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Abstract

Contractility of the heart is impaired with advancing age via mechanical remodeling, as myocytes 
are lost through apoptosis and collagenous fibers accumulate. Exercise training confers 
protection against fibrosis and apoptosis in the aging heart, but the mechanisms remain poorly 
understood. We recently reported that exercise training elevates Mn isoform of superoxide 
dismutase (MnSOD) in the aging heart, concomitant with reduction in oxidative stress and 
fibrosis. Here, we tested the hypothesis that overexpression of MnSOD would be causal in 
protection against fibrosis and apoptosis in the aging heart. Hearts were extracted from young 
(8  months) wild-type, young mice overexpressing the Sod2 (MnSOD) gene, old (28  months) 
wild-type, and old transgenic mice. Left ventricle MnSOD protein levels were elevated in 
young mice overexpressing the Sod2 (MnSOD) gene and old transgenic mice. MnSODTg mice 
exhibited lower oxidative stress (total hydroperoxides, 4-hydroxynonenal, and 8-isoprostane) 
in the old group. Age-related cardiac remodeling and fibrosis was mitigated in MnSOD Tg mice 
with reductions in extramyocyte space (−65%), collagen-I, and transforming growth factor-β. 
Pro-apoptotic markers Bax (−38%) and caspase-3 cleavage (−41%) were reduced and apoptosis 
(terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling-positive nuclei, DNA 
laddering) was mitigated in MnSOD Tg hearts compared with old wild-type. We conclude that 
MnSOD elevation is indeed protective against oxidative stress, fibrosis, and apoptosis in the 
aging heart.
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Aging reduces cardiac function due to impaired Ca2+ homeostasis 
(1,2) and progressive structural remodeling. Age-related remod-
eling includes the loss of cardiac myocytes, a product of increased 

apoptosis and necrosis as well as reduced replacement by progeni-
tor cells (3–5). Indeed, the loss of cardiac myocytes increases expo-
nentially with advancing age in the heart, although the impact may 
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be gender-dependent (5,6). For example, aging resulted in approxi-
mately 30% reduction in the number of cardiac myocytes in 70-year-
old man (7). In addition, remaining cardiac myocytes experience 
reactive hypertrophy, and there is an accumulation of connective 
tissue (ie, fibrosis) (8). Increased fibrotic tissue reduces cardiac filling 
and enhances the risk of chronic heart failure (2).

Previously, we reported that treadmill exercise training reduced 
age-induced apoptosis and remodeling in the rat heart (4). In a 
follow-up study (5), we reported that exercise training reduced col-
lagenous fibrosis that was associated with aging. Collagen-I and 
upstream regulatory proteins tissue inhibition of metalloprotein-
ase-1 and transforming growth factor-β (TGF-β) were lower in the 
hearts of exercise trained rats. Treadmill exercise training also upreg-
ulated the mitochondrial cell protective Mn isoform of superoxide 
dismutase (MnSOD) and reduced oxidative stress in the aging heart 
(9). However, the causal relationship between elevation of MnSOD 
in the aging heart and reduction in fibrosis and apoptosis in the 
aging heart is unknown.

MnSOD is an essential antioxidant enzyme located in the mito-
chondrial matrix, protecting proteins, lipids, and DNA. MnSOD 
catalyzes the dismutation of superoxide anion (O2•

−) produced in 
the mitochondrial inner membrane to hydrogen peroxide (H2O2) 
(10,11). MnSOD has been shown to confer cardioprotection in a 
number of models. For example, homozygous MnSOD (Sod2−/−) 
knockout mice exhibit impaired mitochondrial enzyme and high sus-
ceptibility to oxidative mitochondrial injury (12,13). Furthermore, 
Sod2−/− mice have enlarged hearts with dilated left ventricles (LV), 
leading to early postnatal mortality (12). In addition, the heterozy-
gous MnSOD (Sod2−/+) knockout mouse expresses a phenotype 
characterized by impaired mitochondrial enzyme activity and res-
piration (14). Moreover, the Sod2−/+ mouse has a higher probability 
of permeability transition pore opening (15) and oxidative damage 
to mitochondria (16) than wild-types (WT). In contrast, overexpres-
sion of MnSOD in transgenic mice appears to protect against oxida-
tive stress, mitochondrial oxidative capacity, apoptosis, and in liver, 
brain, and skeletal muscle (10,17–19).

Exercise enhances stress response including enhancement of 
MnSOD (20), heat-shock proteins (19), and insulin-like growth 
factor-1 (1,3). Indeed, upregulation of stress proteins may abrogate 
apoptosis and remodeling in the heart. Elevation of MnSOD is an 
attractive protection-mechanism of habitual exercise against fibrosis 
and apoptosis in the aging heart because inducibility of MnSOD by 
exercise training is retained with age (9). Exercise may also attenu-
ate redox-sensitive inflammatory cytokines (21), which stimulate 
cardiac remodeling.

A primary source of elevated oxidative stress in the aging heart 
is believed to be complexes I and III of mitochondrial electron trans-
port chain of the inner mitochondrial membrane (22). Furthermore, 
elevation of mitochondrial oxidative stress is associated with mito-
chondrial dysfunction (22,23). Indeed, age-related elevation of oxi-
dative stress has been linked to pro-apoptotic proteins (eg, Bax, Bad, 
Bid) resulting in increased permeability transition pore opening and 
subsequent activation of caspases-9 and -3 (21).

Therefore, we tested the hypothesis that overexpression of 
MnSOD (Sod2 Tg) would attenuate age-related remodeling. 
Specifically, we postulated that old MnSOD Tg would exhibit sig-
nificantly lower levels of cardiac oxidative stress, fibrotic markers 
(collagen-I, TGF-β), and apoptosis (Bax, caspase-3 cleavage, termi-
nal deoxynucleotidyl transferase-mediated dUTP nick-end labeling 
[TUNEL]-positive staining, DNA fragmentation) compared with 
old WT.

Methods

Animals
The Sod2 transgenic (Tg) mice overexpressing MnSOD used in this 
study were obtained from Dr. Epstein’s Laboratory (24). A  13-kb 
genomic Sod2 clone isolated from C57BL/6J mice, which encom-
passed 2 kb of the native Sod2 promoter, was used to generate Sod2 
Tg mice. Subsequent generations of Sod2 Tg mice were bred by mat-
ing male Sod2 Tg mice to female C57BL/6J WT, purchased from 
Jackson Laboratories (Bar Harbor, ME). Animals were cared for 
at the University of Texas Health Science Center at San Antonio in 
accordance with National Institutes of Health and the institutional 
animal care committee standards. An animal use protocol had been 
approved by the University of Texas Health Science Center at San 
Antonio for all procedures used in the study. Male WT and Sod2 
Tg mice were housed four per cage in a temperature-controlled (23 
± 2°C) room with a 12:12-h light–dark cycle. Water and mouse 
chow were provided ad libitum. Young adult (8 months) and old 
(28 months) mice were divided into the following groups: young 
adult (8 months) WT (YWT; n = 10), young adult MnSOD Tg (YTg; 
n = 10), old (28 mo) WT (OWT; n = 10), and old MnSOD Tg (OTg; 
n = 10) mice.

Tissue Preparation
Before collecting the heart, mice were euthanized using a CO2 cham-
ber followed by cervical dislocation. The LV was quickly extracted, 
weighed, and placed in ice-cold phosphate-buffered saline (PBS; 
pH = 7.4). The LV samples were then frozen in liquid nitrogen and 
stored at −80°C until analysis. We focused on the LV because it is 
the primary target in the aging heart with increased apoptosis and 
remodeling (5,9).

Homogenization Procedure
To measure markers of oxidative stress and the protein levels of 
apoptotic signaling, LV samples were minced into fine pieces and 
homogenized (20:1 w/v) in ice-cold (4°C) lysis buffer solution 
(pH  =  7.4) containing the following: 20 mM (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid), 350 mM NaCl, 20% glycerol, 1% 
Igepal-CA630, 1 mM MgCl2, 0.1 mM dithiothreitol, 0.5 mM ethyl-
enediaminetetraacetic acid, 0.1 mM ethylene glycol tetraacetic acid, 
and protease inhibitor cocktail (Roche Applied Science, Penzberg, 
Germany). Minced LV were homogenized using a ground glass on 
ground glass homogenizer (Bellco Biotechnology, Vineland, NJ) at 
4°C, and then twice centrifuged (4°C) for 10 minutes at 10,000g 
with the supernatant extracted. Total protein was determined using 
a BCA assay kit (Pierce Biotechnology, Rockford, IL).

Histology and Immunofluorescence
In our histological experiments, cross-sections of the LV were cut 
(10 µm thick) in a cryostat (Thermo-Fisher, Shandon Cryotome FSE) 
at −15°C, placed on slides, and air-dried for 30 minutes. Hematoxylin 
and eosin staining was conducted at room temperature and utilized 
to localize cardiomyocyte nuclei, extramyocyte space, and geometry. 
Hematoxylin (QT) was also used as a counterstain for visualization 
at room temperature.

In order to conduct immunofluorescence staining, sections were 
first dried for 30 minutes and then fixed in acetone (−20°C) for 10 
minutes. Sample slides were next blocked with 10% serum of the 
secondary antibody with Tris-buffered saline (100 μL) for 30 min-
utes after three washes with PBS with Tween-20. After air drying 
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for 10 minutes, primary antibodies (1:100 dilution) for collagen-I 
(SC-25974; Santa Cruz Biotechnology, Santa Cruz, CA), TGF-β1 
(MAB240; R&D systems, Minneapolis, MN), and laminin (L9393; 
Sigma, St. Louis, MO) were applied and incubated for 60 minutes 
in blocking buffer at room temperature. After three 10 minutes 
washes in PBS, sections were incubated in the appropriate second-
ary antibody (1:200 dilution) with a fluorochrome attached (eg, 
goat anti-rabbit Alexa Fluor 488 and goat anti-mouse Alexa Fluor 
594; Invitrogen, Carlsbad, CA) for 30 minutes at room tempera-
ture. Sections were then washed three times in PBS and air-dried 
for 20 minutes. Samples were covered with 1.2-mm cover slide with 
ProLong mounting medium (Invitrogen). Collagen-I, TGF-β1, and 
laminin for all groups were completed in single day runs under the 
same conditions. Images were captured on an Olympus inverted epif-
luorescence microscope (IX51) fitted with a ×20 objective (numerical 
aperture: 0.45). Microscope and camera settings were kept constant 
throughout the process for each protein assessed using the Q-capture 
system. Images were quantified using the NIH ImageJ (Version 1.46) 
analysis program.

Oxidative Stress Markers
We measured total hydroperoxides as a marker of oxidative stress 
using the xylenol orange technique with FeSO4 (250 µM) in sulfuric 
acid (25 mM) reacting with xylenol orange (100 µM) (25). The prin-
ciple relies on the oxidization Fe2+ to Fe3+ when hydroperoxides are 
reduced. Ionized sulfuric acid assists in the reduction and prevents 
spontaneous reaction of Fe2+ with xylenol orange, unless oxidized by 
hydroperoxides first. The Fe3+ then reacts with the xylenol orange 
to form a Fe3+–xylenol complex and changes to a purple color. 
Absorbance of the purple Fe3+–xylenol complex was measured at 
580 nm. Concentrations of hydroperoxides were quantified against a 
t-butyl hydroperoxide standard curve.

8-Isoprostane was determined using a Cayman EIA kit. 
4-Hydroxynonenal was assessed using a modified Western blot 
analysis.

DNA Fragmentation
Histone-associated DNA fragmentation was assessed using a cell 
death detection ELISA (Roche Applied Science). About 20 µL from 
supernatant was transferred into a microplate and 80  µL of the 
immunoreagent was added to each well, followed by gentle shaking 
of the plate for 2 hour at 25°C. Then, 100 µL of ABTS solution was 
pipetted to each well, and the solution was incubated on a plated 
shaker at 250 rpm until the color development was sufficient for a 
photometric analysis (10 minutes). Finally, we measured absorbance 
of the oxidized ABTS solution at 405 nm (reference wavelength of 
490 nm), using a microplate reader (Spectra Max 190; Molecular 
Devices).

TUNEL-Positive Staining
TUNEL evaluation of myonuclei positive for DNA strand breaks 
was determined using fluorescence detection (Roche Applied 
Science). Cross-sections of LV were cut (10 µm) in cryostat (−15°C), 
and then fixed in 4% paraformaldehyde for 20 minutes at room 
temperature in a Coplar jar. Sections were then permeabilized with 
0.1% Triton X-100 in 0.1% sodium citrate for 20 minutes at 4°C. 
The TUNEL reaction mixture containing terminal deoxynucleotidyl 
transferase, fluorescein-dUTP was added to the sections in 50-µL 
drops and incubated for 60 minutes at 37°C in a humidified cham-
ber in the dark. The sections were rinsed three times in PBS for 5 

minutes each and mounted in Vector antifade media with 4,6-diami-
dino-2-phenylindole to tag all nuclei. Sections were then visualized 
with a fluorescence microscope (Axiophot2; Carl Zeiss, Thornwood, 
NY) with parallel positive control (DNase-I) and negative controls 
(label solution only). TUNEL-positive nuclei were then counted on 
multiple sections of the LV.

Western Immunoblot
Protein levels for MnSOD, 4-hydroxynonenal adducts, Bax, and 
cleaved caspase-3 were determined by Western immunoblot analysis, 
in a manner similar to the outline mentioned previously (4). About 
30 µg of LV homogenate were loaded on 10% polyacrylamide gels 
and electrophoresed using a Bio-Rad Protein III gel system. Briefly, 
solutions for separating gel (375 mM Tris–HCl; pH  =  8.8; 0.4% 
sodium dodecyl sulfate; 10% acrylamide) and stacking gel (125 mM 
Tris–HCl; pH = 6.8; 0.4% sodium dodecyl sulfate; 10% acrylamide 
monomer) solutions were made, and polymerization was then ini-
tiated by tetramethylethylenediamine and ammonium persulfate. 
Separating and stacking gels were then quickly poured into a Bio-
Rad Protein III gel-box (Bio-Rad, Hercules, CA). LV homogenates 
in sample buffer (Tris pH = 6.8 with 2% sodium dodecyl sulfate, 
30 mM DTT, 25% glycerol) were then electrophoresed at 150 V for 
50 minutes. The gels were then transferred at 30 V overnight onto 
a nitrocellulose membrane. Membranes were blocked in 5% nonfat 
milk in PBS with 0.1% Tween-20 for 6 hours. After blocking, mem-
branes were incubated at room temperature in blocking buffer for 
overnight with the appropriate primary antibodies in blocking buffer: 
MnSOD (1:10,000, SC-7977; Santa Cruz Biotechnology), 4-hydrox-
ynonenal (1:1,000, #393206; Calbiochem, San Diego, CA), Bax 
(1:200, SC-6236; Santa Cruz Biotechnology), and cleaved caspase-3 
(1:500, #9661; Cell Signaling Technology, Beverly, MA). Following 
three membranes washings in PBS containing 0.1% Tween-20, mem-
branes were then incubated in horseradish peroxidase–conjugated 
secondary antibodies for 1 hour. An enhanced chemiluminescence 
detection system (Amersham-Pharmacia Biotech., Piscataway, NJ) 
was used for visualization.

To ensure equal loading of protein, Ponceau-S staining was 
performed for each membrane. In addition, membranes were 
stripped and reprobed for glyceraldehyde-3-phosphate dehydroge-
nase (1:5,000, RGM2; Advanced Immunochemical, Long Beach, 
CA) to verify equal loading among lanes as an internal control. 
Densitometry (ie, area times grayscale relative to background) was 
performed using a Kodak film cartridge and film. NIH Image J anal-
ysis software was used for quantification of the blots.

Statistics
Data are presented as mean ± standard error of the mean. Two-way 
analysis of variance with Fishers-least significant difference used 
post hoc where appropriate were used to determine the existence 
of mean differences among test groups. Analysis of variance with 
Tukey’s post hoc test was used for analyzing collagen-I and TGF-β1 
signal intensity. Significance level was set at 0.05.

Results

To demonstrate that MnSOD protein levels remained elevated in 
the old Tg mice, we measured protein abundance of LV from young 
(8 months) and old (28 months) WT and Sod2 Tg mice. As shown in 
Figure 1, the protein abundance of MnSOD in the LV was elevated 
by MnSOD genetic overexpression of YTg (+54%) compared with 
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YWT mice. MnSOD protein abundance continued to be upregu-
lated as well in the LV of OTg (+95%) compared with OWT. Total 
protein levels in the heart were not altered with age. Furthermore, 
we previously reported that MnSOD enzyme activity was increased 
approximately twofold in both young and old Tg mouse hearts (24). 
In summary, these data indicate that elevated MnSOD function was 
retained in Tg mice with advancing age.

We then tested the hypothesis that elevation of MnSOD protein 
levels reduced oxidative stress in the aging mouse heart. Indeed, 
hydroperoxide levels increased in the LV with age (+33%) but were 
decreased by MnSOD overexpression in the old (−29%) age group 
(Figure 2A). 8-Isoprostane was also measured as a marker of oxida-
tive stress in heart from WT and MnSOD Tg mice. We found that 
8-isoprostane was significantly elevated in the old WT, but not in 
the old Tg mice (Figure 2B). Similarly, 4-hydroxynonenal adducts, 
a marker of oxidative stress, were 20% higher in the LV of aging 
mice compared with young counterparts (Figure 2C). MnSOD over-
expression significantly reduced 4-HNE by 31% in the LVs in the old 
age group (Figure 2C).

We then assessed whether overexpression of the MnSOD gene 
and elevation of MnSOD protein levels protected against age-associ-
ated cardiac remodeling in mouse LV. Hematoxylin and eosin stain-
ing revealed significant structural changes in the LVs from old mice 
(Figure 3A and B). Extramyocyte space was dramatically greater in 
LVs from OWT than LVs from YWT (Figure 3C). In addition, the 
number of myonuclei per cross-sectional area from hematoxylin-
stained sections was significantly decreased in the LVs from OWT 
compared with YWT (Figure  3D). These observations mirrored 
previous aging studies using the Fischer-344 strain of rat (4) and 
Fischer-344 × Brown Norway F1 hybrid strain of rat (21). In con-
trast, LV cross-sections from OTg exhibited less age-related cardiac 

remodeling than WTs, suggesting overexpression of MnSOD reduced 
cardiac remodeling in the aging LVs (Figure 3A–D). MnSOD overex-
pression and enhancement of protein levels also reduced extramyo-
cyte space (−65%) in the OTg compared with OWT (Figure  3C). 
Furthermore, increasing MnSOD protein levels also enhanced the 
number of myonuclei (+191%) per cross-sectional area (Figure 3D).

To determine whether age and MnSOD overexpression-induced 
differences in extramyocyte space could be explained by changes in 
connective tissue, we measured collagen-I localization or positive 
staining. Consistent with extramyocyte space described previously, 
we found that significant collagen-I positive staining was visualized 
in the LV samples from OWT compared with YWT. In contrast, 
overexpression of MnSOD resulted in limited collagen-I positive 
staining (Figure 4A and B), consistent with the notion that MnSOD 
protection against extracellular matrix proliferation with old age 
was linked to reduced levels of collagen-I. In healthy, young hearts, 
a thin, linear layer of connective tissue surrounds “pods” of myocar-
dial cells. Collagen-I and hematoxylin and eosin staining revealed 
a less linear and thicker layers of connective tissue surrounding 
cardiomyocytes.

In order to determine potential upstream mechanisms for pro-
tection against fibrosis in old hearts where MnSOD was overex-
pressed, we determined positive staining and protein abundance of 
the ECM-regulating cytokine TGF-β1, a consensus upstream regu-
lator of fibrosis (26) and deposition of collagen-I and laminin. We 
used immunofluorescence staining with TGF-β1 and laminin-spe-
cific antibodies to visualize their location near the myocyte mem-
brane and extramyocyte space. We found greater positive staining 
for TGF-β1 in LVs from the OWT mice compared with that from 
YWT (Figure  5A). Similar to the hematoxylin and eosin staining, 
a more web-like and alinear pattern was observed for TGF-β1 in 

Figure 1. Mn isoform of superoxide dismutase (MnSOD) protein expression in left ventricle samples of wild-type (WT) and Sod2 transgenic (Tg) mice assigned 
to the following groups: young adult (8 mo) wild-type (YWT), young adult Sod2 Tg (YTg), old (28 mo) WT (OWT), and old Sod2 Tg (OTg). Data are expressed as 
means ± standard error of the mean. “a” indicates a significant difference vs YWT (p < .05). “b” indicates a significant difference vs YTg (p < .05). “c” indicates 
a significant difference vs OWT (p < .05).
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the extramyocyte area (Figure 5B), as indicated by laminin-positive 
(Figure 5B) in LVs from OWT compared with YWT. Remarkably, 
MnSOD overexpression substantially mitigated age-induced eleva-
tion in TGF-β1 staining (Figure 5A and B), suggesting that MnSOD 
indeed protects against age-related fibrosis in the murine LVs.

Given that MnSOD is a mitochondrial-specific antioxidant 
enzyme, we tested the protective role of MnSOD overexpression 
against mitochondrial pro-apoptotic signaling (Bcl-2 pathway). 
Protein levels for Bax and cleaved (ie, active) caspase-3 were assessed 
in the LVs. No significant changes in Bax protein levels were found 
in the OWT compared with YWT. However, LVs from OTg exhib-
ited significantly lower protein levels (−38%) for Bax by MnSOD 
overexpression (Figure 6A). Levels of cleaved caspase-3 (a marker 
of caspase-3 activation), downstream of the mitochondrial Bax 
(4), were significantly increased in the LVs of OWT compared with 
YWT (Figure 6B). Conversely, MnSOD overexpression resulted in a 

significant decrease (−41%) of cleaved caspase-3 protein levels in the 
LVs of old groups (Figure 6B).

Given that enhancement of MnSOD levels provides significant 
protection against pro-apoptotic signaling (eg, Bax, cleaved caspase-3) 
in the aging heart, we tested the hypothesis that MnSOD overexpres-
sion would also mitigate age-induced elevation of apoptosis in the LV. 
Histone-associated DNA fragmentation and TUNEL-positive stain-
ing were used as direct markers of apoptosis and visualized using 
the TUNEL method with fluorescence microscopy. Positive controls 
revealed excellent co-localization with 4,6-diamidino-2-phenylindole 
and TUNEL-positive nuclei (Figure  7A). Representative TUNEL-
positive nuclei and 4,6-diamidino-2-phenylindole fluorescence micro-
graphs are shown in Figure 7A for LVs from YWT, OWT, and OTg 
groups, respectively. Aging increased TUNEL-positive nuclei in the 
LVs of WT mice. Conversely, MnSOD overexpression greatly reduced 
both markers of apoptosis in old Tg mice versus age-matched WTs. In 

Figure 2. Total hydroperoxides (A), 8-isoprostane (B), and 4-hydroxynonenal adducts (C) in left ventricle samples of young adult wild-type (YWT), young adult 
Sod2 Tg (YTg), old WT (OWT), and old Sod2 Tg (OTg). Data are expressed as means ± standard error of the mean. “a” indicates a significant difference vs YWT 
(p < .05). “c” indicates a significant difference vs OWT (p < .05).
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addition, aging significantly increased histone-associated DNA frag-
mentation (Figure 7B) in the OWT LVs compared with YWT. MnSOD 
overexpression also attenuated DNA fragmentation in the LV in the 

old age group when compared with old WTs. In summary, these data 
indicate that the induction of MnSOD via genetic overexpression ame-
liorates the apoptotic process of myocytes in the LV of aging hearts.

Figure 3. Histologic cross-sections stained with hematoxylin (×16; A), hematoxylin and eosin (×20; B), percent (%) extramyocyte space (C), and number (D) of 
myonuclei per 100,000 µm2 area in left ventricle samples of young adult wild-type (YWT), young adult Sod2 Tg (YTg), old WT (OWT), and old Sod2 Tg (OTg). Unstained 
areas indicate extramyocyte space for hematoxylin staining. Data are expressed as means ± standard error of the mean. “a” indicates a significant difference vs YWT 
(p < .05). “b” indicates a significant difference vs YTg (p < .05). “c” indicates a significant difference vs OWT (p < .05). Stage micrometer indicates 100 μm.

538 Journals of Gerontology: BIOLOGICAL SCIENCES, 2015, Vol. 70, No. 5
D

ow
nloaded from

 https://academ
ic.oup.com

/biom
edgerontology/article/70/5/533/647153 by guest on 24 April 2024



Discussion

The goal of this study was to investigate the role of MnSOD in pro-
tection of fibrosis, apoptosis, and remodeling of the aging heart, by 
overexpressing the Sod2 gene. We found that Tg mice overexpressing 

MnSOD had reduced markers of oxidative stress (eg, total hydroper-
oxides, 4-HNE, 8-isoprostane) in the LV. MnSOD overexpression also 
attenuated age-associated elevation in extramyocyte space, collagen-
I, and TGF-β1-positive staining in the LVs of old mice. In addition, 

Figure 4. Collagen type-I (top), 4,6-diamidino-2-phenylindole DAPI (middle), and merged (bottom) are visualized by immunofluorescence staining (A; ×16), and 
collagen type-I signal intensity is shown (B) in left ventricle samples of young adult wild-type (YWT), old WT (OWT), and old Sod2 Tg (OTg). Data are expressed 
as means ± standard error of the mean. “a” indicates a significant difference vs YWT (p < .05). “b” indicates a significant difference vs OWT (p < .05).
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enhancement of MnSOD proteins levels in Sod2 Tg mice protected 
against age-related increase of pro-apoptotic signaling (eg, Bax, 
cleaved caspase-3) and apoptosis (eg, TUNEL-positive nuclei, DNA 
fragmentation) in the LVs of mouse hearts. These results are consistent 
with the hypothesis that enhancement of MnSOD in the aging heart 
attenuates age-associated elevation in markers of oxidative stress and 
remodeling. Indeed, this is the first data to indicate that MnSOD over-
expression has a protective effect against age-induced remodeling in 
the aging heart. A discussion of the primary findings follows.

MnSOD Overexpression and Oxidative Stress in 
Aging Heart
The MnSOD is a mitochondrial matrix enzyme that catalyzes the 
dismutation of superoxide anions (O2•

−), produced from complexes 

I  and III of the electron transport chain, to H2O2. H2O2 then dif-
fuses out of mitochondrial matrix, or undergoes further reduction to 
water by other antioxidant enzymes such as glutathione peroxidase 
or catalase. MnSOD is thus an important first defense against mito-
chondrial oxidative stress and protection of mitochondrial integ-
rity (24). In this study, we showed that Sod2 Tg mice significantly 
expressed higher MnSOD protein levels in the LVs of both young and 
old mice (Figure 1). Consistent with these observations, our previous 
report showed that the activity of MnSOD increased approximately 
twofold in heart of Sod2 Tg mice (24). Although overexpression of 
MnSOD does not increase life span, it does reduce pathology (24). 
Overexpression of catalase localized in the mitochondria enhances 
longevity (27,28), suggesting that mitochondrial damage via H2O2 
reduces life span. In addition, the heterozygous knockout (SOD−/+) 

Figure 5. Transforming growth factor-β1 (TGF-β1; top) and laminin (bottom; A) are visualized by immunofluorescence staining (×20), and TGF-β1 signal intensity 
is shown (B) in left ventricle samples of young adult wild-type (YWT), old WT (OWT), and old Sod2 Tg (OTg). Data are expressed as means ± standard error of 
the mean. “a” indicates a significant difference vs YWT (p < .05). “b” indicates a significant difference vs OWT (p < .05).
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exhibits significant pathology (20). Thus, mitochondrial function is 
critical to both health and longevity, and may be disrupted by oxida-
tive stress.

Consistent with previous observations, heterozygous knockout 
of the Sod2 gene demonstrates the importance of MnSOD role in the 
antioxidant defense system (11–15). Indeed, MnSOD Tg mice mod-
els with homozygous (Sod2−/−) or heterozygous (Sod2−/+) null muta-
tions in the Sod2 gene display pathologic phenotypes. For example, 
Sod2−/− knockout mice exhibited severe oxidative mitochondrial 

injury and cardiomyopathy (14,15). In addition, Sod2−/+ mice also 
have decreased mitochondrial respiration and impaired activities 
of mitochondrial enzymes (13). Increased oxidative damage to 
mitochondria is typical of heterozygous knockout mice (11–13). 
Furthermore, Sod2−/+ mice have a greater susceptibility to permeabil-
ity transition pore opening and thus apoptosis (11,13). Therefore, 
protection against fibrosis and apoptosis observed in this study is 
consistent with the genetic ablation data for MnSOD. Moreover, it 
is possible that mitochondrial H2O2 may shorten life span, whereas 
elevated O2•

− may enhance age-related pathology. However, addi-
tional study is warranted to test this hypothesis directly.

Indeed, aging is characterized by enhanced oxidative stress and 
mitochondrial dysfunction in the heart (9,22,24,29,30). There is 
emerging evidence that oxidative stress plays a central role in patho-
physiology such as insulin resistance, apoptosis, activation of NF-κB, 
and proteolytic systems (eg, calpains, caspase-3, ubiquitin/protea-
some) (31–33). In this study, we observed elevation of total hydrop-
eroxides, 4-HNE, and 8-isoprostane as markers of oxidative stress 
in the hearts with advancing age (Figure  2). Previously, MnSOD 
overexpression in skeletal muscle reduced protein carbonyls and F2-
isoprostanes indicators of protein oxidation and lipid peroxidation 
and oxidative stress that were elevated with aging (24). This study 
is the first direct evidence that overexpression of MnSOD attenuates 
oxidative stress in the LV of old mammals, as indicated by lower 
total hydroperoxides, 4-HNE, and 8-isoprostane adducts.

Although the mechanisms underlying reduced oxidative stress 
with MnSOD overexpression are not fully delineated, it is logical 
that reduced levels of mitochondrial superoxide in the old Tg mice 
may protect against lipid peroxide and radical formation via sup-
pressing Haber-Weiss or Fenton reactions. Furthermore, our results 
also suggest an important role of mitochondrial superoxide in aging 
of the myocardium. Thus, MnSOD plays an important role in pro-
tecting the mitochondria from oxidative stress and damage by enzy-
matically scavenging superoxide anions generated as a by-product of 
the mitochondrial respiration. These results are consistent with pre-
vious findings, which indicated that cardiomyocytes of Sod2−/+ mice 
were more sensitive to oxidative stress than those of Sod2+/+ mice 
(14–16,20). MnSOD may protect against protonation of superoxide 
anions (O2•

−), a highly reactive species, in old Tg mice. However, this 
hypothesis is untested.

MnSOD protein levels were overexpressed in the young, but 
markers of oxidative stress were not reduced. This suggests that 
overexpression of MnSOD may be more effective when (a) reac-
tive oxygen species levels are elevated or (b) mice are old. We have 
noticed in previous studies that the effect of exercise training on oxi-
dative stress and apoptosis is more pronounced in older rats (4). 
Therefore, MnSOD performs an important protective role against 
oxidative damage and remodeling primarily in the aging heart.

MnSOD Overexpression and Fibrosis in Aging Heart
We also observed that MnSOD overexpression attenuated age-
induced remodeling (eg, increased extramyocyte space, collagen-I) in 
the LVs of OTg (Figures 3 and 4). Previous data have demonstrated 
that cardiac remodeling occurs consistently with aging, character-
ized by a loss of cardiac myocytes, reactive hypertrophy of remain-
ing cardiomyocytes, and excessive accumulation of extracellular 
matrix (4,8,34,35). Consistent with previous findings, old WT mice 
expressed higher level of pro-fibrotic proteins (collagen-I, TGF-β1) 
and resulted in a more web-like geometry of collagenous sheaths, 
with removal of more linear sheaths surrounding myocytes in the LV.

Figure  6. Protein expression for Bax (A) and cleaved caspase-3 (B) using 
Western immunoblotting in left ventricle samples of young adult wild-type 
(YWT), young adult Sod2 Tg (YTg), old WT (OWT), and old Sod2 Tg (OTg). 
Data are expressed as means ± standard error of the mean. “a” indicates a 
significant difference vs YWT (p < .05). “b” indicates a significant difference 
vs YTg (p < .05). “c” indicates a significant difference vs OWT (p < .05).
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Interestingly, our findings in old MnSOD Tg mirror previous data 
that demonstrate exercise training upregulates MnSOD and reduces 
fibrosis and apoptosis in the aging rat heart (4,8,9). This supports the 
notion that interventions, including exercise, that upregulate MnSOD 
play a protective role against remodeling in the aging heart. In this study, 
overexpression of MnSOD reduced markers of fibrosis (eg, extramyo-
cyte space, collagen-I, TGF-β1). Thus, we have established three ten-
ants. First, oxidative stress is indeed causal in the age-associated fibrotic 
process. Second, mitochondrial reactive oxygen species may play a role 
in fibrosis in the aging heart. Third, at least part of the mechanism of 
exercise protection against age-associated fibrosis and remodeling in the 
aging heart may be attributed to inducibility of MnSOD.

Recent evidence has linked age-related cardiac fibrosis to ele-
vated levels of TGF-β1, a potent stimulator of collagen synthesis 
via fibroblasts (8,36–39). Previously, we found that exercise training 
mitigated age-related upregulation of TGF-β1 in the FBNF1 rat (8). 
In this study, we observed that MnSOD overexpression substantially 
reduced levels of TGF-β1 (Figure 5) and collagen-I (Figure 4) in the 
aging LV of OTg mice versus age-matched WTs. These finding sup-
port the hypothesis that MnSOD is involved in inhibitory regula-
tion of TGF-β1 and cardiac fibrosis. Further research is required to 
delineate the redox-sensitive mechanism(s) responsible for the link 
between MnSOD and TGF-β1 in ameliorating cardiac fibrosis in the 
aging heart.

Figure 7. Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling-positive staining (A) is visualized by immunofluorescence staining (×40) in 
left ventricle (LV) samples of young adult wild-type (YWT), old WT (OWT), and old Sod2 Tg (OTg), and DNA fragmentation (B) was used as a marker of apoptosis 
through quantification of mononucleosomes and oligonucleosomes via ELISA in LV samples of YWT, young adult Sod2 Tg (YTg), OWT, and OTg. Data are 
expressed as means ± standard error of the mean. “a” indicates a significant difference vs YWT (p < .05). “b” indicates a significant difference vs YTg (p < .05).
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MnSOD Overexpression and Apoptosis in 
Aging Heart
We expected that overexpression of MnSOD would reduce mito-
chondrial-mediated apoptotic signaling and apoptosis, as part of 
age-related remodeling. Oxidative stress can induce activation of 
the Bcl-2 family of pro-apoptotic proteins including Bax and down-
stream activation of caspase-3, a key promoter of apoptosis (21). 
Caspase-3 activation via cleavage of the pro-form is usually a conse-
quence of an increase in mitochondrial permeability transition pore 
opening and cytochrome c release (21,40). In this study, Sod2 Tg 
mice displayed significantly lower levels of the pro-apoptotic protein 
Bax and cleaved caspase-3 in hearts of the old age group compared 
with WT of the same age (Figure 6A and B). In addition, MnSOD 
overexpression also reduced direct markers of apoptosis in the aging 
LV: TUNEL-positive myonuclei and DNA fragmentation (Figure 7). 
Therefore, the current sets of data indicate that MnSOD protects 
against age-related elevation of mitochondrial-mediated apoptosis 
in the aging mouse heart.

Our data are also consistent with previous studies establishing an 
inhibitory relationship between MnSOD and apoptosis. Previously, 
Van Remmen and colleagues (20) showed that heterozygous MnSOD 
(Sod2−/+) knockout mice exhibited increased permeability transition 
pore and apoptosis in the heart. In addition, Majima and colleagues 
(41) reported that overexpression of MnSOD protected cells against 
cell death induced by alkaline condition in a mouse fibrosarcoma 
cell line. Lee and colleagues (42) recently demonstrated that exer-
cise increased MnSOD levels and prevented ischemia–reperfusion-
induced elevation of pro-apoptotic proteins in heart mitochondria. 
Therefore, emerging data, including our study, are consistent with 
the notion that upregulation of MnSOD via overexpression or exer-
cise training (9) may indeed suppresses excess apoptosis in the aging 
heart (4).

Study Limitations
Unfortunately, we did not have enough frozen tissue remaining in 
the young Tg mice to complete TGF-β1 and collagen-I analyses, 
as well as Western blots on all four groups of mice. Thus, we may 
have missed a potential interactive effect of age and overexpression 
of MnSOD, and our conclusions are less robust. Because oxidative 
stress markers were not significantly depressed in the YTg group 
and collagen-I levels are low, we suspect a minimal effect in over-
expressing MnSOD in the young group, but further study is war-
ranted. TGF-β1-positive staining in the LV appears much different 
than both young and old WTs, suggesting a potential regulatory role 
of MnSOD on pro-fibrotic signaling. In addition, we were not able 
to measure in vivo cardiac function (echocardiography) or in an 
isolated heart preparation. Thus, we cannot be certain that blunt-
ing of fibrosis in remodeling in the OTg mice was accompanied by 
improved functional measures (eg, diastolic filling, shortening veloc-
ity, ejection fraction). Clearly, further study is warranted to elucidate 
the molecular and physiological mechanisms underlying remodeling 
in the aging heart.

In summary, MnSOD overexpression protected against oxida-
tive stress, fibrosis, and apoptosis in the aging mouse heart. Age-
related elevation of cardiac collagen-I and TGF-β were abrogated 
in the MnSOD Tg mouse. In addition, the old MnSOD Tg mouse 
experienced significant less pro-apoptotic signaling (Bax, cleaved 
caspase-3) than the old WT. We conclude that MnSOD is an impor-
tant protective protein against fibrosis and remodeling in the aging 
heart. Our results are also consistent with the hypothesis that 

exercise-induced upregulation of MnSOD in the aging heart previ-
ously observed in our laboratory (9) may be cardioprotective against 
fibrosis (8) and apoptosis (4).
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