
Acute exercise stress activates Nrf2/ARE signaling and
promotes antioxidant mechanisms in the myocardium

Vasanthi R. Muthusamya, Sankaranarayanan Kannanb, Kamal Sadhaasivama, Sellamuthu
S. Goundera, Christopher J. Davidsona, Christoph Boehemec, John R. Hoidald, Li Wange,
and Namakkal Soorappan Rajasekarana,*

aDivision of Cardiology & Pulmonary, Department of Internal Medicine, University of Utah Health
Sciences Center, Salt Lake City, UT 84132, USA
bDepartment of Pediatric Research, University of Texas M. D. Anderson Cancer Center, Houston,
TX 77030, USA
cEPR Facility, Department of Physics, University of Utah Health Sciences Center, Salt Lake City,
UT 84112, USA
dDivision of Pulmonary, Department of Internal Medicine, University of Utah Health Sciences
Center, Salt Lake City, UT 84132, USA
eDivision of Gastroenterology, Department of Internal Medicine, University of Utah Health
Sciences Center, Salt Lake City, UT 84132, USA

Abstract
Oxidative stress has been implicated in the pathogenesis of cardiovascular diseases, including
myocardial hypertrophy and infarction. Although impairment of antioxidant defense mechanisms
has been thought to provoke oxidative stress-induced myocardial dysfunction, it has been difficult
to clearly demonstrate. Nuclear erythroid 2 p45-related factor 2 (Nrf2) is a redox-sensitive, basic
leucine zipper protein that regulates the transcription of several antioxidant genes. We previously
reported that sustained activation of Nrf2 upregulates transcription of a number of endogenous
antioxidants in the heart. Here, we show that acute exercise stress (AES) results in activation of
Nrf2/ARE (antioxidant response element) signaling and subsequent enhancement of antioxidant
defense pathways in wild-type (WT) mouse hearts, while oxidative stress, along with blunted
defense mechanisms, was observed in Nrf2−/− mice. We also find that AES is associated with
increased trans-activation of ARE-containing genes in exercised animals when compared to age-
matched sedentary WT mice. However, enhanced oxidative stress in response to AES was
observed in Nrf2−/− mice due to lower basal expression and marked attenuation of the
transcriptional induction of several antioxidant genes. Thus, AES induces ROS and promotes Nrf2
function, but disruption of Nrf2 increases susceptibility of the myocardium to oxidative stress. Our
findings suggest the basis for a nonpharmacological approach to activate Nrf2/ARE signaling,
which might be a potential therapeutic target to protect the heart from oxidative stress-induced
cardiovascular complications.
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Introduction
From a public health perspective, the increase in the aged population is a major concern in
the United States [1–3]. Age associated decline in antioxidant potential and accumulation of
reactive oxygen/nitrogen species (ROS/RNS) are a primary cause for multiple health
problems, such as cardiovascular diseases, diabetes, cancer, and neurodegenerative diseases
(Alzheimer’s, Parkinson’s, and Huntington), etc. [4–8]. Major cardiovascular diseases, such
as atherosclerosis, hypertension, myocardial infarction, cardiac hypertrophy, and
cardiomyopathy, are ascribed to increased oxidative stress [9–15]; however, the underlying
molecular mechanisms remain poorly defined.

Changes in the transcriptional regulation of antioxidant genes have been recently reported in
humans and mouse models of disease [16–18]. Evidence indicates that Nrf2 is the primary
transcriptional regulator of a majority of the antioxidants including NAD(P)H-quinone
oxydase-1 (NQO1), hemoxygenase-1 (HO1), γ-glutamyl cysteine ligase-catalytic (GCLC),
γ-glutamyl cysteine ligase-modulatory (GCLM), glucose-6-phosphate dehydrogenase
(G6PD), glutathione peroxydase-1 (GPX1), glutathione peroxydase-2 (GPX2), glutathione
reductase (GSR), and catalase [19]. A recent study has reported that a significant decrease of
Nrf2 nuclear expression in aged rats is associated with hepatic glutathione depletion [20],
which is strongly coupled with significant down-regulation of transcription and translation
products for GCLC and GCLM (rate-limiting enzyme for biosynthesis of GSH) [20]. The
similarities with older wild-type and Nrf2−/− mice [21] suggest that impairment of Nrf2-
ARE signaling may occur in the course of aging. Davies and co-workers have demonstrated
that exercise can reduce oxidative stress [22–24]. Recent studies have observed that chronic
exercise results in activation of Nrf2 in human skeletal muscle and rat kidney [25–27].
However, the mechanisms of Nrf2 activation and its downstream transcriptional regulation
of antioxidants have not been clearly elucidated. Further, the role of exercise on Nrf2/ARE
signaling has not been investigated in the context of the heart.

In this study, we investigate the role of acute exercise stress (AES) on Nrf2 and myocardial
antioxidant defense mechanisms. We hypothesize that Nrf2 deficiency will lead to
deregulation of myocardial cytoprotective mechanisms on AES. More importantly, our goal
is to investigate whether exercise can induce ROS and activate the Nrf2-Keap1 pathway, an
essential component of myocardial redox homeostasis, and also to assess whether disruption
of Nrf2/ARE signaling is detrimental to the heart. Age-matched (8–10 weeks old) WT and
Nrf2−/− mice were subjected to AES; we investigated the cytoprotective response in the
myocardium.

Materials and methods
Animals

Breeding pairs of Nrf2−/−male and female mice were generously provided by Dr. Li Wang,
University of Utah. Originally, the Nrf2-null mice were generated in Dr. Yamamoto’s
laboratory as previously described [28]. The mice were bred and genotyped for Nrf2
expression by PCR amplification of genomic DNA using the following primers (Fig. 1A):

Nrf2 forward: 5-GCCTGAGAGCTGTAGGCCC-3

Nrf2 reverse: 5-GGAATGGAAAATAGCTCCTGCC-3

Nrf2 mutant: 5-GGGTTTTCCCAGTCACGAC-3.

Mice were housed under conditions controlled for temperature and humidity, using a 12 h
light/dark cycle. They were fed a standard rodent diet and water ad libitum. Age-matched
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WT and Nrf2−/− male mice were subjected to acute exercise as described below. All
experimental protocols conducted on the mice were approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of Utah in accordance with the
standards established by the US Animal Welfare Act.

Antibodies and reagents
The following antibodies and reagents were used: Nrf2-ab (SC-722, Santa Cruz Bio, SC,
USA), Keap-1 (10503-2-AP, Proteantech, Chicago, USA), HO-1 (ab13248, Abcam Inc., SF,
USA), NQO-1 (ab34173), GAPDH (ab9485), SOD1 (ab13498), SOD2 (ab13534), lamin-B1
(ab16048), catalase (219010, Calbiochem, Merck kGaA, Germany), γ-GCS (RB-1697-P1,
Labvision/Neomarkers, CA, USA), Nox2 (sc5827), and Nox4 (sc21860). Secondary
antibodies conjugated with horseradish peroxidase IgG (Rabbit and Mouse/PI-1000 and
PI-2000, Vector Labs, Burlingame, USA) were used. Radical detecting EPR probes, CMH
(NOX-2.1), TEMPOL (705748, Sigma-Aldrich, St. Louis, MO, USA), EPR grade water
(NOX-7.7.1), Krebs-HEPES buffer (NOX-7.6.1), DETC (NOX-10.1), DF (NOX-9.1), glass
capillary tubes (NOX-G.3.1), and critoseal (NOX-A. 3.1-VP), were purchased from
Noxygen Diagnostics, Germany. Bio-Rad Protein Assay (500–0006, Bio-Rad, Hercules,
CA) was used to determine protein levels in heart tissue extracts. All reagents and primers
for RNA extraction and real-time RT-PCR quantification were purchased from Qiagen Inc.
(Valencia, CA).

Acute exercise stress
Wild-type (WT) and Nrf2−/− mice at 2 months of age (n=6–8/ group/experiment) were
subjected to exercise on a treadmill for 2 consecutive days [60 min per day; 14 m/min; 10%
grade]. Immediately after exercise on the second day, mice were sacrificed and the hearts
excised and processed/frozen for subsequent analysis [29,30]. EPR analysis was performed
in fresh heart ventricles obtained immediately after the exercise. For GSH redox
determination, fresh tissues were homogenized with MES buffer and precipitated proteins
with 10% meta-phosphoric acid (MPA) and the supernatants were collected after
centrifugation. The MPA supernatants were flash-frozen in liquid nitrogen and stored in −80
°C.

Myocardial glutathione (GSH) redox state
Glutathione redox (GSH/GSSG) state was determined in heart tissue extracts from WT and
Nrf2−/− mice at 2 months of age. In brief, heart tissue extracts were prepared in MES buffer
and centrifuged at 5000 rpm for 5 min at 4 °C. A small aliquot of the supernatants was used
for protein determination and the remaining samples were mixed with equal volumes of 10%
MPA (meta-phosphoric acid, Cat. No. 239275, Sigma) to precipitate proteins. A known
volume of the MPA extracts was treated with TEAM (triethanolamine) reagent and 2-vinyl
pyridine (only for GSSG analysis), and appropriate GSH and GSSG standards were treated
similarly to prepare a standard graph. A kinetic GSH-reductase recycling assay was
performed following the manufacturer’s instructions (703002, Cayman Chemicals, Ann
Arbor, MI, USA) using a plate reader (Bio-Tek, FLx-800) [31–33].

Reactive oxygen species using electron paramagnetic resonance (EPR) spectroscopy
To determine the ROS load in the WT and Nrf2−/− myocardial tissue, we measured the
tissue redox stress/ROS formation and assessed the temporal effect of Nrf2 deficiency under
basal and AES conditions. Briefiy, mice (control or exercised) were injected (ip) with
heparin (4 U/g bw) and sacrificed by CO2 inhalation. Hearts were perfused in situ with
HEPES buffer (20 μM, pH 7.4) to remove residual blood. A portion of the ventricle was cut
into small pieces, placed in a clean 24-well tissue culture plate containing 500 μl HEPES,
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washed twice, and immersed in 300 μl of the same buffer. About 10 mg of processed
ventricular tissues was incubated with 150 μl of 500 μM CMH (1-hydroxy-3-methoxy-
carbonyl-2,2,5,5- tet-ramethyl pyrrolidine), at 37 °C for 30 min. ROS released by tissues
react with the CMH to form a stable nitroxide radical that can be measured using EPR.
Aliquots (50 μl) of the incubated probe media were taken in glass capillary tubes and
analyzed using an EMX-ESR spectrometer (Bruker Instruments, Germany) as reported
previously [33,34].

Myocardial tissue homogenization and immunoblotting
Harvested hearts from WT and Nrf2−/− animals were initially flash frozen in liquid nitrogen
[33]. Cytosolic lysates from the tissues were prepared by homogenizing the tissue using
cytosolic/homogenizing buffer (10 mM HEPES, 10 mM KCl, 0.1 mM EDTA, 0.5 mM
MgCl2, with freshly prepared 1 mM dithiothreitol and 0.1 mM phenyl methyl-sulfonyl
fluoride (PMSF) and 1% Triton X-100, pH 7.9), followed by centrifugation at 5200 rpm for
5–6 min. The nuclear pellet was washed with 4 vol of homogenizing buffer to remove
cytosolic contaminants. Nuclear fractions were prepared in complete lysis buffer (20 mM
HEPES, 420 mM NaCl, 0.1 mM EDTA, 1.5 mM MgCl2, 25% glycerol and 1 mM
dithiotheitol, 0.5 mM PMSF, pH 7.9). Samples were incubated on ice with mild shaking and
centrifuged at 8200 rpm for 10 min. Later, proteins were determined using Biorad Bradford
reagent and the samples for Western blots were prepared in 0.25 vol of Laemmli buffer with
5% freshly added β-mercapthoethanol and boiled for 5 min. About 30 μg of both nuclear and
cytosolic proteins was resolved separately on 10–12% SDS-PAGE. The blots were probed
using antibodies against Nrf2, Keap1, catalase, SOD, GPX1, GSR, G6PD, HO-1, NQO-1, γ-
GCS, GAPDH, and lamin-B1. Secondary antibodies conjugated with horseradish peroxidase
IgG (rabbit and mouse) were used for chemiluminescence detection.

Determination of Nrf2 nuclear translocation by immunoblotting
Nuclear proteins (30–40 μg) from WT and Nrf2−/− mice heart were resolved separately on
10% SDS-PAGE. The blots were probed using anti-Nrf2 antibody, and the same blots were
stripped and reprobed with lamin-B1 or β-actin antibodies.

RNA isolation, reverse transcription, and gene expression using qPCR analysis
Myocardial tissues were harvested after in situ perfusion with 10 ml of RNase-free PBS and
10 ml of RNA later reagent. To extract RNA, ~30 mg of ventricular tissue was processed
from WT and Nrf2−/− mice (n=5) using RNA extraction kits (Qiagen No. 74106) following
the suppliers instructions. RNA samples were then quantified by measuring the absorbance
at 260 nm. The reverse transcription reaction was performed on 2.5 μg RNA using a Qiagen
Reverse Transcription Kit (Cat. No. 205311) as per the manufacturers instructions to
synthesize cDNA using oligo(dT). For quantitative real-time RT-PCR analysis, 100 ng of
cDNA template, 10 μl of SYBR green master mix (Qiagen No. 204054), and respective
Qiagen primer sets for Ho-1 (QT00095270), Nqo-1 (QT00094367), catalase (QT01058106),
G6pd (QT00120750), Gpx1 (QT01195936), Gsr (QT01758232), Gclc (QT QT00130543),
Gclm (QT00174300), Nrf2 (QT00095270), and Keap-1 (QT00147371) were used and
analyzed in a Light Cycler real-time thermocycler (Roche Bio). Copy numbers of cDNA
targets were quantified using Ct values, and the mRNA expression levels for all samples
were normalized to the level of the housekeeping gene Arbp1 (QT00249375) or GAPDH
(QT01658692).

Analysis of Nrf2 binding with ARE by trans-activation assay
Nrf2 activation and antioxidant response element (ARE) binding efficacy under basal and
AES conditions were evaluated in WT and Nrf2−/− mouse myocardial nuclear extracts
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using a Trans AM Nrf2 Kit (50296, Active Motif, Carlsbad, CA). A 10-μg aliquot of nuclear
protein was incubated with immobilized oligonucleotides containing the ARE consensus
binding site (5′-GTCACAGTACTCAGCAGAATCTG-3′) and the active form of Nrf2 that
bound to the oligo was detected using anti-Nrf2 primary antibody after treating with HRP-
conjugated secondary antibody. The chromogen formed as a result of specific activity of the
transcription factor in the nuclear extracts was determined using a plate reader at 450 nm,
and absorbance was expressed as the direct activity of Nrf2.

Statistical analysis
Data are expressed as mean±SD. Analysis of variance (ANOVA) followed by the Newman-
Kuels multiple comparison test was used to determine significant differences between the
groups. P values less than 0.05 were considered statistically significant.

Results
Nrf2 and Keap1 proteins are expressed in the mouse myocardium

The Nrf2-Keap1 pathway is critical for maintaining intracellular redox homeostasis in
multiple cells and organs [21,35]. We performed Western blots to test whether Nrf2 and
Keap1 proteins are expressed in the mouse myocardium. As shown in our recent report [33],
we confirmed that the Nrf2 and Keap1 proteins are present in the WT mouse hearts (Fig.
1C). We observed comparable expression of Keap1 in the Nrf2−/− mouse myocardium,
suggesting that abrogation of Nrf2 did not influence Keap1 protein expression (Fig. 1C).
The protein (WB) and RNA expression (qPCR) analysis confirmed disruption of Nrf2 in the
KO mouse heart (Figs. 1B and C).

Under basal physiological setting, loss of Nrf2 has no effect on heart morphology and
function

To investigate whether loss of Nrf2 can induce cardiac hypertrophy, we determined heart/
body weight ratio and morphology (Fig. 1). As shown in Fig. 1D, morphology of WT and
Nrf2−/− hearts was similar and no signs of hypertrophy were evident. Heart-to-body weight
ratios were comparable among the WT and Nrf2−/− mice (Fig. 1E). Further, qPCR analyses
for cardiac hypertrophy markers, atrial natriuretic factor (ANF) and brain natriuretic factor
(BNF), did not increase after AES in these mice (Figs. 7A and B). Next, we performed
echocardiograph analysis of WT and Nrf2−/− mice to investigate Nrf2′s physiological
function in the heart (data not shown). These results indicate that there is no evidence for
cardiac dysfunction due to disruption of Nrf2. Thus, loss of Nrf2 is not deleterious to the
heart under basal-physiological or unstressed states.

Induction of ROS in the myocardium of WT and Nrf2−/− mice on AES
We hypothesized that acute exercise induces ROS, which might then dissociate the Nrf2/
Keap1 complex and activate ARE-dependent antioxidants in the heart. Davies and co-
workers have previously reported that oxygen- and nitrogen-centered free radicals and
reactive oxygen and nitrogen (ROS/RNS) species are generated during exercise [24]. The
EPR signal for CMH (superoxide+hydroxyl) were determined under basal and AES
conditions. On AES, Nrf2−/− mouse had increased ROS accumulation (~2- and >1.5-fold;
Figs. 2A and B) when compared with sedentary WT and Nrf2−/−, respectively, suggesting
that Nrf2 deficiency is coupled to impaired antioxidant capacity. Notably, under basal
conditions there were no distinguishable changes in the CMH signals observed between WT
and Nrf2−/− mice (19.81±1.82 vs 21.9±1.54 nmol/min/mg protein).
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Source for ROS generation on AES
A variety of mechanisms have been reported to generate ROS in the cardiovascular system,
which includes mitochondria (ETC), NADPH-oxidases (NOX), nitric oxide synthase (NOS),
xanthine oxidase, etc. [24,36,37]. We have examined the levels of SOD1, SOD2, Nox2, and
Nox4 in WT mouse myocardium under basal/AES conditions (Fig. 3). Interestingly, Nox4
and SOD2 were significantly (P<0.01) upregulated in AES when compared to sedentary WT
myocardium (Figs. 3A–B and 3D–E) while the SOD1 and Nox2 levels were unaltered. AES-
mediated activation of Nox4 is expected to generate ROS in mitochondria, which might
have resulted in acute induction of SOD2. These results indicate that mitochondria could be
one of the major sources for ROS generation on AES.

Disruption of Nrf2/ARE signaling causes myocardial glutathione (GSH) depletion
The heart constitutively generates ROS through mitochondria and NADPH oxidase(s) [38–
41]. To limit accumulation of these reactive species, the myocardium has an inducible
antioxidant system that includes glutathione and thioredoxins [42–44]. GSH is a tripeptide,
nonprotein thiol antioxidant that is ubiquitously present in the majority of cells/tissues
[45,46]. De novo biosynthesis pathways for GSH are largely conserved in various tissues,
which facilitates local GSH production through GCL and GSH-synthase on stress and other
demands that occur due to chronic hepatic dysfunction [47–50]. We assessed whether the
Nrf2-deficiency state influenced GSH levels in the myocardium. Under basal conditions we
observed a trend toward GSH depletion in Nrf2−/− when compared with WT mice, but these
changes were not significant (Figs. 4A and B). However, on AES dramatic depletion of
GSH (1.0±0.2 vs 0.57±0.04; WT vs Nrf2−/−) and decreased GSH/GSSG ratio (10:1 vs 5:1;
WT vs Nrf2−/−) were observed in Nrf2−/− when compared to WT mice myocardium. Thus,
in a stressed state the loss of Nrf2 impairs cellular antioxidant defenses.

AES-induced ROS generation results in enhanced nuclear translocation of Nrf2 and its
binding to ARE in WT mice

Next, to investigate the AES-induced activation of Nrf2 in the myocardium, we determined
the Nrf2 activity using an ARE-oligonucleotide-based trans-activation assay in the nuclear
extracts of WT mouse hearts at ~2 months of age. On AES, the myocardial Nrf2 activity
was significantly higher (~2.0-fold) in exercised when compared with sedentary WT mice,
suggesting its induction/stabilization and nuclear translocation due to AES (Fig. 5A). As
predicted, basal (background) signals were detected for the nuclear extracts from Nrf2−/−
mice (Fig. 5A). Further, immunoblot analysis showed that acute exercise stress (AES)
mediated the increase of Nrf2 nuclear translocation (Fig. 5B).

This increase in Nrf2 nuclear translocation is associated with elevated ROS and subsequent
up-regulation of ARE-dependent trans-activation of antioxidants in WT mice. Though WT
exhibited compensatory trans-activation of ARE-containing antioxidant genes, the Nrf2−/−
mice were susceptible to AES-induced ROS generation. Absence of ARE binding in the
nuclear extracts of Nrf2−/− myocardium might be associated with blunted transcription of
antioxidants and accumulation of ROS, which result in chronic oxidative stress.

Abrogation of Nrf2 down-regulates transcription of ARE containing antioxidant genes on
AES

We hypothesized that abrogation of Nrf2 might inhibit transcriptional activation of
downstream targets including critical antioxidant pathways associated with glutathione
homeostasis in the myocardium. To test this hypothesis, we performed real-time RT-PCR
using RNA isolated from sedentary/AES WT and Nrf2−/− mouse hearts. We selected major
antioxidant genes that are regulated by NRF2/ ARE. Expression of catalase, G6pdx, Gclm,
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Gclc, Gsr, and Nqo1 (Figs. 6A–H) was significantly lower in the Nrf2−/− compared with
WT mouse hearts, suggesting a lack of compensation against AES-induced ROS. However,
under basal conditions, the WT and Nrf2−/− mice had similar transcript expression.
Interestingly, transcript levels for most of the antioxidant genes (Cat, Gclm, Gclc, Nqo1,
Gsr, G6pdx, and Gpx1) were significantly (P<0.05) increased in WT mice on exercise (Fig.
6) while the Nrf2−/− mice exhibited poor compensatory response to AES.

Depletion of major antioxidant enzymes on AES, but not under basal conditions, in the
myocardium of Nrf2-deficient mice

To characterize whether Nrf2 deficiency, in part, is responsible for the decreased GSH levels
on AES in the mouse heart, we measured protein expression for major targets of Nrf2 and
the enzymes that are involved in GSH metabolism/redox homeostasis using immuno-
blotting. Under basal conditions, though there appeared to be decreases in some of the
antioxidant enzymes in Nrf2−/− mice (Figs. 7A–E), most of these changes were not
statistically significant when compared with levels in the WT myocardium. Surprisingly,
while protein expression for GCLC was comparable, GCLM was higher in Nrf2−/− when
compared to WT. However, on AES, many of the antioxidants including GCLC (1.0 vs
0.61), GCLM (1.0 vs 0.55), catalase (1.0 vs 0.48), NQO1 (1.0 vs 0.25), G6PD (1.0 vs 0.28),
GPX1 (1.0 vs 0.48), and GSR (1.0 vs 0.45) were significantly (P<0.05 – 0.001 as indicated)
decreased (Figs. 7A–E) while there was profound increase in HO-1 levels (Fig. 7A) in the
Nrf2−/− when compared to WT mice. Independent of Nrf2, the HO1 is either tightly
regulated by or responding to redox changes. These results indicate that Nrf2−/− mice were
highly susceptible to AES-induced ROS accumulation. Overall, Western blot analysis
revealed significant depletion of major antioxidants in Nrf2−/− mice, while WT mice
exhibited compensatory antioxidant responses to the AES.

Analysis of cardiac hypertrophy in Nrf2−/− mice
Based on the evidence indicating an impaired antioxidant mechanism and increased ROS in
the Nrf2−/− mouse, next we analyzed the cardiac function and molecular markers of cardiac
hypertrophy. Increased ROS has been tightly correlated with cardiac hypertrophy in mouse
models and human patients. M-mode echocardiograph analysis revealed no evidence for
cardiac dysfunction in Nrf2−/− mice in either basal or AES states (data not shown). Further,
gene expressions for the major hypertrophy markers (ANF, BNF, PLN, and SERCA2A)
were not increased in either WT or Nrf2−/− on AES (Fig. 8). These results indicate that
short-term acute exercise has very minimal physiological effects on myocardial function
despite impaired antioxidant mechanisms in Nrf2−/− mice.

Discussion
Exercise is the natural mode of improving physiological outcomes by reducing morbidity/
mortality and preventing the progression of chronic pathological conditions including CVD
[51–54]. Through augmenting the function of Nrf2, the master transcriptional regulator of
antioxidant genes, it is possible to impact the antioxidant mechanisms and protect the
myocardium from well-defined oxidative stress-related pathological processes. Recently, we
have reported an Nrf2-dependent increase of major antioxidants in the mouse myocardium
[33]. Experimental and clinical studies using antioxidant supplements against oxidative
stress disorders report nonspecific and deleterious side effects. Our investigation has
identified Nrf2 as a critical factor that determines the fate of myocardial cytoprotective
mechanisms under basal and stressed states. The role of oxido-reductive stress and
associated pathogenic processes in human cardiovascular diseases has received considerable
attention from both basic and translational researchers. However, the role of Nrf2-Keap1
signaling in myocardium has not been previously investigated in the context of acute
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exercise stress. Our current findings reveal that (i) under unstressed conditions, Nrf2 has a
minimal role on cardiac antioxidant defenses, (ii) AES promotes Nrf2 and up-regulates
ARE-dependent antioxidant transcription and (iii) acute exercise represents a
nonpharmacological inducer of Nrf2/ARE signaling. Precise mechanisms for Nrf2 signaling
under various stress conditions are poorly elucidated. In this study, we used genetic
depletion of Nrf2 to explicitly explore the role of antioxidant responses to AES. Our results
demonstrate that Nrf2-dependent ARE signaling pathways are significantly activated in the
AES mouse hearts.

Disruption of Nrf2 has a minimal role in myocardial antioxidant system under basal
conditions

A recently elucidated leucine zipper Cap-‘n’-collar transcription factor, Nrf2, is believed to
play a major role in protecting a range of tissues (multiorgan protector) from a variety of
stressful and pathogenic insults [21,55,56]. Under unstressed physiological conditions, Nrf2
is attracted by its negative regulator, Keap1, in the cytoplasm and ubiquitinated [57–59]. In
response to chemical, electrophilic, physical (UV-radiation), or xenobiotic stress, Nrf2 is
released from Keap1 and translocates to the nucleus to bind with ARE of target genes [60–
62]. As briefly reported previously, loss of Nrf2 has minimal or no effect on its target genes
basal expression, suggesting the existence of mechanisms controlling expression apart from
Nrf2. Nevertheless, transcriptional down-regulation of some Nrf2/ARE-dependent genes
along with an insignificant decrease of their protein expression in the Nrf2−/− mice
indicates that the magnitude of regulation is based on the number and proximity of ARE
sites that interact with Nrf2. Thus Nrf2 is not required until a stress state exists. Investigating
mechanisms for activation/stabilization of Nrf2 is crucial for preventing, as well as treating,
various oxidative stress diseases.

Abrogation of Nrf2 leads to deregulation of cardiac antioxidant system under stress
conditions

To our knowledge, Nrf2-ARE redox signaling has not been characterized in heart tissue in
the context of exercise-mediated redox stress. Recent studies document that Nrf2 enhances
oxidative stress tolerance/life span of Drosophila and intestinal stem cell proliferation by
promoting redox homeostasis [63–65]. Previous reports have documented that the loss of
Nrf2 is strongly coupled with dysregulation of antioxidant pathways and progression of
disease [16–18]. A question addressed in this study is whether AES could trigger ROS
generation in the myocardium. Earlier investigations reported evidence that acute exercise
can induce ROS generation through a variety of mechanisms [66]. Here we demonstrate that
ROS were generated in WT and Nrf2−/− mouse hearts on AES. The magnitude of ROS
accumulation was significantly higher in Nrf2−/− mice, suggesting insufficient activation of
compensatory cytoprotective measures at transcriptional and translational levels. The
striking decline in several antioxidant proteins (catalase, NQO1, -GCS, GSR, GPX-1,
G6PD, etc.) on AES in Nrf2−/− mice might be attributed to an increased utilization of these
enzymes and restricted protein synthesis due to lack of Nrf2/ARE-dependent transcription.
Further, gene expression (real-time qPCR) analysis revealed subsequent down-regulation of
major antioxidant genes in Nrf2−/− mice after AES, indicating a principal role for Nrf2 in
myocardial antioxidant defenses. Thus, our findings support the notion that Nrf2 is critical
for protecting the heart from such acute stress conditions as previously demonstrated in
exercised rat kidney [25,27] and human skeletal muscle [26].

AES promotes Nrf2 signaling through ROS generation in WT, but induces oxidative stress
in Nrf2−/− mice

To determine the mechanisms for AES-induced Nrf2 signaling, we examined the levels of
ROS in WT and Nrf2−/− mice myocardium. We found that AES induces ROS generation
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along with increased nuclear translocation of Nrf2 compared to unstressed controls. Our
findings also indicate that mitochondria might be one of the major sources for ROS
generation during AES. Recent findings revealed localization of Nox4 in the mitochondria
of myocardium [67,68], which contributes to ROS production despite the mitochondrial
electron transport chain (ETC) [24,69,70]. Increased Nox4, but not Nox2, suggests potential
activation of NADPH-oxidase system in the mitochondria on AES. Accordingly, increased
SOD2 is attributed to stress-induced upregulation (feedback induction) of this enzyme to
combat excessively produced ROS on AES. Consistent with previous reports that ROS and
electrophilic stress can be the primary trigger for the dissociation of the Nrf2-Keap1
complex [60,61], AES-mediated ROS resulted in Nrf2 activation and subsequent
transcription of target antioxidant genes. However, Nrf2 deficiency resulted in poor
compensatory response to AES and exhibited oxidative stress as indicated by decreased
GSH and GSH/GSSG ratio in Nrf2−/− mice. A recent investigation documented that
disruption of Nrf2 is associated with enhanced susceptibility to pressure overload
hypertrophy, indicating a critical pathophysiological role for Nrf2 in the heart [71]. Hence, it
will be important in future studies to determine whether or not stress conditioning of aged
myocardium leads to protection against myocardial infarction, ischemia/reperfusion, or
drug-induced cardiac remodeling.

Physical activity and adaptive exercise: A drug-free approach to potentiate defense
mechanisms

To date, the Nrf2-Keap1 pathway has been shown to be activated as an adaptive response to
various stresses including oxidative stress caused by toxic chemicals, electrophilic stress,
and UV radiation [60,61]. Recently, several other small molecules, anticancer agents, and
plant-derived chemical species have been reported to regulate Nrf2/Keap1 signaling [26].
The molecular mechanisms to explain how the Nrf2-Keap1 pathway is modulated by any of
these factors in a dose/time-dependent manner remain largely unknown. Our findings
provide evidence, for the first time, that exercise stress activates this important pathway that
regulates transcription of an array of cytoprotective/antioxidant genes (Fig. 9). A continuous
nonpharmacological mode of Nrf2 activation might be efficacious in maintaining the steady-
state function of Nrf2/ARE signaling and to prevent multiple cardiovascular complications
(Fig. 9).

Conclusions
Acute exercise induces ROS and activates Nrf2 in the myocardial tissue. However,
disruption of Nrf2 increases the susceptibility of myocardial tissue to oxidative stress-
induced potential damage, and Nrf2 signaling might be a potential therapeutic target to
protect the heart tissue from ROS-dependent ischemia/reperfusion (I/R) injury and
myocardial infarction (MI). Our findings show that induction of a battery of major
antioxidant genes at transcriptional and subsequent translational capacity is feasible through
acute exercise (Fig. 9). Future investigations addressing the effect of chronic regimented and
spontaneous exercise (to increase adaptive response) on maintaining a steady-state function
of Nrf2 and thereby achieving potential intracellular cytoprotective defense mechanisms and
redox homeostasis are warranted.
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Fig. 1.
Nrf2−/− mouse model: Disruption of Nrf2 has no effect on heart structure and function. (A)
PCR and agarose electrophoresis of tail DNA showing WT (264 bp), Nrf2+/− (214 and 264
bp), and Nrf2−/− (214 bp) genotypes. (B) Nrf2 mRNA expression in the heart. Real-time
qPCR analysis showing basal or no expression of Nrf2 gene in the Nrf2−/− mouse
myocardium (n=5). (C) Western blotting analysis for Nrf2 and Keap1 protein expression.
Anti-Nrf2-ab reaction showing Nrf2 protein expression in WT, but not in Nrf2−/−mouse
hearts. (Upper panel) WB confirmed the Keap1 protein expression in WT and Nrf2−/−
mouse myocardium. (D) Heart morphology. Heart tissues from WT and Nrf2−/−mouse
appear normal and no evidence for cardiac abnormalities including hypertrophy. (E) Organ-
to-body (heart/body) weight ratios on autopsy confirm no hypertrophy either in WT or in
Nrf2−/− mice.
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Fig. 2.
Reactive oxygen species (ROS) generation is enhanced in the heart of AES mice. (A)
Electron paramagnetic resonance (EPR) spectroscopy signals for CMH in the WT and
Nrf2−/−mouse hearts at 2 months. (A) Representative EPR signals for CMH indicate
significant differences between WT and Nrf2−/− hearts with increased ROS generation after
AES. (B) ROS levels determined by EPR in the heart of WT and Nrf2−/− mice with or
without AES (n=5).
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Fig. 3.
Source for reactive oxygen species (ROS) generation in the heart of AES mice. Western
blots showing SOD and NOX isoforms in the sedentary and AES WT mice (n=4)
myocardium. Cytosolic SOD1 (D, F) and Nox2 (A, C) levels were unaltered, while the
mitochondrial Nox4 (A, B) and SOD2 (D, E) were significantly (*P<0.01) increased in AES
when compared to sedentary WT myocardium.
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Fig. 4.
Glutathione redox (GSH/GSSG) state of the myocardium in the WT and Nrf2−/− mice:
Determined the redox state of myocardial (ventricular) glutathione in WT and Nrf2−/− mice
at 2 months of age (n=6) under basal and after AES conditions. (A) Under basal conditions,
no statistically significant change in GSH was measured in WT and Nrf2−/− groups.
Significant decrease in GSH was evident in the Nrf2−/− mice after AES, indicating onset of
oxidative stress (*P<0.01). (B) Glutathione redox ratio (GSH/GSSG) was comparable under
the basal state, but it was tremendously decreased in Nrf2−/− when compared to WT on
AES, suggesting oxidative stress in the Nrf2−/− mice. Values are mean±SD for 6 or more
animals in each group.
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Fig. 5.
Increased Nrf2/ARE binding activity in the WT mouse myocardium after AES. (A)
TransAM-Nrf2 activity assay: Ten micrograms of nuclear proteins from WT and Nrf2−/−
mice (n=6) was incubated with the oligonucleotides (precoated on 96-well plate/strips) for
ARE (antioxidant response element). Using HRP-conjugated anti-Nrf2-ab binding activity
for Nrf2 in the nuclear extracts was determined in a plate reader. Final values were
expressed as mean A540 nm±standard deviation for four hearts three from each group.
Significant increase of Nrf2 binding was noted in WT mice after AES when compared with
basal conditions. Also detected were background values (ranging from 0.020 to 0.047 OD)
in Nrf2−/− mice after blanking the wells without protein samples. (B) Increased nuclear
translocation of Nrf2 is evident in the WT mice after AES. Representative immunoblot (IB)
of nuclear proteins collected from WT mice under basal and AES conditions. Each lane
represents an individual animal/heart. Lamin-B1 served as loading control and to normalize
the density of the IB signals. Density analysis reveals >2.5-fold increase in the WT mice
after AES compared to their respective basal nuclear levels for Nrf2. Diminished Nrf2-
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binding (Fig. 5A) is due to decreased nuclear Nrf2 in sedentary WT when compared to AES
mice (Fig. 5B).
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Fig. 6.
Disruption of NRF2 down regulates transcription of ARE-dependent antioxidants in the
myocardium of AES mice (A–H). Real-time qPCR analyses of major antioxidants regulated
by Nrf2/ARE signaling in WT and Nrf2−/− mice heart at 2 months (n=6) were performed
using appropriate Qiagen primer sets. Data were primarily normalized to Arbp1 and then to
the corresponding gene expression in the WT-normal group. Under basal conditions, gene
expression for most of the antioxidants was comparable between WT and Nrf2−/− mice. But
after AES, there was significant down regulation of most of the genes (catalase, Gclm,
Nqo1, Gclc, Gpx1, G6pdx, and Gsr) in Nrf2−/− when compared to the corresponding WT
mice. Interestingly, WT mice had significant upregulation of all these genes [Catalase (~2.0-
fold), Gclm (>2.0-fold), Gsr (>2.0-fold), Gpx1 (>1.5-fold), Gsr (>2.0-fold), and G6pdx (~2-
fold)] on AES, suggesting potential activation of Nrf2 and subsequent compensatory
mechanisms at 4 transcriptional levels (*P<0.05; **P<0.01 vs WT-normal). No significant
changes were observed in Ho1 mRNA expression (E).

Muthusamy et al. Page 20

Free Radic Biol Med. Author manuscript; available in PMC 2013 October 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
Decreased protein expression of Nrf2-dependent antioxidants in the myocardium of Nrf2−/−
mice on AES. (A) Representative immunoblot experiments of cytosolic extracts from WT
and Nrf2−/− mice at basal and after AES conditions. Blots with proteins were probed with
anti-catalase, G6PD, GSR, GCLC, GCLM, HO1, NQO1, and GAPDH. Individual lanes
indicate each animal (n=6). (B, C, D, and E) Densitometry analysis of respective protein
signals were performed using Image-J and expressed as relative intensity units calculated as
mean values of WT basal/young. While significant decreases in catalase, GCLC, GCLM,
G6PD, NQO1, GSR, and GPX1 proteins were observed in Nrf2−/− mice after AES, some
antioxidants (GCLM, G6PD, catalase) were significantly increased in WT on AES,
indicating activation of Nrf2-dependent cytoprotective pathways.
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Fig. 8.
Disruption of Nrf2 and AES has no effect on cardiac hypertrophy. (A–D) Expression for
cardiac hypertrophy markers; atrial natriuretic factor (ANF), brain natriuretic factor (BNF),
phospholamban (PLN), and SERCA2A in WT and Nrf2−/− mice under basal and AES
conditions were determined by qPCR analysis (n=3). Comparisons between WT and Nrf2−/
− revealed no indication of cardiac hypertrophy under either basal or AES conditions.
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Fig. 9.
Proposed model for exercise-induced Nrf2 activation (a drug-free approach) to maintain
redox homeostasis and protection against oxidative stress-mediated cardiovascular diseases.
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