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BACKGROUND AND PURPOSE
The effect of antioxidants on ageing type 2 diabetic (T2D) hearts during exercise is unclear. We hypothesized that GSH
therapy during exercise reduces mitochondrial oxidative stress (mOXS) and cell death in ageing db/db mice hearts.

EXPERIMENTAL APPROACH
The effect of GSH on cardiac mOXS and cell death was evaluated both in vivo and in vitro.

KEY RESULTS

During exercise, GSH treatment protected db/db hearts from exaggerated mOXS without reducing total cell death. Despite
similar cell death, investigations on apoptosis-specific single-stranded DNA breaks and necrosis-specific damage provided the
first in vivo evidence of a shift from necrosis to apoptosis, with reduced fibrosis following GSH administration in exercised
db/db hearts. Further support for a GSH-regulated ‘switch’ in death phenotypes came from NIH-3T3 fibroblasts and H9c2
cardiomyocytes treated with H,O,, a reactive oxygen species (ROS). Similar to in vivo findings, augmenting GSH by
overexpressing glutamyl cysteine ligase (GCLc) protected fibroblasts and cardiomyocytes from necrosis induced by H,O,, but
elevated caspase-3 and apoptosis instead. Similar to in vivo findings, where GSH therapy in normoglycaemic mice suppressed
endogenous antioxidants and augmented caspase-3 activity, GCLc overexpression during staurosporine-induced death, which
was not characterized by ROS, increased GSH efflux and aggravated death in fibroblasts and cardiomyocytes, confirming that
oxidative stress is required for GSH-mediated cytoprotection.

CONCLUSIONS AND IMPLICATIONS
While GSH treatment is useful for reducing mOXS and attenuating necrosis and fibrosis in ageing T2D hearts during exercise,
such antioxidant treatment could be counterproductive in the healthy heart during exercise.

Abbreviations

8-OHG, 8-hydroxyguanosine; AFC, 7-amino-4-trifluoromethylcoumarin; AMPK, AMP kinase; cTnT, cardiac troponin T;
DTNB, 5,5-dithiobis-2-nitrobenzoic acid; ETC, electron transport chain; Exe, exercised group of mice; GCLc, catalytic
subunit of gamma glutamyl ligase; GSH, active glutathione or ‘reduced’ form of glutathione; GSSG, ‘oxidized’
glutathione; H2DCFDA, 2’,7’-dichlorodihydrofluorescein diacetate; JC-1, 5,5",6,6’-tetrachloro-1,1’,3,3"-
tetraethylbenzimidazolylcarbocyanine iodide; mOXS, mitochondrial oxidative stress; PARP1, polyADPribose polymerase
1; ROS, reactive oxygen species; SOD, superoxide dismutase; ssDNA, single-stranded DNA; T2D, type 2 diabetes/diabetic;
WT, wild-type mice; Ay, mitochondrial membrane potential
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Table of Links
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AMPK ATP
Caspase 3 Glutathione (GSH)
Caspase 7 H,0,
Caspase 8 Nitroglycerin
Caspase 9 NO

Staurosporine

This Table lists key protein targets and ligands in this document, which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

The International Diabetes Federation (IDF) predicts that
nearly 196 million people worldwide between the ages of 60
and 79 years will develop diabetes by 2030, the vast majority
of whom will be type 2 diabetic (T2D) patients. Cardiovascu-
lar disease is the leading cause of mortality in elderly T2D
patients and regular exercise is routinely recommended for
improving cardiovascular function and various metabolic,
physical and psychological benefits for this age group (Tessier
et al., 2000). However, the direct effect of exercise on the
ageing T2D heart remains unclear. It is becoming increasingly
apparent that the effects of exercise on elderly patients with
long-term diabetes are different from the effects observed in
younger people and animals with more recent diabetes (Short
et al., 2003). Cardiac heat shock protein 70, involved in adap-
tation to stress, is only up-regulated by exercise in younger
animals (Lawler et al., 2009). In earlier studies, moderate exer-
cise increased cardiac antioxidants in 3-month-old db/db
mice with diabetes for 5 weeks (Moien-Afshari et al., 2008)
but not in 8-month-old db/db mice with diabetes for 22 weeks
(Botta et al., 2013; Laher et al., 2013).

The use of antioxidant therapy to combat increased reac-
tive oxygen species (ROS) generation during exercise remains
controversial. Although earlier studies demonstrated benefits
of antioxidants in the diabetic state (Golbidi et al., 2011),
recent studies have observed that the introduction of exog-
enous antioxidants may block exercise-induced up-regulation
of endogenous antioxidants in healthy individuals (Ristow
et al., 2009; Gliemann et al., 2013). As during long-standing,
pro-oxidative conditions such as diabetes or ageing, exercise
may fail to up-regulate endogenous antioxidants such as glu-
tathione (GSH; Rousseau et al., 2006; Lappalainen et al., 2009;
Laher et al., 2013); whether antioxidant therapy in ageing
diabetic heart promotes benefit remains unclear.

Cardiac GSH is crucial for preventing cell death during
diabetes and diet-induced obesity (Ghosh et al., 2005; 2011).
In fact, a loss of GSH, increased cell death and elevated
mitochondrial oxidative stress (mOXS) are all characteristics
of elderly human diabetic hearts (Frustaci etal., 2000;
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Anderson et al., 2009). We hypothesized that increasing GSH
during exercise would alleviate mOXS and reduce cardiac cell
death in ageing db/db mice.

We report that increasing GSH during exercise prevents
mOXS and changes cell death from necrosis to apoptosis in
ageing db/db hearts in vivo. In addition, when GSH is geneti-
cally increased in cardiac cells such as cardiomyocytes and
fibroblasts in vitro, cell death is also switched to classical
apoptotic pathways under oxidative insults. Our results also
provide evidence that increasing GSH in the absence of oxi-
dative stress is counterproductive and precipitates mitochon-
drial toxicities both in vivo and in vitro. We conclude that
while antioxidant support may be useful in reducing mOXS
and necrosis following exercise in ageing diabetic hearts, anti-
oxidant therapy as prophylaxis could be detrimental in
healthy hearts during exercise.

Methods

Animals, exercise and GSH administration

All protocols were approved by the University of British
Columbia Animal Care Committee. Male db/db (BKS.cg-m +/+
Leprdb/]J strain ) and control [wild type (WT), C57BLKS/J] mice
were purchased and maintained under a 12 h light/dark cycle
at 26°C with free access to food and water until they were at
least 32 weeks of age. BKS.cg-m +/+ Leprdb/] mice are obese by
1 month, become diabetic by 2 months and die by 10 months
due to beta-cell depletion (Ghosh et al., 2010). Therefore, our
experiments were conducted when mice reached 80% of their
projected life span. db/db and WT mice were randomly placed
into sedentary and exercise (Exe) groups (1= 6 in each group).
Exercising mice were run on a motorized exercise wheel system
ata speed of 5.2 m min™ for 1 h for 5 days a week for 3 weeks.
Sedentary db/db or WT mice (n = 6 in each group) were placed
in non-rotating wheels for the same duration. For GSH treat-
ment studies, a group of exercised WT and db/db mice were
given daily i.p. injections of freshly prepared GSH in sterile
saline (1.3 mmol-kg™, pH 7.4) for the duration of the exercise.
After completion of the study, animals were anaesthetized
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with 65 mg kg™ pentobarbital, blood collected and the hearts
removed for biochemical, analytical and histological studies.
Blood plasma was separated and stored at —-80°C. Commercial
kits were used to measure free fatty acids, total cholesterol
(Wako, Richmond, VA, USA) or LDH (Sigma-Aldrich, St. Louis,
MO, USA) from plasma. Mouse cardiac troponin T (cTnT) was
determined by an Erisa kit (USCN Life Science Inc., Houston,
TX, USA). All studies involving animals are reported in accord-
ance with the ARRIVE guidelines for reporting experiments in-
volving animals (Kilkenny et al., 2010; McGrath et al., 2010).

Oxidative stress assays

Oxidative stress-induced lipid hydroperoxides and protein
carbonyls in the mitochondrial and cytosolic fractions were
estimated as described previously (Ghosh et al., 2005). Total
protein amounts in all assays were determined according to
the Bradford method.

Glutathione and other antioxidants
Mitochondrial and cytosolic glutathione (both GSH and
GSSG) were measured in fresh deproteinated heart samples
using a kit (Trevigen, Gaithersburg, MD, USA). In brief, sul-
phydryl groups in reduced GSH in deproteinated samples
were treated with 5,5-dithiobis-2-nitrobenzoic acid (DTNB)
to produce the yellow S5-thio-2-nitrobenzoic acid (TNB).
GSSG that is produced is recycled to GSH by glutathione
reductase and NADPH to produce more TNB (Griffith, 1980).
In this kinetic reaction, the rate of TNB production is directly
proportional to this recycling reaction, which, in turn, is
directly proportional to the total concentration of GSH in the
sample. In a separate reaction, GSSG was estimated by first
conjugating all GSH using 2-vinylpyridine, followed by the
recycling reaction. The difference between total GSH and
GSSG indicated the levels of reduced GSH. Protein assays
were performed according to the Bradford method. Superox-
ide dismutase (SOD) and catalase activities were assessed in
flash-frozen hearts using assay kits (Cayman Chemicals, Ann
Arbor, MI, USA).

In situ localization of oxidative

DNA damage

8-Hydroxyguanosine (8-OHG) is a DNA oxidation by-product
that exists in the nuclei or mitochondria. Positive extra-
nuclear 8-OHG staining in the myocardium predominantly
reflects mitochondrial oxidative stress (Ghosh et al., 2006).
Deparaffinized sections were incubated with 1:50 goat anti-
8-OHG (Enzo Life Sciences, Farmingdale, NY, USA) for 1 h
followed by incubation with 0.3% H,O, and HRP-conjugated
secondary anti-goat peroxidase. Sections were visualized
under bright view at 200x using Olympus 1X81 microscope
(Shinjuku, Tokyo, Japan).

Mitochondrial enzyme and ATP assays
Commercial kits were used to measure cytochrome c oxidase,
citrate synthase, succinate dehydrogenase (Biovision Inc.,
Milpitas, CA, USA) and ATP (Sigma-Aldrich).

Total cell death
Total cardiac cell death was evaluated using TUNEL (EMD
Biosciences, Gibbstown, NJ, USA). To identify cardiomyo-
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cytes, sections were stained with cardiac troponin I and
Dylight 594 anti-rabbit secondary antibody (ABMGood, Rich-
mond, CA, USA). Sections were visualized using the Olympus
IX81 microscope at 400x magnification. TUNEL-positive
nuclei are expressed as the mean of TUNEL-positive nuclei
counted in 6 random sections per heart sample (n = 6 per

group).

Single-stranded DNA (ssDNA) quantification
A specific way of identifying apoptosis-related DNA damage
is to identify ssDNA breaks initiated by caspase-3/7 activity
(Frankfurt, 2004). Intact apoptotic DNA is more susceptible
to denaturation at lower temperatures than that of non-
apoptotic cells (Frankfurt, 2004). In brief, formalin-fixed sec-
tions were deparaffinized, treated with 5 mM MgCl, and
boiled for 5 min. The sections were then cooled and treated
with anti-ssDNA, clone F7-26 (Millipore, Billerica, MA, USA)
using the M.O.M (mouse-on-mouse) kit (Vector Laborato-
ries, Burlingame, CA, USA). Sections were incubated with
M.O.M. biotinylated anti-mouse IgG and FITC-streptavidin.
Sections were counterstained with 4’,6-diamidino-2-
phenylindole and examined under Olympus 1X81 micro-
scope using 200x or 400x magnification. The number of
ssDNA-positive nuclei for each group was the mean of
ssDNA-positive nuclei counted in 6 random sections per
heart sample per group (n = 6 hearts per group).

Fibrosis and necrosis

To estimate the relationship between necrosis and fibrosis,
formalin-fixed sections were stained with Masson’s trichrome
stain (Laher et al., 2013). Interstitial fibrosis was estimated by
Picrosirius Red staining as per standard protocols (Malkusch
et al., 1995). NIH Image ] software (Bethesda, MD, USA) was
used to calculate the ratio of the fibrosis area (stained in blue)
to total surface area for the heart for 6 random sections per
heart (n = 6 mice per group) by a blinded observer. Commer-
cial kits measured LDH (Sigma-Aldrich) and cTnT (ELisA;
USCN Life Science Inc.) in the plasma.

Caspase activities

Activities of caspase-3, -8 and -9 were determined in heart
homogenates using caspase-specific fluorescent substrates
DEVD-7-amino-4-trifluoromethylcoumarin (AFC; Anaspec,
San Jose, CA, USA), IETD-AFC and LEHD-AFC (EMD Bio-
sciences) respectively. Enzyme-catalysed release of AFC was
quantified in a Glomax (Promega, Madison, WI, USA)
fluorimeter at 380/500 nm wavelengths.

Western blotting

Western blotting was performed as previously described
(Laher et al., 2013). Primary antibodies (Supporting Informa-
tion Table S1) were used to probe targets on nitrocellulose
membranes followed by quantification with Image J and
expressed as a ratio to GAPDH signal.

Cell studies

NIH/3T3 (CRL-1658) mouse fibroblasts and H9c2 (CRL-1446)
rat myoblasts were purchased from American Type Culture
Collection (ATCC; Manassas, VA, USA). Cells were main-
tained in DMEM with 10% FBS at 37°C under 5% CO,. H9c2
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was differentiated into mature cardiomyocyte with daily
addition of 0.1 uM all-trans retinoic acid for 4 days as pre-
viously described (Botta et al., 2013). Augmentation of GSH
in fibroblasts and cardiomyocytes was achieved by overex-
pressing the catalytic subunit of glutamate cysteine ligase
(GCLc), the rate-limiting enzyme for GSH biosynthesis
(Griffith, 1999). Overexpression of the catalytic subunit of
glutamyl cysteine ligase (mouse GCLc, Origene, Rockville,
MD, USA; rat GCLc; Transomic Technologies, Huntsville, AL,
USA) in both NIH-3T3 and H9c2 were achieved using Attrac-
tene (Qiagen, Toronto, ON, Canada). A 14 h incubation was
chosen after a time-course study, demonstrating that this
was appropriate for separation of apoptotic (caspase-3 activ-
ity) and necrotic (LDH release) events in both cell types in
vitro (data not shown). Cells transfected with empty vectors
(pTCN; also called CON) did not change any parameters
tested in both cardiomyocytes and fibroblasts compared
with untreated cells (data not shown). After a 48 h recovery,
cells were treated with varying concentrations of H,O,
(hydrogen peroxide) or staurosporine (Sigma-Aldrich) as
indicated, following which LDH (Affymetrix, Santa Clara,
CA, USA) and caspase-3 (Anaspec) assays were preformed
using kits according to manufacturer’s instructions. Cellular
GSH was measured using the ortho-phthalaldehyde assay
(Senft etal., 2000). Briefly, cells were lysed, treated with
N-ethylmaleimide and ortho-phthalaldehyde for 30 min.
Fluorescence was measured at 365/460 nm. Nuclear conden-
sation as a marker for apoptosis-specific nuclear damage was
evaluated after treating cells with Hoescht 33342, a live cell
nuclear dye. Images of Hoechst 33342 stained nuclei were
acquired on Olympus IX81 microscope under 200x
magnification. Cells with condensed nuclei out of 100
nuclei from each treatment were counted in triplicate and
expressed as percentage of total nuclei as an indicator of
in vitro apoptosis.

Mitochondrial membrane potential and ROS
Mitochondrial membrane potential was estimated using the
ratiometric dye, JC-1 (Anaspec), as described previously
(Ghosh et al., 2005). Mitochondrial depolarization is indi-
cated by a decrease in the red/green fluorescence ratio. Red
fluorescence was measured at 525/630 nm and green fluores-
cence at 490/530 using GloMax plate reader (Promega).
Images of JC-1-treated cells were acquired on an Olympus
IX81 epifluorescent microscope under 200x magnification.
For the estimation of ROS, H9¢2 and NIH-3T3 fibroblasts were
treated with 1 pM staurosporine for 14 h and incubated with
H2DCFDA (2’,7’-dichlorodihydrofluorescein diacetate), a
redox-sensitive dye, and fluorescence measured at 490/530
using GloMax reader (Promega).

Statistical analysis

Results are expressed as mean + SEM. Two-way ANOVA tests
were performed to evaluate the interactions of exercise and
glutathione supplementation between groups with multiple
comparisons using the Bonferroni tests to determine differ-
ences between group mean values. The level of statistical
significance was set at P < 0.05. GraphPad Prism 4.0 was used
for plotting and analysis (GraphPad Software Inc., San Diego,
CA, USA).

5348 British Journal of Pharmacology (2014) 171 5345-5360

Results

GSH treatment raises mitochondrial GSH

but not other non-thiol antioxidants in

db/db hearts

Moderate exercise for 3 weeks with or without GSH did not
induce whole-body metabolic improvements as elevated cir-
culating free fatty acids and total cholesterol or insulin sen-
sitivity in db/db mice remained unchanged following GSH
treatment (Supporting Information Fig. S1). Compared with
sedentary WT hearts, mitochondrial GSH was lower in sed-
entary db/db, which was lowered further by exercise
(Figure 1A). GSH treatment augmented mitochondrial GSH
in exercising db/db hearts (Figure 1A). Mitochondrial GSSG
was increased in sedentary db/db compared with WT hearts
(Figure 1B). Exercise, irrespective of GSH therapy, increased
mitochondrial GSSG in db/db hearts, indicating that exercise
augments GSH utilization within the mitochondria
(Figure 1B). Overall, mitochondrial 2GSH/GSSG ratio specifi-
cally increased in db/db mice hearts receiving GSH therapy
(Figure 1C), whereas in the hearts of exercised WT mice
receiving GSH, it was cytosolic GSH that was increased
(Figure 1D). Selective GSH accretion in the ageing diabetic
mitochondria, but not the cytosol during GSH treatment in
db/db mice hearts, could be viewed as the result of an evolu-
tionarily conserved mechanism of mitochondrial self-
preservation from mOXS under stress (Fernandez-Checa
et al., 1998).

Cytosolic GSSG or cytosolic 2GSH/GSSG ratios were not
different in any experimental groups (Figure 1E and F).
Exercise increased the endogenous antioxidant catalase
(Figure 1G) and SOD (Figure 1H) only in WT but not in db/db
mice hearts. Such increases in antioxidants with exercise were
lowered with exogenous GSH in WT hearts (Figure 1G and
H). These results are in agreement with recent studies dem-
onstrating blunting of endogenous antioxidant response to
exercise-induced oxidative stress with exogenous antioxi-
dants (Ristow et al., 2009; Gliemann et al., 2013).

GSH reduces mOXS in db/db hearts

Evaluation of oxidative stress markers of cardiac mitochon-
drial lipid (lipid peroxides; Figure 2A) and proteins (protein
carbonyls; Figure 2B) suggested increased mOXS in sedentary
db/db hearts compared with WT hearts, which was exacer-
bated by exercise. GSH treatment attenuated mOXS in exer-
cising db/db mice (Figure 2A and B). Levels of mOXS were
unaffected in hearts from any of the WT experimental groups
(Figure 2A and B). Staining for 8-OHG, a DNA oxidation
by-product revealed immunopositivity across Z-lines of the
myofibrils from sedentary db/db mouse hearts in comparison
to WT mice hearts from the various experimental groups
(Figure 2C). Exercise-induced increase in 8-OHG staining was
associated with complete dissolution of Z-line architecture
along some areas of ageing db/db hearts, indicating severe
mitochondrial and myofibrillar damage (Figure 2C; db/db +
Exe). GSH treatment attenuated 8-OHG immunopositivity in
ageing db/db hearts (Figure 2C; db/db + Exe + GSH). There
were no significant differences in staining observed in any
WT heart sections (Figure 2C).

Next, we hypothesized that increased mOXS in db/db
hearts could down-regulate mitochondrial enzyme activities.
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Cardiac mitochondrial GSH is restored with GSH therapy in mature db/db hearts. (A) Cardiac GSH in mitochondria; (B) cardiac ‘oxidized’
glutathione (GSSG) in mitochondria; (C) cardiac mitochondrial 2GSH/GSSG ratios; (D) cardiac GSH in cytosol; (E) cardiac ‘oxidized” glutathione
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using commercial kits. GSH administration increased mitochondrial GSH specifically in db/db mice hearts. Data were analysed using two-way ANOVA
with the Bonferroni tests, P < 0.05 (n=5-6). *P < 0.05 versus similar treatments WT group; #P < 0.05 versus sedentary group of the same genotype;
TP < 0.05 versus Exe group of the same genotype. Abbreviations: Exe, exercised; Sed, sedentary; WT, wild type.

Accordingly, activities of the following mitochondrial
enzymes were measured: succinate dehydrogenase [from
complex II of the electron transport chain (ETC)], cyto-
chrome ¢ oxidase (complex IV of ETC) and citrate synthase
(from Krebs cycle) (Figure 2D-F). Exercise did not influence
succinate dehydrogenase (Figure 2D) but reduced citrate syn-
thase (Figure 2E) and cytochrome c oxidase (Figure 2F) activi-
ties in hearts from db/db mice. GSH therapy combined with
exercise significantly prevented such loss of enzyme activities
in db/db hearts (Figure 2E and F). Unlike db/db mice, exercise
did not influence mitochondrial enzyme activities in WT
mice. However, in contrast to db/db mice, GSH treatment
reduced succinate dehydrogenase (Figure 2D) and cyto-
chrome c oxidase (Figure 2F) activities in WT hearts, suggest-
ing that GSH treatment in the normoglycaemic mice could
impair mitochondrial enzyme function in the myocardium.

Exercise without GSH treatment augments
energy stress, necrosis and fibrosis in

db/db hearts

We next hypothesized that a direct result of augmented
mOXS and loss of enzyme activities from the ETC or the
Krebs cycle (Figure 2) would result in the loss of ATP and

enhancement of necrosis, an energy-independent form of cell
death in db/db hearts (Proskuryakov etal., 2003). Energy
stress was indicated by a specific increase in ‘activated’ threo-
nine 172 phosphorylated adenosine monophosphate kinase
(AMPK) in exercised db/db hearts, which was attenuated by
GSH administration (Figure 3A). AMPK phosphorylation
status did not change with exercise either with or without
GSH in WT hearts (Figure 3A). Activation of AMPK was
accompanied with a decrease in total ATP in sedentary db/db
hearts, which was further reduced by exercise alone
(Figure 3B). GSH treatment prevented the loss of cardiac ATP
in exercised db/db mice (Figure 3B) but could not increase ATP
levels to that observed in WT mice. It is likely that short-term
exogenous GSH could only prevent further deterioration of
mitochondrial function by protecting against oxidative
insults induced by exercise and not stimulate mitochondrial
biogenesis in a mature post-translational organ such as the
heart.

Masson’s trichrome staining of the myocardium revealed
necrotic foci and reparative fibrosis in the hearts of sedentary
db/db compared with WT mice (Figure 3C; db/db). In agree-
ment with our hypothesis, exercise increased necrotic foci in
hearts from db/db mice (Figure 3C; db/db + Exe). Interestingly,
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Figure 2

GSH treatment prevents mitochondrial oxidative stress following exercise in db/db hearts. (A) Mitochondrial lipid peroxides and (B) mitochondrial
protein carbonyls as estimated using enzymatic assays in WT and db/db hearts following exercise with or without GSH supplementation. (C) In
situ localization of 8-hydroxyguanosine (8-OHG) in WT and db/db hearts following exercise with or without GSH supplementation. 8-OHG staining
was more pronounced in db/db mice after at least 22 weeks of diabetes. Exercise without GSH supplementation increased 8-OHG staining intensity
within damaged myofibrils (with disrupted Z bands) in the db/db + Exe group but this was reduced with GSH supplementation (db/db + Exe +
GSH group). Magnification 400x. Activities of mitochondrial metabolic enzymes like (D) succinate dehydrogenase; (E) citrate synthase; and (F)
cytochrome c oxidase were measured using commercial kits. Data were analysed using two-way anova with Bonferroni tests (n = 5-6). *P < 0.05
versus similar treatments WT group; #P < 0.05 versus sedentary group of the same genotype; TP < 0.05 versus Exe group of the same genotype.
Abbreviations: AU, arbitrary units; Exe, exercised; LPO, lipid peroxides; PC, protein carbonyls; Sed, sedentary; WT, wild type.
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GSH and cell death in ageing db/db hearts

GSH treatment attenuates exercise-induced energy stress, necrosis and fibrosis in ageing db/db hearts. (A) Ratio of protein expressions for
phosphorylated AMPKo: (thr172) to total AMPKa as estimated by Western blot. Inset depicts representative gels. (B) Total cardiac ATP as estimated
by luciferase assay on flash-frozen samples. (C) Formalin-fixed heart sections were treated with Masson’s trichrome stain and the entire cross
section of hearts depicted at 40x. Highlighted areas (blue box) depicts magnified (200x) areas of the myocardium exhibiting necrotic foci. Blue
stains in magnified db/db mice sections represent collagen deposition. Darker nuclei in db/db + Exe sections represent polymorphonuclear (PMN)
cell infiltration, which were attenuated with GSH treatment. (D) Serum LDH values as measured using an enzymatic assay kit and (E) plasma cTnT
assay as measured by an euisa. (F) Interstitial fibrosis by Sirius Red stain in heart sections; magnification 200x. (G) Quantification of fibrotic area
in the myocardium. Exercise alone increased energy stress and cardiac necrosis whereas GSH therapy prevented such an outcome in db/db mice
hearts. Data were analysed using two-way aNova with Bonferroni tests (n = 5-6). *P < 0.05 versus similar treatments WT group; #P < 0.05 versus
sedentary group of the same genotype; TP < 0.05 versus Exe group of the same genotype. Abbreviations: AMPK, adenosine monophosphate

kinase; cTnT, cardiac troponin T; Exe, exercised; Sed, sedentary; WT, wild type.

some of these cardiac necrotic foci from exercised db/db mice
did not demonstrate fibrosis (unlike sedentary db/db hearts)
and instead were characterized by leukocyte infiltration, indi-
cating more recent damage, probably due to the short exer-
cise period prior to being killed (Figure 3C; db/db + Exe).
Ongoing necrosis was confirmed by elevated plasma LDH
following exercise in db/db hearts (Figure 3D). As plasma LDH
can also result from non-cardiac necrosis, we measured cTnT
by Euisa (Figure 3E). ¢TnT is the most sensitive and specific
biochemical marker of myocardial injury/necrosis available
(Thygesen et al., 2010). Both plasma LDH and cTnT levels
were attenuated by GSH in db/db mice (Figure 3D and E).
Exercise also induced an acute rise in fibrosis in db/db hearts,
which was attenuated by concurrent GSH therapy (Figure 3F
and G).

GSH treatment fails to attenuate total cardiac
cell death in exercised db/db hearts

Cardiac cell death was estimated by TUNEL in troponin I
positive areas for cardiomyocytes (Figure 4A). Exercise with or
without GSH had no effect on TUNEL in WT hearts. Seden-
tary db/db hearts demonstrated augmented TUNEL in
both non-cardiomyocytes (Figure 4B) and cardiomyocytes

(Figure 4C) compared with WT hearts. Exercise for 3 weeks
increased TUNEL positivity in both of these cell types in db/db
mice hearts (Figure 4A-C). Surprisingly, despite antioxidant
benefits and lower necrosis, GSH-treated db/db mice hearts
did not demonstrate any change in TUNEL in any cardiac cell
(Figure 4A-C).

GSH treatment increases sSDNA breaks and
caspase-3 in exercising db/db mice hearts
TUNEL is an indicator of total cardiac cell death and is
unable to differentiate between apoptotic and necrotic death
(Grasl-Kraupp et al., 1995). Therefore, with lower necrosis
and fibrosis, we speculated an increase in apoptosis, which
could be responsible for sustained TUNEL positivity in GSH-
treated db/db mice hearts. To verify apoptosis-specific nuclear
DNA damage, monoclonal antibody-based ssDNA staining
was performed. Cardiac ssSDNA was augmented in hearts
from sedentary db/db mice compared with sedentary WT
mice, but was abolished with exercise alone (Figure 5A and
B). GSH treatment reversed this trend and augmented ssDNA
in hearts from exercising db/db mice, thus confirming
increased apoptosis in GSH-treated exercising db/db hearts
(Figure 5A and B).
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As ssDNA breaks are mediated by caspases, we verified
caspase-9, -8 and -3 activities. Activities of caspase-9 and
caspase-8, principal initiator caspases from the ‘intrinsic’ and
‘extrinsic’ pathways, were both increased with diabetes but
were down-regulated following exercise in db/db mice
(Figure 5C and D). GSH therapy specifically increased cardiac
caspase-9 (Figure 5C) activity in db/db mice. Caspase-3 activ-
ity, which orchestrates nuclear DNA damage, was increased in
the hearts from sedentary, ageing db/db mice (Figure SE).
Similar to caspase-9, caspase-3 activity was also reduced in
exercised db/db hearts, while GSH treatment restored cardiac
caspase-3 activity in db/db mice (Figure 5E). In addition to
artificial fluorescent substrates, we confirmed endogenous
caspase-3 activity by analysing cleavage products of its cellu-
lar substrates. Caspase-3 cleaves actin, giving rise to ‘fractin’,
a 32kDa fraction (Rossiter efal., 2002). Additionally,
caspase-3 also cleaves whole 116 kDa polyADP ribose poly-
merase 1 (PARP1) to produce an 89 kDa fragment (Los et al.,
2002). Both cardiac fractin (Figure 5F) and cleaved PARP-1
(Figure 5G) were increased GSH-treated db/db mice.

Overall, these results indicate that while total cardiac cell
death was not affected (TUNEL; Figure 4), exogenous GSH
caused a shift from necrosis (Figure 3) to increased caspase-3
activity and apoptosis in exercised db/db mice hearts.

Increasing GSH promotes apoptosis and
inhibits necrosis in fibroblasts under elevated
oxidative stress

To better understand the relationship between GSH and
modes of cardiac cell death, we simulated in vivo interactions
in vitro by incubating NIH3T3 fibroblasts and differentiated
H9c2 cardiomyocytes with hydrogen peroxide (H,O,) to
represent exercise-induced increases in oxidative stress. In
fibroblasts, GCLc overexpression increased GSH (Figure 6A).
Mitochondrial membrane potential (delta psi, Ay), an
indicator of mitochondrial health, was assessed with the
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potentiometric dye JC-1 in fibroblasts (Figure 6B). All concen-
trations of H,O, (with or without GCLc) reduced Ay in fibro-
blasts (Figure 6B and F). Loss of Ay in fibroblasts was partially
rescued by GCLc overexpression at 1000 and 2000 uM H,O,
(Figure 6B and F). Despite such protection, both forms of cell
death, namely caspase-3 activity, condensed nuclei (charac-
teristic of apoptosis) and LDH release (characteristic of necro-
sis) increased in fibroblasts with 1000 uM H,O,, irrespective
of GCLc overexpression (Figure 6C-E), demonstrating that
moderate oxidative stress can induce both apoptotic and
necrotic forms of death in the same cell population (Zuliani
et al., 2003). However, at 2000 uM H,O,, caspase-3 activity
(Figure 6C) and condensed nuclei (Figure 6D) decreased with
a corresponding increase in LDH release (Figure 6E) with an
appearance of diffuse, swollen nuclei (Figure 6F), characteris-
tic of predominantly necrotic phenotype (Teramoto et al.,
1999). These data are in agreement with published reports of
fibroblasts demonstrating a co-existence of apoptosis and
necrosis at moderate oxidative insults induced with 1000 uM
H,O, but necrosis only at higher oxidative insults between
above 1 mM (Teramoto et al., 1999). At this H,O, concentra-
tion (2 mM), overexpression of GCLc increased apoptotic
characteristics [caspase-3 activity (Figure 6C) and condensed
nuclei (Figure 6D and F)] while attenuating necrotic features
like LDH release, thus promoting an apoptotic phenotype
over necrosis under levels of high oxidative insults.

Increasing GSH promotes apoptosis and
inhibits necrosis in cardiomyocytes under
elevated oxidative stress

In cardiomyocytes, GCLc overexpression augmented cellular
GSH in the absence or presence of H,O, (Figure 7A). Similar to
the findings with fibroblasts, all concentrations of H,O,
reduced Ay in fibroblasts (Figure 7B). However, unlike fibro-
blasts, increasing concentrations of H,O, induced a weaker
induction of caspase-3 or formation of condensed nuclei,
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GSH treatment increases ssDNA breaks and caspase-3 in exercising db/db hearts. (A) ssDNA breaks in formalin-fixed heart sections as identified
using a monoclonal antibody specifically directed against a ssDNA fragment of 25 bp or longer. Green fluorescence depicts positive staining (white
arrows), which was co-localized with DAPI stains (inset, magnified image in db/db + Exe + GSH). (B) Quantification of ssDNA breaks across heart
sections using Metamorph software. (C) Caspase-9, (D) caspase-8 and (E) caspase-3/7 activities were quantified using aminofluorocoumarin
(AFC)-conjugated substrates in flash-frozen samples. Validation of caspase-3 activity was achieved by studying (F) fractin and (G) whole to cleaved
PARP1 ratio. Inset depicts representative gels depicting fractin and cleavage of whole PARP1 (116 kDa) to its cleavage product (89 kDa). GSH
therapy increased ssDNA breaks and caspase-3 activity in exercised db/db hearts. Data were analysed using two-way anova with the Bonferroni tests
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indicating resistance to apoptosis in differentiated H9c2 car-
diomyocytes (Figure 7C and D). Others have reported that
differentiated cardiomyocytes are relatively resistant to
caspase-3-mediated nuclear damage (Bahi et al., 2006), and
unlike fibroblasts, differentiated H9c2 cells have more mito-
chondria, greater respiratory activity and hence possess
increased tolerance to low concentrations of H,O, (Comelli
et al., 2011). Indeed, 1000 uM H,O, induced extensive loss of
viability in CON cardiomyocytes, predominantly through
LDH release, characterized by swollen nuclei (Figure 7D and
F), which is indicative of necrosis. More interestingly, at
baseline (i.e. no H,O,), GCLc overexpression reduced Ay in
cardiomyocytes, indicating toxic effects of GSH without oxi-
dative stress (Figure 7B and F).

These data suggest that similar to GSH treatment of db/db
mice undergoing exercise, augmenting GSH by GCLc overex-
pression in vitro also sustains caspase-3 activity in both
fibroblasts and cardiomyocytes exposed to oxidative stress.

Taken together, these studies imply that increased cellular
GSH has an important role in preventing necrosis and acti-
vation of caspase-3-mediated classical apoptotic pathways
induced by increased oxidative stress in both fibroblasts and
cardiomyocytes.

Increasing GSH without oxidative stress
impairs mitochondrial membrane potential
and potentiates cell death

GSH treatment of exercised mice produced several detrimen-
tal effects in WT hearts, such as reducing antioxidant
(Figure 1G and H) and ETC enzyme (Figure 2D and F) activi-
ties in addition to increasing caspase-3 and fractin formation
(Figure SE and F). As WT hearts experience lower oxidative
stress (Figure 2A-C), we hypothesized that GSH up-regulation
would have detrimental effects in both cardiomyocytes and
fibroblasts without oxidative stress.
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Increasing GSH promotes apoptosis and inhibits necrosis in fibroblasts under elevated oxidative stress. Effect of 14 h of H,O, treatment on
fibroblasts overexpressing GCLc or empty vectors (CON). Fibroblasts were analysed for (A) GSH content using o-phthalaldehyde assay; (B)
mitochondrial membrane potential (Ay) with the ratiometric JC-1 dye using a fluorescent plate reader; (C) caspase-3 activity using fluorescent
substrates; (D) percentage of nuclear condensation as estimated through microscopy after counting condensed nuclei out of 100 total nuclei from
each treatment as an indicator of apoptotic nuclear damage; (E) LDH release in the media using enzymatic substrates; and (F) representative
micrographs of JC-1 and Hoechst fluorescence using Texas Red, FITC and DAPI filters, respectively, at 400x magnification. Higher ratio of
red : green fluorescence indicates healthy mitochondria with elevated Ay. Data were analysed using one-way anova with Bonferroni tests; *P < 0.05
versus corresponding control under the same treatment condition. GCLc overexpression increases GSH and protects against loss of mitochondrial
membrane potential. Experiments were carried out at least twice in triplicate. Abbreviations: AU, arbitrary units; CON; control, with overexpression
of empty vectors; GCLc; with overexpression of glutamate cysteine ligase catalytic subunit; Mito., mitochondrial.

To investigate this hypothesis, we selected staurosporine,
a classic inducer of cell death that induces both caspase-
dependent and caspase-independent cell death not involving
the generation of ROS (Belmokhtar etal., 2001; Ramiro-
Cortes and Moran, 2009). In this study, staurosporine
lowered baseline ROS after 14 h of incubation in both cardio-
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myocytes and fibroblasts (Figure 8A). Interestingly, GCLc
overexpression caused a greater loss of GSH from both fibro-
blasts and cardiomyocytes following staurosporine treatment
(Figure 8B). Further, unlike H,O,-treated cells, GCLc overex-
pression decreased mitochondrial membrane potential in
fibroblasts (Figure 8C) or had no effect in preventing loss of
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Increasing GSH promotes apoptosis and inhibits necrosis in cardiomyocytes under elevated oxidative stress. GCLc or empty vectors (CON) were
overexpressed in cardiomyocytes, which were then treated with increasing concentrations of H,O, as indicated for 14 h. Cardiomyocytes were
analysed for (A) GSH content using o-phthalaldehyde assay; (B) mitochondrial membrane potential (Ay) with the ratiometric JC-1 dye using a
fluorescent plate reader; (C) caspase-3 activity using fluorescent substrates; (D) percentage of nuclear condensation as estimated through
microscopy after counting condensed nuclei out of 100 total nuclei from each treatment as an indicator of apoptotic nuclear damage; (E) LDH
release in the media using enzymatic substrates. (F) representative micrographs of JC-1 and Hoechst fluorescence using Texas Red/ FITC and DAPI
filters, respectively, at 400x magnification. Higher ratio of red: green fluorescence indicates healthy mitochondria with elevated Ay. Data were
analysed using one-way ANOVA with Bonferroni tests. *P < 0.05 versus corresponding control under the same treatment condition. GCLc
overexpression increases GSH and protects against loss of mitochondrial membrane potential. Experiments were carried out at least twice in
triplicate. Abbreviations: AU, arbitrary units; CON; control, with overexpression of empty vectors; GCLc; with overexpression of glutamate cysteine
ligase catalytic subunit; Mito., mitochondrial.
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Increasing GSH without oxidative stress impairs mitochondria and
increases cell death. Effects of GCLc overexpression on fibroblasts
and cardiomyocytes undergoing staurosporine-induced death was
evaluated at 14 h by measuring (A) intracellular ROS using H2DCFDA
dye; (B) cellular GSH using o-phthalaldehyde assay; (C) mitochon-
drial membrane potential using JC-1 fluorescence ratio; (D)
caspase-3 activity using fluorescent substrates as described in the
Methods section; and (E) LDH release using enzymatic assays. GCLc
overexpression in the absence of incumbent oxidative stress cannot
sustain cellular GSH, lowers mitochondrial membrane potential and
potentiates cell death in both fibroblasts and cardiomyocytes. Experi-
ments were carried out at least twice in triplicate. Data were analysed
using one-way ANOVA with Bonferroni tests. *P < 0.05 versus
corresponding control cells under the same treatment condition.
Abbreviations: AU, arbitrary units; CM, cardiomyocytes; FIB,
fibroblasts; GCLc, glutamate cysteine ligase catalytic subunit; Mito.,
mitochondrial.

membrane potential in cardiomyocytes following stauro-
sporine treatment (Figure 8C). Caspase-3 was preferentially
increased in fibroblasts with GCLc overexpression with stau-
rosporine (Figure 8D). In contrast, GCLc-treated cardiomyo-
cytes led to higher LDH release than fibroblasts in response to
staurosporine (Figure 8E).

Overall, these data suggest that in the absence of aug-
mented ROS generation, GCLc overexpression induced a
greater GSH efflux from dying cells. GCLc could not protect
against mitochondrial impairment during ROS-independent
cell death and instead potentiated either LDH release or
caspase-3 activities in both fibroblasts and cardiomyocytes.
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Discussion

GSH is an endogenous thiol that accumulates spontaneously
within the mitochondria as a means of self-protection during
increased mOXS (Mari et al., 2009). The clinical importance
of GSH is highlighted by the fact that elevation of this thiol
underlies the benefit of most therapeutically useful antioxi-
dants (Suh efal., 2004; McManus et al., 2011; Hwang et al.,
2012). A seminal prospective study demonstrated that low
levels of glutathione peroxidase (but not superoxide dis-
mutase) was an independent risk factor for cardiovascular
events in 636 patients over 4.7 years (Blankenberg et al.,
2003). As glutathione peroxidase depends upon GSH as its
co-factor, this effect may have been related to GSH deficiency.
A recent study by Damy et al. confirmed that a lack of atrial
GSH was proportional to structural abnormalities and sever-
ity of heart failure in patients undergoing cardiac surgery for
coronary artery disease, aortic stenosis or cardiomyopathy
(Damy et al., 2009). As a large proportion of patients enrolled
in these studies were geriatric patients with T2D, a correlation
between a lack of GSH and cardiovascular complications is
conceivable in aged diabetic hearts.

An important physiological consequence of exercise is the
generation of ROS, which then up-regulates endogenous anti-
oxidant expression as an adaptive response. We reported
earlier that moderate exercise increased cardiac antioxidant
levels in 3-month-old db/db mice with diabetes for 5 weeks
(Moien-Afshari et al., 2008). In the current study, such effects
were absent in 8-month-old db/db hearts with diabetes for 24
weeks. Such a discrepancy could be due to ‘tolerance’ of older
diabetic tissues to ROS. Both ageing and hyperglycaemia
independently induce ROS release, and in combination, can
desensitize the heart to additional ROS released by exercise. A
parallel can be drawn between exercise and the effects of
ischaemic preconditioning, which also involves ROS release,
as a major mechanism to protect against future ischaemic
events in the heart (Otani, 2004). Both diabetes and ageing
blunts the cardioprotective effects of preconditioning in
humans (Ishihara etal.,, 2001; van den Munckhof etal.,
2013). Like ROS, ‘tolerance’ to other signalling molecules
such as NO have also been reported, where repeated dosing of
nitroglycerin leads to endothelial dysfunction and tolerance
to vasodilator effects of nitroglycerin (Gori et al., 2010).

A dose-dependent effect of oxidative stress on cell death
phenotype or caspases has long been recognized (Sen and
Roy, 2001). One study demonstrated a gradual rise in
caspase-3 activity with lower concentrations of H,O; in Jurkat
T lymphocytes, followed by a rapid drop at higher concen-
trations of H,O, where apoptosis was replaced by necrosis
(Hampton and Orrenius, 1997). Interestingly, H,O, can
directly inactivate caspases (Borutaite and Brown, 2001). As
ATP concentrations are critical in determining cardiac cell
death phenotype, a critical determinant of cellular ATP under
stress is the duration and extent of loss of Ay (otherwise
known as mitochondrial membrane potential). Loss of Ay for
short and long periods can induce apoptosis and necrosis
respectively (Skulachev, 2006). This is due to persistent loss of
Ay, which inhibits oxidative phosphorylation and depletes
ATP, leading to the failure of membrane ion pumps to main-
tain osmolarity, thus causing cell swelling, membrane leakage
and LDH release. In contrast, a moderate and reversible loss



of Ay leads to the release of mitochondrial cytochrome ¢ and
initiation of apoptotic process but maintains sufficient oxi-
dative phosphorylation levels to permit ATP-dependent
steps for the execution of apoptosis. As an example, active
nuclear transport, activation of stress kinases, phosphatidyl
serine externalization and apoptosome formation are ATP-
dependent processes necessary for apoptosis, which are initi-
ated by transient loss of Ay (Nicotera and Melino, 2004).

However, caution is warranted while trying to predict the
occurrence of apoptosis or necrosis based solely upon the
degree of oxidative stress. Other factors such as the state of
differentiation or cell type may also dictate such outcomes. As
an example, in this study using 1000 uM H,O,, CON fibro-
blasts demonstrated greater caspase-3 activity and higher
condensed nuclei than in CON cardiomyocytes (Figure 6C
and D vs. Figure 7C and D). This is in agreement with our in
vivo data where the number of TUNEL-positive nuclei was
significantly higher among fibroblasts in the interstitial space
(labelled as non-cardiomyocytes; Figure 4B) and not in car-
diomyocytes. Differentiated cells such as epithelial cells and
cardiomyocytes are more resistant to caspase-3 activity-
induced nuclear damage under oxidative stress. Activation of
caspase-3 in cardiomyocytes often involves cleavage of con-
tractile proteins such as actin to fractin and not nuclear
damage per se (Communal et al., 2002; Rossiter et al., 2002).
Alternatively, it may take up to 5000 uM H,O, to initiate
apoptosis in differentiated cells such as human airway epi-
thelial cells (Kazzaz et al., 1996).

Despite such assertions in vitro, factors controlling cell
death phenotypes in the heart in vivo were uncertain (Anathy
et al., 2012). Using novel apoptosis-specific ssDNA probes in
the intact heart in vivo as well as various doses of H,O, in both
cardiomyocytes and fibroblasts in vitro, we present the first
evidence suggesting that GSH is a key in controlling the
mode of death in heart cells both in vivo and in vitro under
oxidative challenges. Our study indicates that short-term
exercise greatly augments oxidative stress in db/db hearts
(Figure 2). This results in a ‘switch’ of cell death from pre-
dominantly apoptotic DNA damage (represented by ssDNA
breaks in sedentary db/db hearts; Figure 5) to non-specific
DNA damage (indicated by TUNEL; Figure 4) with elevated
necrosis and fibrosis (Figure 3) in exercised db/db hearts.
Thus, GSH supplementation during exercise alters the
balance between cell death phenotypes to augment apoptosis
in db/db hearts. Indeed, GSH provision during cardiac oxida-
tive stress related to doxorubicin treatment promotes greater
cardiac caspase-3 activity (Asakura et al., 1999). The failure of
GSH therapy to completely prevent cell death in our study
could be due to the fact that circulating glucose levels remain-
ing unchanged with GSH therapy in exercised db/db mice, as
hyperglycaemia per se is an independent predictor of cardiac
cell death (Cai et al., 2002).

In this study, GSH therapy during exercise demonstrated
several detrimental effects in WT hearts. Exogenous GSH
reduced exercise-induced up-regulation of antioxidants such
as catalase and SOD, lowered ETC enzyme activities, as well as
increased caspase-3 and fractin formation in WT hearts
during exercise. As WT hearts had low oxidative stress,
increasing GSH concentrations could induce ‘reductive stress’
in these hearts in vivo as suggested recently under in vitro
studies (Zhang et al.,, 2012). Consistent with such results,

GSH and cell death in ageing db/db hearts

without incident ROS, staurosporine induced a much greater
GSH efflux, in GCLc overexpressing fibroblasts and cardio-
myocytes at 14 h. Others have shown that in colonic epithe-
lial cell lines not experiencing oxidative stress, GSH efflux
potentiates staurosporine-induced cell death (Circu efal.,
2009). Loss of GSH from dying cells that may not need them
(i.e. due to a lack of oxidative stress) is a conserved mecha-
nism to redistribute this important antioxidant to cells that
could require GSH to combat oxidative stress (Coppola and
Ghibelli, 2000). Thus, overproduction of GSH without oxida-
tive stress could be detrimental as excessive GSH extrusion
can magnify damage by committing cells to the death process
(Coppola and Ghibelli, 2000).

We summarize our results in Figure 9. Exercise and anti-
oxidant supplementation has different effects depending
upon whether they are diabetic or normoglycaemic. GSH (or
other antioxidants that increase GSH) in ageing diabetic
hearts ameliorates mOXS, prevents necrosis, while activating
caspase-3 and apoptosis during exercise. In contrast, in the
absence of chronic oxidative stress (i.e. normoglycaemic
hearts), efforts to increase GSH blocks physiological
up-regulation of ROS and antioxidants, lowers mitochondrial
function and induces ‘stress’.

Older human T2D hearts demonstrate both apoptosis and
necrosis (Frustaci et al., 2000). Although any form of cell
death can induce functional deficit, cardiac necrosis is the
primary mediator of heart failure in humans (Nakayama
et al., 2007). Necrosis (and not apoptosis) involves permea-
tion of cardiac cell membrane and extruded cell debris can
provoke inflammation in the failing heart, at the site of
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Graphical abstract explaining effects of GSH on cardiac cell death in
ageing hearts during exercise. Exercise and antioxidant supplemen-
tation has different effects depending on whether they are diabetic
or normoglycaemic. GSH (or other antioxidants that increase GSH) in
ageing diabetic hearts ameliorates mOXS, prevents necrosis, while
activating caspase-3 and apoptosis during exercise. In contrast, in the
absence of chronic oxidative stress (i.e. normoglycaemic hearts),
efforts to increase GSH block physiological up-regulation of ROS and
antioxidants, and induces ‘stress’. Blue fonts and lines represent
events occurring without antioxidant intervention in both ageing
normoglycaemic and diabetic hearts during exercise. Red lines and
fonts represent events in the same following GSH therapy.
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injury (Frangogiannis et al., 2002). Moreover, calcium over-
load and hyperactivation of B-adrenergic receptors also accel-
erate deterioration of cardiac function during necrosis
(Nakayama et al., 2007). In this study, exercised db/db hearts
also demonstrated extensive fibrosis, which was attenuated
with exogenous GSH. Therefore, by inducing a ‘switch’ from
necrosis to apoptosis, GSH therapy could provide anti-
inflammatory and anti-fibrotic effects in the older diabetic
myocardium during exercise. We conclude that while GSH
therapy [or GSH enhancing agents such as lipoic acid (Ziegler
etal., 2011)] during exercise may benefit in ageing diabetic
hearts by attenuating mOXS, necrosis or fibrosis; antioxidant
therapy during exercise could damage the mitochondria and
activate death signalling in the healthy heart.
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