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Manganese elevates manganese superoxide dismutase
protein level through protein kinase C and protein tyrosine

Kinase
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Abstract Three experiments were conducted to
investigate the effects of inorganic and organic Mn
sources on MnSOD mRNA, protein and enzymatic
activity and the possible signal pathways. The primary
broiler myocardial cells were treated with MnCl, (I) or
one of organic chelates of Mn and amino acids with
weak, moderate (M) or strong (S) chelation strength for
12 and 48 h. Cells were preincubated with superoxide
radical anions scavenger N-acetylcysteine (NAC) or
specific inhibitors for MAPKSs and protein tyrosine
kinase (PTK) or protein kinase C (PKC) for 30 min

S.Li-L.Lu-X. Liao - T. Gao - F. Wang -

L. Zhang - X. Luo (I<)

Mineral Nutrition Research Division, Institute of Animal
Science, Chinese Academy of Agricultural Sciences
(CAAS), No. 2 Yuanmingyuan West Road, Haidian,
Beijing 100193, People’s Republic of China

e-mail: wlysz@263.net

S. Li

Department of Animal Science, Hebei Normal University
of Science and Technology, Qinhuangdao 066004,
People’s Republic of China

L. Xi
Department of Animal Science, North Carolina State
University, Raleigh, NC 27695, USA

S. Liu

Key Laboratory of Animal Nutrition and Feed Science of
the Ministry of Agriculture, Guangdong Wen’s Foodstuffs
Group Corporation Ltd., Yunfu 527400, People’s
Republic of China

before treatments of I and M. The MnSOD mRNA,
protein and enzymatic activity, phosphorylated
MAPKSs or protein kinases activations were examined.
The results showed that additions of Mn increased
(P < 0.05) MnSOD mRNA levels and M was more
effective than I. Additions of Mn elevated (P < 0.05)
MnSOD protein levels and enzymatic activities, and no
differences were found among I and M. Addition of
NAC did not decrease (P > 0.05) Mn-induced
MnSOD mRNA and protein levels. None of the three
MAPKs was phosphorylated (P > 0.05) by Mn.
Additions of Mn decreased (P < 0.05) the PTK
activities and increased (P < 0.05) the membrane
PKC contents. Inhibitors for PTK or PKC decreased
(P < 0.05) Mn-induced MnSOD protein levels. The
results suggested that Mn-induced MnSOD mRNA and
protein expressions be not related with NAC, and
MAPK pathways might not involve in Mn-induced
MnSOD mRNA expression. PKC and PTK mediated
the Mn-induced MnSOD protein expression.

Keywords Manganese - Manganese superoxide
dismutase - Mitogen-activated protein kinases -
Protein kinase C - Protein tyrosine kinase - Primary
broiler myocardial cell

Abbreviations

MnSOD  Manganese-containing superoxide
dismutase

ROS Reactive oxygen species
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Mn Manganese

MAPKs  Mitogen-activated protein kinases

p38 p38 Mitogen-activated protein kinase

MAPK

JINK C-Jun N-terminal kinase

PKC Protein kinase C

PTK Protein tyrosine kinase

I Inorganic MnCl,

Qs Formation quotient

w Organic chelates of Mn and amino acids
with weak chelation strength

M Organic chelates of Mn and amino acids
with moderate chelation strength

S Organic chelates of Mn and amino acids
with strong chelation strength

ERK Extracellular-signal-regulated kinase

NAC N-acetylcysteine

Introduction

Manganese superoxide dismutase (MnSOD), a vital
antioxidant enzyme localized in mitochondrial matrix,
catalyzes the dismutation of superoxide radical anions
(ROS) into hydrogen peroxide and oxygen. The
physiological role of MnSOD as a cytoprotective
enzyme has been clearly confirmed by the extremely
short life-span of MnSOD knockout mice, which died
shortly after birth with dilated cardiomyopathy and
neurodegeneration (Li et al. 1995; Lebovitz et al.
1996). Manganese (Mn) as a crucial component of
MnSOD has been proved to be necessary for fast-
growing broilers. Previous in vivo studies from our
laboratory have demonstrated that Mn elevated
MnSOD mRNA and protein levels, as well as the
enzymatic activity in broiler heart (Li et al. 2004,
2005, 2008, 2011; Luo et al. 2007). Moreover, the
organic Mn source chelated with amino acids with
moderate chelation strength was more effective than
inorganic Mn sulfate or the organic Mn sources with
weak or strong chelation strength in activating heart
MnSOD gene expression of broilers at both mRNA
and protein levels (Li et al. 2004, 2005, 2008, 2011;
Luo et al. 2007). Previous in vitro study from our
laboratory also indicated that Mn elevated MnSOD
mRNA and protein levels, and its enzymatic activity in
the primary broiler myocardial cells in dose- and time-
dependent manners (Gao et al. 2011). However, the
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signaling pathways responsible for Mn-induced
MnSOD mRNA and protein expressions in broiler
heart are still unclear. Whether the organic Mn source
with moderate chelation strength mediated the heart
MnSOD gene expression through the same signaling
pathways as inorganic Mn did remains unknown.

One of the central means of regulating gene
expressions is through signal pathways involving
kinase/phosphatase cascades (Sun and Tonks 1994)
The mitogen-activated protein kinases (MAPKSs) are a
group of protein serine/threonine kinases that are
activated in response to a variety of extracellular
stimuli and mediate signal transduction from the cell
surface to the nucleus. Two of the MAPKSs pathways
p38 mitogen-activated protein kinase (p38 MAPK)
and/or c-Jun N-terminal kinase (JNK) have been
implicated to be involved in the signal transduction of
MnSOD gene expression induced by arachidonic acid
(Bianchi et al. 2002) and hepatitis C virus (Qadri et al.
2004). Meanwhile, protein kinase C (PKC) activation
mediates the induction of MnSOD gene expression by
tumor necrosis factor-o (TNF-o) (Karube-Harada
et al. 2001), phorbol esters (Fujii and Taniguchi
1991) and anticancer drugs such as vinblastine and
vincristine (Das et al. 1998). Reactive oxygen inter-
mediates cause an increase in protein tyrosine kinase
(PTK) activity and a decreased synthesis of MnSOD
protein (Brumell et al. 1996). However, whether the
known signal pathways related to MnSOD induction
were involved in the Mn-induced MnSOD gene
expression of broiler heart is unpredictable.

The aim of the present study was to investigate the
effects of inorganic and organic Mn sources on
MnSOD mRNA and protein levels and the possible
signal pathways involved in MnSOD regulation in the
primary broiler myocardial cells.

Materials and methods
Cell culture and treatments

All experimental procedures were approved by the
Office of the Beijing Veterinarians and performed in
accordance with the guidelines. The primary myocar-
dial cells were isolated from the heart tissue of 7-day-
old male Arbor Acres broilers (Huadu Broiler Breed-
ing Corp., Beijing, China) fed the Mn-deficient diet for
7 days as described previously (Gao et al. 2011). The
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cardiac muscles were digested and the isolated cells
were pooled for all tested parameters in each exper-
iment. For treatments with inhibitors of protein
kinases, the primary myocardial cells were seeded
into 100-mm tissue culture dishes (Cat no. 430167,
BD Biosciences), otherwise were seeded into 6-well
plates (Cat no. 353046, BD Biosciences). All cells
were cultured in DMEM/F-12 medium (Cat no.
1344212, Invitrogen) supplemented with 10 % fetal
bovine serum (Cat no. SH30084.03, Hyclone),
200 pmol/L L-glutamine (Cat no. 25030081, Invitro-
gen), 100 units/mL penicillin and 100 pg/mL strepto-
mycin (Cat no. 15140-122, Invitrogen) at 37 °C until
80-90 % confluence. There were 6 replicate cell
culture wells or dishes for each treatment.

The aim of experiment 1 was to determine whether
the effects of inorganic and organic Mn sources on
MnSOD mRNA and protein levels in the primary
myocardial cells in vitro were consistent with our
previous in vivo studies. Our preliminary experiments
showed that cells treated with 0.5 mmol/L inorganic
MnCl, as long as 48 h had similar viability compared
with those not treated with Mn (Gao et al. 2011). The
MnSOD protein level increased from 12 h, while
MnSOD mRNA response occurred after stimulation
with inorganic Mn until up to 24 h and kept on
increasing by 48 h (Gao et al. 2011). Therefore, in
Expt 1, the primary myocardial cells were cultured
with serum-free medium for 12 h, and then treated
with no Mn supplementation (C, medium) or
0.5 mmol/L of Mn as the inorganic MnCl, (I, reagent
grade, Beijing Biochemical Reagent Company, Bei-
jing, China) or one of three organic Mn sources for 12
or 48 h. The three organic Mn sources (chelates of Mn
and amino acids) with weak (W, formation quotient
(Qp) = 2.35 lower than 10, containing Mn 7.49 % and
total amino acids 30.42 %, Zinpro Corp.), moderate
M, Q¢ = 16.85 between 10 and 100, containing Mn
9.06 % and total amino acids 29.09 %, Sanbao
Additive Company, Beijing, China), or strong (S,
Qf = 147.00 between 100 and 1000, containing Mn
10.18 % and total amino acids 45.27 %, Alltech)
chelation strengths were the same as those described
by Li et al. (2011). The Q¢ is a quantitative measure-
ment of chelation strength between Mn and amino
acids according to the shift in half-wave potential (E;,
») in polarography, as described by Holwerda et al.
(1995) and Li et al. (2004). The MnSOD mRNA and
protein levels and the enzymatic activities were

determined after Mn source treatments for 12 and
48 h.

The aim of experiment 2 was to investigate possible
signal pathways involved in MnSOD mRNA regula-
tion by Mn sources. To determine whether MAPKs or
ROS was involved in the transcriptional activation of
MnSOD gene by Mn, the primary myocardial cells
were preincubated in the serum-free medium contain-
ing one of specific inhibitors of p38 MAPK (10 pmol/
L, SB203580, Cat no. S8307, Sigma) (Kujime et al.
2000; Tanaka et al. 2000), JNK (50 nmol/L, JNKII1,
Cat no. J2580, Sigma) (Qadri et al. 2004), and ERK
(30 pmol/L, PD98059, Cat no. P215, Sigma) (Kujime
et al. 2000; Tanaka et al. 2000), or a ROS scavenger N-
acetylcysteine (NAC, 500 pmol/L, Cat no. A9165,
Sigma) (Kujime et al. 2000) for 30 min prior to Mn
treatments. The results in Expt 1 showed that MnSOD
mRNA levels among C and Mn source treatments
differed at 48 h and the organic Mn source M showed
the highest value compared with I and the other two
organic Mn sources, therefore, in Expt 2 cells were
only treated with C or addition of 0.5 mmol/L of Mn
as [ or M for 48 h after inhibitors or NAC treatment.
The mRNA levels and the phosphorylations of
MAPKSs were determined.

The aim of experiment 3 was to investigate possible
signal pathways involved in MnSOD protein regula-
tion by Mn sources. The results in Expt 1 showed that
MnSOD mRNA levels were not increased while the
protein levels were elevated by Mn source treatments
at 12 h, which indicated that the induction of MnSOD
protein expression by Mn was independent of tran-
scription at 12 h. Therefore, the primary myocardial
cells were preincubated with the serum-free medium
containing PTK inhibitor (50 pmol/L, genistein, Cat
no. G6649, Sigma) (Tanaka et al. 2000; Knirsch and
Clerch 2001), PKC inhibitor (1 pmol/L, calphostin C,
Cat no. C6303, Sigma) (Tanaka et al. 2000; Knirsch
and Clerch 2001) or NAC (500 pmol/L) (Kujime et al.
2000) for 30 min before 12 h incubations of
0.5 mmol/L of Mn as I or M. The MnSOD protein
levels and the activation of PTK and PKC were
determined in C or additions of Mn sources.

Determinations of MnSOD mRNA, protein
and activity

At the end of each experiment, the medium was
removed, and the cell monolayers were washed three
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times with ice-cold PBS. Total cellular RNA was
isolated using Trizol reagent (Cat No. 15596-026,
Invotrogen) according to the manufacturer’s instruc-
tions, and the total RNA concentration of each
specimen was estimated by measuring UV light
absorbance at 260 nm with spectrophotometer (ND-
100, NanoDrop Technologies). Briefly, cDNA was
synthesized using the SuperScript® III First-Strand
Synthesis for RT-PCR kit (Cat No. 18080-051,
Invitrogen) with DNA Engine PCR instrument (Bio-
RAD). The MnSOD mRNA level was determined by
relative quantitative real-time PCR using the power
SYBR® Green PCR mater mix kit (Cat no. 4367659,
Applied Biosystems) with ABI Prism 7500 (Applied
Biosystems) as described by Gao et al. (2011). B-actin
was used as an internal control in all reactions. The
primers for MnSOD (accession number: AF299388;
forward, 5-AGGAGGGGAGCCTAAAGGAGA-3/,
reverse, 5'-CCAGCAATGGAATGAGACCTG-3'; pro-
duct length, 215 bp) and B-actin (accession number:
L08165; forward, 5'-GAGAAATTGTGCGTGACAT
CA-3/, reverse, 5'-CCTGAACCTCTCATTGCCA-3';
product length, 152 bp) were used for the amplifica-
tion reactions, respectively.

For MnSOD protein analysis, cells were lysed in
ice-cold lysis buffer (50 mmol/L Tris, pH 7.4, con-
taining 150 mmol/L NaCl, 1 mmol/L. PMSF, 1 mmol/
L EDTA, 1 % Triton x-100, 1 % sodium deoxy-
cholate, and 0.1 % SDS), and then sonicated at 4 °C
for 2 min (2 s with 10 s intervals), and incubated on
ice for 30 min. Lysates were centrifuged at
12,000x g for 5 min at 4 °C. The supernatant was
subjected to western blotting analysis as described by
Gao et al. (2011). Briefly, protein concentrations were
determined by BCA protein assay kit (Cat no. 233225,
Thermo) and 30 pg of protein was electrophoresed in
a SDS polyacrylamide gel (15 % running gels and 5 %
stacking gels). After being transferred to nitrocellulose
membrane (Cat no. 88018, Invotrogen), the proteins
were blotted with primary antibodies for MnSOD (Cat
no. ab13534, Abcam, 1:3000) and B-actin (Cat no.
A2103, Sigma, 1:5000). The secondary antibody was
horseradish peroxidase-goat anti-rabbit IgG (Cat no.
CWO0103, CWBIO, Beijing, China, 1:5000). After
exposition to the Chemiluminescence Western Blot-
ting Kit (Cat no. 32106, Pierce), the bands were
quantitated by using an image analysis system (FR-
980, Shanghai FURI Science & Technology, Shang-
hai, China). B-actin protein was used for calibrating
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protein loading, and fold change was calculated
relative to no Mn supplementation C.

The MnSOD activity was measured by the nitrite
method as described by Li et al. (2004). Cells were
scraped in ice-cold saline after being washed three
times with ice-cold PBS, and then sonicated at 4 °C
for 2 min (2 s with 10 s intervals). Lysates were
centrifuged at 1000 x g for 10 min at 4 °C. The protein
concentrations in supernatants were determined by
BCA protein assay kit (Cat no. 233225, Thermo), and
the MnSOD activities were determined with superox-
ide dismutase typed assay kit by hydroxylamine
method (Cat no. AOO1-2, Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China) according to the
manufacturer’s instructions. The MnSOD activity was
expressed as nitrite units (NU) per milligram of
protein (NU/mg protein), and one NU was defined as
the amount of enzyme needed to obtain 50 % inhibi-
tion of nitrite formation.

Western blot analyses of total and phosphorylated
p38 MAPK, JNK and ERK

Cells were lysed in 500 pL buffer A (10 mmol/L
HEPES, pH 7.9, containing 10 mmol/L KCI, 2 mmol/
L MgCl,, 0.1 mmol/L EDTA, 1 mmol/L DTT,
0.4 mmol/L PMSF, 0.2 mmol/L NaF, 0.2 mmol/L
NaOrthovanadate, 100 pg/mL leupeptin 10 pg/mL
aprotinin, and 10 pg/mL pepstatin). After 15 min of
incubation on ice, 30 pL of buffer B consisting of
10 % NP-40 was added to the cell lysate and mixed
vigorously. Following centrifugation at 14,000 rpm
for 30 s, the supernatant was collected and saved at
—80 °C for Western blot analysis of the MAPK.
Fifteen microgram of cytoplasmic protein was
loaded onto a 10 % SDS-PAGE and then electroblot-
ted onto a nitrocellulose membrane. The membrane
was firstly incubated in the primary antibody for the
phosphorylated form (p-p38MAPK, Cat no. PAIl-
84807, Thermo, 1:100; p-ERK1/2, Cat no. ab76165,
Abcam, 1:200; p-JNK, Cat no. 54390, AnaSpec,
1:200), and then incubated with secondary antibody
conjugated with HRP (Cat no. CW0103, CWBIO,
Beijing, China, 1:5000) and visualized by the Chemi-
luminescence Western Blotting Kit (Cat no. 32106,
Pierce). The membranes were then stripped at 50 °C
for 30 min, and exposed to the antibody of the
nonphosphorylated form of the MAPK (p38MAPK,
Cat no. ab19329, Abcam, 1:200; ERK1/2, Cat no.
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ab79853, Abcam, 1:200; JNK, Cat no. 54389,
AnaSpec, 1:200). The data were expressed as relative
ratios of the densitometry units of phosphorylated
MAPKSs to total MAPKSs in each experimental group
compared with those of the C group.

Determination of intracellular activation of PKC

The monolayers were resuspended in lysis buffer
(25 mmol/L. Tris, pH 7.4, containing 0.5 mol/L
sucrose, 2 mmol/L. PMSF, 20 mmol/L 2-mercap-
toethanol, 4 mmol/L. EDTA, and 1 mmol/L. EGTA,
and 0.02 % leupeptin), sonicated, centrifuged at
100,000x g for 60 min at 4 °C, and the cytosolic
fraction was collected. The pellet was sonicated in the
buffer with 1 % Triton X-100 and centrifuged for
10 min at 14,000x g at 4 °C to obtain the supernatant
(membrane fraction). Equal amounts of cytosolic or
membrane protein (30 pg) were subjected to SDS/
PAGE and Western blot analysis with PKC antibody
(Cat no. ab69531, Abcam, 1:2000), and detected by
chemiluminescence as described in MnSOD protein
determination.

PTK activity assay

The monolayers in dishes were lysed in 1 mL freshly
prepared lysis buffer (50 mmol/L HEPES, pH 7.4,
containing 1 % Triton X-100, 10 % glycerol, 1 mmol/
L dithiothreitol, and 1 mmol/LL activated sodium
vanadate, 1 mmol/L. benzamidine, 10 pg/mL apro-
tinin, 10 pg/mL leupeptin, and 2 pg/mL pepstatin) for
15 min at 4 °C. The cell lysate was centrifuged at
10,000x g for 15 min at 4 °C. PTK activity in the
supernatant was measured using Protein Tyrosine
Kinase Assay Kit (Cat no. PTK101, Sigma) in a
96-well microtiter plate according to the manufac-
turer’s instructions. The PTK activity was expressed
as the activity units per milligram of protein (U/mg
protein).

Statistical analysis

Values were expressed as mean + SEMs of the 6
replicate wells or dishes (n = 6). Data were analyzed
by 1-way ANOVA using the GLM procedure of SAS.
When ANOVA was significant, a Fisher PLSD test
was applied to compare the differences between
means. The replicate well or dish served as the

experimental unit. Statistical

detected at P < 0.05.

significance was

Results

Effect of Mn source on MnSOD mRNA, protein
and enzymatic activity

In Expt 1, the additions of Mn sources did not increase
(P > 0.05) MnSOD mRNA levels when cells were
treated with each of Mn sources for 12 h (Fig. 1a). The
MnSOD mRNA levels were increased (P < 0.05) to
1.74, 2.06, 2.23 and 1.66 compared to C (0.91) when
cells were treated with I, W, M or S for 48 h,
respectively. The MnSOD mRNA level in M group
was higher (P < 0.05) than those in I and S groups. No
differences were observed (P > 0.05) between M and
W or among I, W and S. The MnSOD protein levels
(Fig. 1b) and MnSOD enzymatic activities (Fig. 1c)
were increased (P < 0.05) by the Mn source additions
at 12 and 48 h. No differences (P > 0.05) were
observed in MnSOD protein levels or enzymatic
activities among the four Mn sources at either 12 or
48 h. These results indicated that MnSOD mRNA
level was more sensitive than MnSOD protein level or
enzymatic activity in discriminating the differences
among the four Mn sources, and M was more effective
than I and S in inducing MnSOD mRNA expression.
In addition, the MnSOD protein level was independent
of transcriptional regulation when cells were treated
with Mn for 12 h.

Possible signal pathways involved in the Mn-
induced MnSOD transcription

In Expt 2, the MnSOD mRNA levels were increased
(P <0.05) by I and M compared with the Mn-
unsupplemented C of medium as shown in Expt 1
(Fig. 2a). Additions of the three MAPKSs inhibitors or
NAC in the Mn-unsupplemented C did not affect
(P > 0.05) MnSOD mRNA levels. The mRNA levels
were higher in Mn-treated cells compared with C, and
the M-treated cells had higher (P < 0.05) MnSOD
mRNA level than [-treated cells when NAC was added
to the cultures. The MnSOD mRNA levels in I were
not decreased (P < 0.05) by the additions of each
MAPKSs inhibitor, however, no differences in MnSOD
mRNA level were observed (P > 0.05) between I and
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Fig. 1 Effect of Mn source on MnSOD mRNA (a), protein (b),
and enzymatic activity (c¢) in Expt 1. The primary myocardial
cells were treated with Mn un-supplementation (C, filled square)
or 0.5 mmol/L of Mn as the inorganic MnCl, (I, m) or one of
three organic Mn sources with weak (W, 8), moderate (M, o) or
Strong (S, @) chelation strengths for 12 or 48 h. All data were
expressed as mean + SE. * °P < 0.05 compared with the
corresponding C and among Mn sources. *P < 0.05 between C
in the two time-points

M. Compared with C, the phosphorylations of the
three numbers of MAPKs were not affected
(P > 0.05) by each of Mn sources, as well as MAPKs
inhibitors (Fig. 2b). These results suggested that the
MnSOD mRNA expression induced by I or M might
not be through activation of p38 MAPK, ERK or JNK
pathway, as well as superoxide anions.
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Fig. 2 Effects of MAPK inhibitors or ROS scavenger on Mn-
induced MnSOD mRNA levels (a) and MAPKSs phosphorylation
(b) in Expt 2. The primary myocardial cells were preincubated
with inhibitors for p-38 mitogen-activated protein kinases
(MAPK) (SB203580, 10 pmol/L), c-Jun N-terminal kinase
(JNK) (INKII, 50 nmol/L), extracellular-signal-regulated
kinase (ERK) (PD98059, 30 umol/L), or N-acetylcysteine
(NAC, 500 pmol/L) for 30 min before 48-h treatment of Mn
un-supplementation (C, filled square) or 0.5 mmol/L of Mn as
inorganic MnCl, (I, M) or organic Mn source with moderate
chelation strength (M, ). All data were presented as the
mean + SE. * PP < 0.05 compared with the corresponding C
and between I and M. The figures in a, b, and c of B indicate the
relative abundances of phosphorylated MAPKs to MAPKs
compared with the Mn-unsupplemented C

Protein kinases and the Mn-induced MnSOD
translation

In Expt 3, the MnSOD protein levels were increased
(P <0.05) by I and M compared with the Mn-
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unsupplemented C of medium as shown in Expt 1
(Fig. 3a). The addition of calphostin C did not affect
(P > 0.05) the MnSOD protein level, but genistein
increased (P < 0.05) and NAC decreased (P < 0.05)
the MnSOD protein levels in the Mn-unsupplemented
C. The MnSQOD protein levels were higher (P < 0.05)

«Fig. 3 Effects of PTK and PKC inhibitors or ROS scavenger on
Mn-induced MnSOD protein levels (a), PTK activities (b) and
PKC activations (c) in Expt 3. The primary myocardial cells
were preincubated with inhibitors for PTK (genistein, 50 pmol/
L), PKC (calphostin C, 1 pmol/L) or N-acetylcysteine (NAC,
500 pmol/L) for 30 min before 12-h incubation of Mn un-
supplementation (C, filled square) or 0.5 mmol/L of Mn as
inorganic MnCl, (I, m) or organic Mn source with moderate
chelation strength (M, m). All data were presented as the
means £ SE. * °P < 0.05 compared with the corresponding C
and between I and M. *P < 0.05) compared with Mn un-
supplementation (C) without inhibitor

in Mn treatments when the cells were cultured with
addition of NAC compared with the corresponding C.
There were no differences (P > 0.05) in MnSOD
protein level among C and the two Mn sources when
genistein or calphostin C was added into media. The
PTK activities were decreased (P < 0.05) when cells
were treated with Mn sources compared with the Mn-
unsupplemented C medium, respectively (Fig. 3b).
Compared with the Mn-unsupplemented C of med-
ium, addition of calphostin C or NAC did not affect
(P > 0.05) PTK activity, but addition of genistein
decreased (P < 0.05) PTK activity in Mn-unsupple-
mented C. No decreases in PTK activity were
observed (P > (0.05) in Mn-treated cells when either
genistein or calphostin C was added to the media,
however, the PTK activities were lower (P < 0.05) in
Mn treatments than in C when NAC was added to the
media. The membrane PKC proteins in Mn-treated
cells were increased (P < 0.05) compared with the
Mn-unsupplemented C medium, in which the mem-
brane PKC protein in M was higher (P < 0.05) than
that in I (Fig. 3c). Additions of genistein, calphostin C
or NAC did not affect membrane PKC proteins in their
corresponding C. The membrane PKC proteins were
higher (P < 0.05) in Mn-treated cells than in C cells
when genistein or NAC was added into the media,
however, there were no differences (P > 0.05) in
membrane PKC proteins among C and the two Mn
sources when calphostin C was added. These results
indicated that Mn might elevate MnSOD protein level
through the activations of PKC and PTK pathways,
which was not correlated with ROS.

Discussion

Our results in Expt 1 revealed a close relationship
between Mn sources and MnSOD mRNA and protein
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levels and enzymatic activities, which was consistent
with our previous in vivo studies (Li et al. 2004, 2005,
2008, 2011; Luo et al. 2007). These results further
confirmed that the organic Mn source with moderate
chelation strength is more effective than other Mn
sources in regulation of MnSOD gene expression. As
found in our preliminary myocardial cell cultural
experiment (Gao et al. 2011), the disparity between
MnSOD mRNA and MnSOD protein levels at 12 h of
Mn treatments further indicated that the Mn-induced
MnSOD gene expression in the primary broiler
myocardial cells could be modulated at transcriptional
and translational levels, or the stabilities of synthe-
sized mRNA and protein.

Although MnSOD gene is highly inducible by
various stimuli triggering oxidative stress, such as
TNF-o (Fujii and Taniguchi 1991), 12-O-tetrade-
canoylphorbol-3-acetate (TPA) (Whitsett et al. 1992),
and irradiation (Akashi et al. 1995), the induction of
MnSOD protein expression by MnCl, in human breast
cancer Hs578T cells was not inhibited by superoxide
scavenger 5, 5-dimethyl-1-pyrroline-1-oxide or ROS
scavenger NAC (Thongphasuk et al. 1999). Our
results that the MnSOD mRNA levels of Mn-treated
cells in Expt 2 were not decreased by NAC suggested
that Mn-induced MnSOD mRNA expression or
stability might not be related with ROS in heart cells.
The results that MnSOD protein level of Mn-unsup-
plemented C in Expt 3 was decreased by NAC
suggested that cellular MnSOD protein level depend
on ROS. However, the results that MnSOD protein
levels of Mn-treated cells were not affected by NAC
compared to the corresponding C suggested that Mn-
induced MnSOD protein expression or stability might
be independent of ROS.

The signaling pathways involved in MnSOD
induction may be stimulant-dependent and cell type-
specific. Both JNK and p38 MAPK contributed to the
regulation of MnSOD expression by hepatitis C virus
(Qadri et al. 2004), but it did not occur in the induction
of MnSOD expression by TNF-a (Rogers et al. 2001)
or LPS (White et al. 2000). PKC mediated the TNF-a-
induced MnSOD transcription in human endometrial
stromal cells (Karube-Harada et al. 2001) but not in
human kidney cells (Daniel et al. 1995). Signaling
transductions responsible for Mn have almost been
focused on the toxic effect of Mn on catecholamin-
ergic rich pheochromocytoma (PC12). A low-level
Mn exposure led to activation of MAPK kinase and the
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subsequencial activation of JNK (Hirata and Kazu-
toshi 1998; Ramesh et al. 2002; Wise et al. 2004),
resulting in a cytotoxic effect on neuronal function.
However, induction of MnSOD gene expression by
MnCl, may not be through the reducing property of
Mn(II) and the Mn-induced cell killing was not caused
by induction of MnSOD gene expression in human
breast cancer Hs578T cells (Thongphasuk et al. 1999).
Our results in Expt 2 that the phosphorylations of the
three numbers of MAPKs were not activated by the
two Mn sources suggested that p38MAPK, JNK or
ERK signaling pathway might be not involved in the
Mn-induced MnSOD transcriptional modulation in the
primary broiler myocardial cells. The additions of
MAPKSs inhibitors resulting in the decreases in
MnSOD mRNA levels in M-treated cells but not in
I-treated cells indicated that organic Mn source M
might have an interaction with MAPKSs on the MnSOD
gene transcriptional regulation. The exact mechanism
need to be further investigated.

Kinase/phosphatase signal transduction cascades
are also critical in the regulation of the activity of
initiation and elongation factors in the control of
protein synthesis (Rhoads 1999). Inhibition of PTK
increases MnSOD RNA-binding protein activity and
MnSOD protein expression without change in
MnSOD mRNA level (Knirsch and Clerch 2001).
Hyperoxia (Sheth et al. 1997) or reactive oxygen
intermediates (Brumell et al. 1996) causes an increase
in PTK activity and PTK inhibitor genistein attenuated
the H,O,-mediated increase in protein tyrosine phos-
phorylation (Natarajan et al. 1996). Our results in Expt
3 that Mn increased the MnSOD protein level along
with the lower PTK activities in Mn-treated cells
suggested that Mn might induce MnSOD protein
expression in heart by activation of tyrosine phos-
phatase pathway.

Because PKC inhibitor also reduced the elevation
of Mn-induced MnSOD protein level, we detected the
PKC activation in Mn-treated cells. In general, PKC is
located in the cytosol of unstimulated cells. After
stimulation, PKC is translocated to the membrane
region (Martelly and Castagna 1989). Hence, translo-
cation of PKC to the membrane fraction provides one
indicator of its activation. In the present study, we
found that the inductions of MnSOD protein by the Mn
sources were in according with the elevations of
membrane PKC levels. This observation implied that
activation of PKC might mediate the Mn-induced
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MnSOD protein expression. Meanwhile, PKC inhibi-
tor calphostin C also inhibited the decrease of PTK
activities in Mn-treated cells, suggesting that PTK
might be a downstream mediator in the Mn-induced
MnSOD protein expression by PKC in broiler heart.
Organic Mn source M was more effective in the PKC
activation than I, implied that PKC was also a sensitive
indicator in distinguishing the effectiveness of M in
MnSOD gene expression regulation. These findings
could provide a new strategy for controlling cellular
MnSOD protein level with nutrients.

In conclusion, the Mn-induced MnSOD mRNA and
protein expressions were not correlated with ROS. Mn
might exert its control on MnSOD protein expression
regulation through PTK/phosphatase signal transduc-
tion pathway, in which PKC might be the upstream
mediator. No significant differences were found in
signal pathways between I and M. The present study
reveals a novel role of Mn in Mn-induced MnSOD
gene expression modulation through protein kinases.
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