells were incubated at 37°C for 12 h. ODsyo—
ODgoo was measured by a microtiter plate reader, and cell
viability was calculated as (OD of test samples)/(OD of control
samples) x 100%.

ICP-MS Assay for Intracellular Manganese
Content

Primary rat cortical neurons were treated with 10 pm MnTM-
4-PyP for 0, 0.1, 0.5, 1, 2, 4, and 24 hours and rinsed with PBS for
3 times. The treated neurons were trypsinized and collected in
centrifuge tubes. After centrifugation, the supernatant was aban-
doned and the pellet was resuspended in 1 mL ultrapure water,
then the manganese content of each sample was assayed by ICP-
MS.

Fluorescent Probes

2/, 7'-dichlorodihydrofluorescein diacetate (DCFH-DA) and dihy-
droethidium (DHE; Life Technologies) were used for determina-
tion of the intracellular ROS levels, JC-1 (Beyotime, Jiangsu,
China) for mitochondrial membrane potential (A¥,,), MitoTrac-
ker Green, and ER-Tracker Red (Life Technologies) for mitochon-
drial and ER labeling, respectively. The treated cells were rinsed
with PBS, incubated with the probes and observed with a confocal
laser scanning microscope (CLSM; Leica, Wetzlar, Germany)
according to the manufacturers’ instructions. At least 5 fields of
views were randomly selected for observation. Data were ana-
lyzed with Leica TCS-NT or ImageJ Software.
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Western Blot

Total protein was extracted from the treated cells with RIPA lysis
buffer (with protease inhibitor cocktail), and the protein concen-
tration was quantified by BCA method. 20 pg total protein from
each sample was used for SDS-PAGE and Western blot according
to standard procedures. The bands were visualized by western
chemiluminescent substrate (Millipore, Billerica, MA, USA). The
optical densities of the bands were quantified using Quantity
One 4.6 software (Bio-Rad, Hercules, CA, USA). Antibodies for
Western blot are as follows: GAPDH, Sirt3, pan Ac-K, p53,
Grp78, Calnexin (Cell Signaling Technology, Danvers, MA,
USA); SOD2, SOD2 Ac-K68 (Epitomics, Burlingame, CA, USA);
SOD1, Catalase, FOXO3A, p-IRE1, p-elF2a (Abcam, Cambridge,
UK); p-Akt, Bcl-xL (Beyotime); goat anti-rabbit or mouse IgG
(H&L)-HRP (GenScript, Piscataway, NJ, USA).

mRNA Quantitation by qRT-PCR

Total RNA was extracted from treated neurons by the Trizol (Life
Technologies) method according to standard procedure and quan-
tified by spectrophotometry. 2.5 pg total RNA for each group was
used for reverse transcription into cDNA with oligo dT primer,
and g-PCR was performed with GoTaq q-PCR Master Mix
(Promega, Madison, WI, USA) and Stratagene Mx3005P qPCR
System (Agilent Technologies, Santa Clara, CA, USA) according to the
manufacturer’s instructions. All transcripts were normalized to B-actin
as internal control. Data were analyzed by MxPro-Mx3005P 4.1
software. The following primers were used: B-actin, forward 5'-
CCGCATCCTCTTCCTCCCT-3/, reverse 5-GCCACAGGATTCCAT
ACCCAG-3’; sodl, forward 5'-CGAGCATGGGTTCCATGTC-3/,
reverse 5'-CTGGACCGCCATGTTTCTTAG-3'; sod2, forward 5'-AT-
TAACGCGCAGATCATGCA-3/, reverse 5-CCTCGGTGACGTTCA-
GATTGT-3'; catalase, forward 5'-ACAACTCCCAGAAGCCTAAG
AATG-3/, reverse 5'-GCTTTTCCCTTGGCAGCTATG-3'.

Preparation of SOD2 Promoter-Luciferase
Reporter Construct and Assay of Transcription
Activity

Sequence correlating to the promoter region of sod2 gene was
amplified by PCR from the genome of HEK293T cell line using the
following primers: forward 5-GCTGGCTCTACCCTCAGCTCAT
AG-3', reverse 5-TGCCGAAGCCACCACAGCCACGAGT-3'. The
sequence was cloned into pGL3 firefly luciferase reporter vector
(Promega). The sod2 promoter-luciferase reporter plasmid and
pGL4.75 luciferase plasmid (Promega) as internal control were
transfected with MegaTran 1.0 transfection reagent (Origene,
Rockville, MD, USA) to C6 glioma cells at moderate confluency in
culture. For assay of transactivational activity of NF-kB or AP-1,
pNFkB-TA-luc or pAP1-TA-luc luciferase reporter plasmid (Beyo-
time) was transfected, respectively. The cells were treated with
MnTM-4-PyP and/or H,O, as described above 24 h after transfec-
tion, and luminescence was detected with dual-luciferase assay
system (Promega) as the manufacturer’s instructions. Values were
normalized to internal control for each group and reported as fold
change to the untreated control group.
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SOD and Catalase Activity Assay

Total protein was extracted from the treated cells as described
in the Western blot section and quantified by BCA method.
Twenty microgram total protein from each sample was
used for SOD activity assay based on the WST method, and
10 pg total protein each was used for catalase activity assay
with kits (Beyotime) according to the manufacturer’s instruc-
tions.

Statistical Analysis

Data are presented as mean £+ SEM for at least three replicates.
Two-tailed unpaired t-test was performed for comparison of two
groups. One-way ANOVA was for comparison of multiple groups,
including for the ICP-MS data. Two-way ANOVA was for the
time-dependent data of JC-1 fluorescent intensity. Dunnett’s post
hoc test was for multiple comparisons. GraphPad Prism 6.0 Soft-
ware (La Jolla, CA, USA) was used. P < 0.05 was considered statis-
tically significant.

Results

MnTM-4-PyP Reduces Intracellular ROS Levels
and Increases the Viability of Rat Cortical
Neurons Subjected to Oxidative Injury

First, we established that MnTM-4-PyP protected cortical neu-
rons against oxidative injury. Primary rat cortical neurons
were treated as described in Methods and then assayed for
cell viability. H,O, treatment decreased the cell viability by
approximately 70% compared with the untreated control, and
the decrease in cell viability was significantly rescued by
MnTM-4-PyP (Figure 1C). This effect did not show a strong
concentration dependence in the range of 0.78-100 pum
MnTM-4-PyP. Treatment with MnTM-4-PyP alone did not
change the viability significantly compared with the untreated
control (Figure 1D), which indicates a minimal influence by
MnTM-4-PyP on the viability of normal cells.

Using inductively coupled plasma mass spectrometry (ICP-
MS), we found an increase in cellular Mn content upon
MnTM-4-PyP treatment. Intracellular Mn content peaked at
approximately 4 hours after treatment and remained nearly
constant throughout 24 h (Figure 1B). This suggests that
MnTM-4-PyP was able to enter the cells and function intra-
cellularly.

To determine the antioxidant activity of MnTM-4-PyP, the
intracellular ROS levels after H,O0,
detected with fluorescent probes. General ROS level, as well
as O; level in MnTM-4-PyP-pretreated cells was signifi-
cantly lower than that in the cells without pretreatment (Fig-
ure 1E, F). Increasing the concentration of MnTM-4-PyP had
a better effect of reducing intracellular ROS, measured by
DCFA-DA and DHE (Figure 1E, F). Additionally,
ment with MnTM-4-PyP alone at a higher concentration did
not alter the basal level of intracellular superoxide (Figure
5D).

treatment were

treat-
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MnTM-4-PyP Inhibits the Mitochondrial
Apoptotic Pathway Triggered by H,0, Treatment

As MnTM-4-PyP reduced ROS and counteracted the H,0,-
induced cellular injury, several major cellular events related
to oxidative stress were investigated to further characterize
the neuroprotection of MnTM-4-PyP. Oxidative stress can
damage mitochondrial structure, disrupt normal mitochondrial
functions, and trigger the mitochondrial pathway of apoptosis
[10]. Mitochondrial morphology was inspected with the Mito-
Tracker fluorescent dye. The tubule network of mitochondria
in normal neurons was disrupted by H,0,, and the disrup-
tion was partly rescued by MnTM-4-PyP pretreatment (Fig-
ure 2A).

H,0, induced mitochondrial depolarization, which typically
occurs at the early stages of apoptosis [10]. We examined
mitochondrial membrane potential (AY¥,) using the fluores-
cent probe JC-1. MnTM-4-PyP pretreatment attenuated the
loss of A¥,, induced by H,O, (Figure 2B). We next examined
Bcl-xL, an antiapoptotic member of the Bcl protein family

z
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[33], and p53, the major mediator of cell fate known to pro-
mote apoptosis [34]. MnTM-4-PyP elevated the level of Bcl-
xL, which was suppressed by H,O, (Figure 2C, D),
whereas the change of p53 level was the opposite. p-Akt,
which is negatively regulate p53 and pro-
mote cell survival, showed a similar change in its level as
Bcl-xL. The above results indicate that MnTM-4-PyP inhibited
the mitochondrial apoptotic pathway initiated by H,O, treat-
ment.

known to

MnTM-4-PyP Effectively Orchestrated Unfolded
Protein Response (UPR) Upon H,0, Treatment

ER is the major organelle for oxidative folding of proteins. Oxida-
tive stress can disrupt ER function, resulting in accumulation of
misfolded proteins (known as ER stress) [9]. The ER of cortical
neurons was labeled with the ER-Tracker dye, and ER morphol-
ogy was inspected. H,O, led to a compromised ER structure while
MnTM-4-PyP pretreatment partly restored the normal morphol-
ogy of ER (Figure 3A).
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Figure 2 MnTM-4-PyP inhibits the mitochondrial pathway of apoptosis. Primary rat cortical neurons were treated with or without MnTM-4-PyP prior to
H,0, treatment. (A) The MitoTracker dye staining for mitochondrial morphology. Scale bars represent 7.5 um. (B) Dynamic change of the fluorescent
intensity of JC-1 monomers after H,O, treatment, which indicates the degree of mitochondrial membrane potential (A¥,,) loss. JC-1 form aggregates
emitting red fluorescence at higher A¥,,, while lowered A¥,, leads to deaggregation into JC-1 monomers which emit green fluorescence. ***P < 0.001.
(C) Western blot assay for Bcl-xL, p53 and p-Akt levels and (D) quantification of band densities relative to the control groups after normalization to GAPDH.
In (D), ***P < 0.001 compared to control groups; P <0.05, *P < 0.01 and ***P < 0.001 compared to H,0, groups. n = 3 for each group.
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Figure 3 MnTM-4-PyP maintains intracellular calcium homeostasis and effectively orchestrates unfolded protein response (UPR). Primary rat cortical
neurons were treated with or without MnTM-4-PyP prior to H,0, treatment. (A) The ER-Tracker dye staining for endoplasmic reticulum (ER) morphology.
Scale bars represent 7.5 um. (B) Western blot assay for UPR-related proteins and (C) quantification of band densities relative to the control groups after
normalization to GAPDH. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to control groups; *P < 0.05, *P < 0.01, and ***P < 0.001 compared to

H,0, groups. n = 3 for each group.

ER stress can trigger a collection of adaptive responses
known as UPR [9,11]. A series of UPR-related proteins were
assayed by Western blot (Figure 3B, C). Upon H,O, treatment,
levels of the UPR transducer p-IRE1
Grp78, and Calnexin were decreased. By contrast, MnTM-
4-PyP pretreatment inhibited or even reversed the decrease in
protein levels, which indicates effective UPR induction. How-
ever, the of p-elF20, another component of UPR,
increased after H,O, treatment and was further elevated by
MnTM-4-PyP.

and ER chaperone

level

MnTM-4-PyP Exhibits Differential Effects on
Levels and Activities of Endogenous Antioxidant
Enzymes

As shown above, the various aspects of the neuroprotection
of MnTM-4-PyP against stress were established.
Next, we explored the mechanisms underlying the antioxida-
tion of MnTM-4-PyP by focusing on the endogenous antioxi-
dant systems. Levels of several antioxidant enzymes including
catalase, SOD1, and SOD2 in cells with or without MnTM-

oxidative

440 CNS Neuroscience & Therapeutics 21 (2015) 435-445

4-PyP treatment prior to H,0,-induced injury were assayed.
Unexpectedly, MnTM-4-PyP pretreatment exhibited differential
effects on the various enzymes (Figure 4A, B). Only catalase
was induced by H,0,, although its enzymatic activity was not
significantly changed (Figure 4D). SOD2 level decreased upon
H,0, treatment. In the MnTM-4-PyP-pretreated group, SOD2
level was efficiently rescued from decreasing, SOD1 level was
increased, whereas catalase level was not significantly affected.
In addition, level of FOXO3A, a TF intensively involved in
antioxidant response [35], exhibited a similar although less
remarkable change as the SODs. Changes in SOD activities
were generally consistent with the respective changes of
enzyme levels (Figure 4D).

mRNA levels of the antioxidant enzymes were quantified by
qRT-PCR (Figure 4C). The result was not in perfect correlation
with that of the protein levels, which is common [36]. We
observed the sod2 mRNA level was elevated by MnTM-4-PyP
pretreatment with statistical significance, similar to the change
of its protein level. By contrast, the mRNA levels of catalase
were suppressed by H,O,, but not elevated by MnTM-4-PyP
pretreatment.

© 2014 John Wiley & Sons Ltd
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Figure 4 MnTM-4-PyP exhibits differential effects on endogenous antioxidant proteins. Primary rat cortical neurons were treated with or without MnTM-
4-PyP prior to H,0, treatment. (A) Western blot assay of catalase, SOD1, SOD2, and FOXO3A levels and (B) quantification of band densities relative to the
control groups after normalization to GAPDH. (C) gRT-PCR assay of mRNA levels of catalase, sod1, and sod2. The values represent fold changes to the
control groups. (D) Assay of SOD and catalase activities. SOD activities are calculated as O; inhibition rate and catalase activity is calculated as activity
units per milligram of total protein, then the data are normalized to those of the control group. (E) C6 glioma cells were treated with or without MnTM-4-
PyP prior to H,0, treatment, and the activities of sod2 promoter, NF-xB responsive promoter, and AP-1 responsive promoter were determined with
luciferase reporter assays. *P < 0.05, **P < 0.01 and ***P < 0.001 compared to control groups; *P < 0.05, **P < 0.01 and *#P < 0.001 compared to
H,0, groups. n = 3 for each group.

As the sod2 mRNA level was increased by MnTM-4-PyP (Figure 4E). We further examined the TF-specific effect on

pretreatment, the transcription of sod2 gene was further sod2 transcription. NF-kB and AP-1 are two well-established
investigated by luciferase reporter assays. The assays were per- classical TFs involved in cellular redox response, and their
formed in C6 rat glioma cells because of the difficulty in neu- binding elements have been identified in the sequences of
ronal transfection. H,O, repressed the sod2 promoter activity, sod2 promoter and/or enhancer [37,38]. However, elevation

whereas MnTM-4-PyP pretreatment inhibited the repression of NF-kB and AP-1-specific transcription by MnTM-4-PyP was
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not observed (Figure 4E), suggesting a minimal involvement
of these TFs in SOD2 induction by MnTM-4-PyP.

MnTM-4-PyP Treatment Alone Does Not
Significantly Induce Endogenous Antioxidant
Responses

MnTM-4-PyP with subsequent H,0, treatment induced endoge-
nous antioxidant responses as indicated above. In addition, we
also inspected the effect of MnTM-4-PyP alone (without H,0,). It
was discovered that neither protein nor mRNA levels of the afore-
mentioned proteins were significantly elevated by MnTM-4-PyP
treatment alone, compared with the untreated control group
(Figure 5). This suggests that noticeable onset of antioxidant
response was absent.

MnTM-4-PyP Induces Sirt3 in Parallel with an
Increase in the Deacetylated form of SOD2

SOD2 activity can be regulated on the level of posttranslational
modification (PTM). Several lysine residues of SOD2, including
K68, have been shown to undergo acetylation/deacetylation. The
deacetylation, mediated by Sirt3, corresponds to increase in SOD2
activity [39-41]. It was found that Sirt3 level was significantly ele-
vated by MnTM-4-PyP (Figure 6A, B). Concomitantly, acetylation
level of SOD2 detected by a site-specific antibody of Ac-K68 and a

K.-Y. Cheng et al.

pan Ac-K antibody did not increase comparably to that of total
SOD2 (Figure 4A, B); thus, the deacetylated form of SOD2 was
increased. This result can be better visualized by the ratio of acety-
lated SOD2 level to total SOD2 level (measured as band density)
in each group (Figure 6C). Additionally, MnTM-4-PyP alone did
not significantly increase Sirt3 level (Figure 5A, B).

Discussion

We hypothesized that modulation or induction of endogenous
antioxidant systems may comprise a major proportion of MnPs’
pharmacology in CNS diseases. This study investigated this issue
using MnTM-4-PyP, a MnP with moderate reactivity toward O3
[22], and discovered that it regulated various levels of antioxidant
response during H,O,-induced oxidative stress in primary rat cor-
tical neurons.

Consistent with previously established in vivo efficacies, we con-
firmed the protective effect of MnTM-4-PyP for primary rat corti-
cal neurons against H,0,-induced oxidative injury, indicated by
the increased cell viability in the MnTM-4-PyP-pretreated group.
The neuroprotection of MnTM-4-PyP was further characterized
by the inhibition of mitochondrial apoptotic pathway and the
amelioration of the disrupted ER function. Mitochondria and ER
are major targets of ROS-induced injury. Excessive ROS damages
the membranes of the organelles and inactivates different pore or
channel proteins. For mitochondria, this leads to the transition of
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—_— — _— —_— —_— (=3
H202 Eg 0.5 0.5 0.5
001 ——— :
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Figure 5 MnTM-4-PyP alone does not induce endogenous antioxidant responses. Primary rat cortical neurons were treated with MnTM-4-PyP alone
(without subsequent H,0, treatment). (A) Western blot assay of catalase, SOD1, SOD2, FOX03A, and Sirt3 levels and (B) quantification of band densities
relative to the control groups after normalization to GAPDH. (C) gRT-PCR assay of mRNA levels of catalase, sod1, and sod2. The values represent fold
changes to the control groups. (D) DHE staining for O, level and quantification of fluorescent intensity. Raw images acquired by a CLSM are shown. Scale
bars represent 100 um. n = 3 per group for Western blot or gRT-PCR, and n = 5 per group for DHE staining.
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Figure 6 MnTM-4-PyP induces Sirt3 in parallel with SOD2 deacetylation. Primary rat cortical neurons were treated with or without MnTM-4-PyP prior to
H,0, treatment. (A) Western blot assay of Sirt3 and acetylated SOD2 levels. A SOD2 Ac-K68 antibody and a pan AcK antibody were used. (B)
Quantification of band densities relative to the control groups after normalization to GAPDH. (C) The ratio of acetylated SOD2 level to total SOD2 level

represented as the ratio of their respective band densities. *P < 0.05,

##p < 0.001 compared to H,0, groups. n = 3 for each group.

membrane permeability, the depletion of A¥,,, and compromised
mitochondrial respiration and initiation of apoptosis [10]; for ER,
ER stress can be induced [9]. These events are relevant in the
aforementioned neural diseases [10,11]. MnTM-4-PyP inhibited
those events caused by H,0,. Notably, H,O, treatment disrupted
ER function, however; the cells did not seem to effectively mount
the UPR as a response. Similar results were reported in rat cortical
neurons that 100 pm H,0, induced severe cell injury and down-
regulated ER stress response [42]. By contrast, MnTM-4-PyP pre-
treatment elevated the levels of several UPR-transducers and ER
chaperones, thus contributing to the counteraction of ER stress.

DCFH-DA and DHE were used as ROS probes in this study.
DCFH-DA is among the most widely used fluorescent probes for
H,0, and oxidative stress. Unfortunately, its reliability is largely
compromised by its promiscuous reactivity [43]. In our case, the
fluorescent intensity of DCF was suppressed by MnTM-4-PyP pre-
treatment. Based on this result, we reason that MnTM-4-PyP
probably exerted antioxidation or other protective effects. DHE,
on the other hand, is a relatively acceptable probe for O [43].
MnTM-4-PyP treatment reduced oxidative stress, which can
account for the aforementioned protective effects. However, it is
not known to what degree the effect is credited to the direct ROS-
scavenging activity of MnTM-4-PyP. MnTM-4-PyP is among an
earlier generation of MnPs as SOD mimics with a suboptimal
structure and kg, for superoxide dismutation [19-21], and current
evidence has not justified any direct ROS-scavenging activity of
MnTM-4-PyP to be significant in cells [16, 28].

© 2014 John Wiley & Sons Ltd

**P < 0.01 and ***P < 0.001 compared to control groups; *P < 0.01 and

Although we were unable to directly investigate the issue, our
results highlighted the indirect effects of MnTM-4-PyP by showing
that endogenous antioxidant response was significantly induced
by MnTM-4-PyP pretreatment (compared with H,O, treatment
alone). Regulation on different levels of redox responses by
MnTM-4-PyP was observed.

Protein levels of SODs were not increased, or even decreased by
100 um H,0, for 30 min, which correlated to several in vivo stud-
ies reporting repressed antioxidant status in acute neural injuries
[5]. MnTM-4-PyP pretreatment remarkably elevated the protein
levels, and enzymatic activities correspondingly increased. Thus, a
possibly incompetent SOD mimic was able to effectively scavenge
O; (indicated by the DHE probe) at least partly by inducing the
endogenous SOD proteins. The different response of catalase will
be discussed later in this article.

On the transcriptional level, the mRNA quantity of sod2 cor-
related well with the protein level. The transcriptional activity
of sod2 gene was specifically elevated by MnTM-4-PyP,
although this was observed in C6 glioma cells. The mRNA lev-
els of sodl and catalase did not correlate well with their
respective protein levels; mRNA levels can be much lower as
in our case, which could be due to the short half-life of mRNA
or negative feedback of transcription [44]. MnTM-4-PyP pre-
treatment also increased the level of FOXO3A, a TF of fork-
head homeobox type O (FOXO) family, whose targets include
the genes of antioxidant proteins [45-47], and is important in
antioxidant responses [35].
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As a regulation on the PTM level, MnTM-4-PyP pretreat-
ment significantly elevated the protein level of Sirt3, a NAD*-
dependent protein lysine deacetylase of the sirtuin family that
mainly localizes to mitochondria [48]. By deacetylating and
activating a large array of proteins involved in mitochondrial
energy metabolism and antioxidation, Sirt3 has a pivotal role
in maintaining normal mitochondrial physiology and reducing
oxidative stress [48]. Specially, Sirt3 deacetylates several lysine
residues of SOD2 including K53, K89, K68, and K122, result-
ing in increased SOD2 activity [40,41,49]. In our study, the
elevated SOD2 activity correlated with the increase in deacet-
ylated form of SOD2 and the concomitant induction of Sirt3
by MnTM-4-PyP. This suggests that SOD2 activity was regu-
lated by Sirt3 in this case. Although induction of Sirt3 by
MnTM-4-PyP points to the possibility that the MnP could
exert a more extensive regulatory effect on endogenous redox
systems via the PTM activity of Sirt3, it remains to be con-
firmed that the deacetylation activities of Sirt3 for various
substrates were elevated.

As elaborated above, various aspects of endogenous antioxi-
dant response were induced by MnTM-4-PyP. We speculate
that the contribution of endogenous antioxidant systems was
indispensable to the antioxidant and protective effect of
MnTM-4-PyP in the neurons. Besides, MnTM-4-PyP appeared
to regulate the endogenous antioxidant systems in a selective
manner, possibly due to the specificity of redox signaling. Con-
trary to SODs, the protein level of catalase was increased by
H,0,, whereas paradoxically the enzymatic activity slightly
decreased. The discrepancy between protein level and activity
may be explained as an inhibition of catalase activity by ROS
[50]. sod2 transcription seemed to be activated with TF speci-
ficity, in that the transcription activation activities of the well-
known redox-responsive TFs, NF-kB, and AP-1 were not
remarkably altered. Previous studies reported that MnPs were
able to inhibit the activation of NF-kB and AP-1, and the inhi-
bition of NF-kB was mediated by the pro-oxidant activity of
MnPs [51-53]. Thus, the redox behavior of MnTM-4-PyP in
our study was possibly different. Indeed MnTM-4-PyP treat-
ment alone did not exhibit an apparent pro-oxidant effect (Fig-
ure 5). Other TFs may be responsible for the elevated sod2
transcription, such as SP-1 and AP-2, whose binding elements
have been identified in the sod2 gene [38]. FOXO3A activation
also upregulates sod2 expression [45], the correlation between
the levels of FOXO3A and SOD2 suggests the role of FOXO3A
in SOD2 induction. Regarding how specific TFs were activated
and antioxidants were differentially induced, further study on
the intracellular redox activity of MnP is needed. Also note
that MnTM-4-PyP appeared to induce the antiapoptotic and
UPR-related proteins at an optimal concentration in the range
of 5-10 pm. Interestingly, the changes in SOD2 and Sirt3 levels
showed a similar pattern of concentration dependence, which
suggests again that endogenous antioxidant responses are asso-
ciated with MnTM-4-PyP’s efficacy. It is possible that a higher
concentration (30 pm) of MnTM-4-PyP was not as efficient in
reducing ROS, although it is sufficient to rescue the decrease
in cell viability (Figure 1C). Investigation of the details of
redox signaling is needed to exactly understand these aspects
of MnTM-4-PyP’s activity.
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Figure 7 Scheme of the antioxidant functions of MNTM-4-PyP in neurons.
In the cellular context, MnTM-4-PyP and possibly other manganese
porphyrins may function both directly as reactive species scavengers
(including via coupling reactions with cellular reductants) and indirectly as
redox modulators that induce or activate diverse layers of antioxidant
responses. This study focused on the indirect functions and discovered
that SODs and Sirt3 were induced by MnTM-4-PyP in neurons, which
contributes to the reduction of oxidative stress and the positive effects
achieved. Details of the redox signaling involved await further
investigation.

Conclusion

This study investigated the regulation of endogenous antioxidant
systems by MnTM-4-PyP and sought to emphasize the contribu-
tion of this effect to the protection of MnTM-4-PyP against neural
oxidative stress (Figure 7). In the in vitro model of H,0,-induced
oxidative stress in cortical neurons, MnTM-4-PyP exhibited an
extensive yet differential impact on various components of endog-
enous redox systems, which was indispensable for the neuropro-
tection of the MnP. However, more detailed mechanisms
underlying the regulatory effect await further investigations. This
study highlights the significance of potential redox regulatory
activities of MnPs and may promote further mechanistic studies
into their biomedical efficacies, especially in CNS diseases. Eluci-
dation of mechanisms will definitely lay the foundation for suc-
cessful clinical applications of MnPs in therapeutics for CNS
diseases.
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