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Nuclear factor erythroid-derived 2-like 2 (NFE2L2, Nrf2)
mediates exercise-induced mitochondrial biogenesis and
the anti-oxidant response in mice

Troy L. Merry"? and Michael Ristow'

L Energy Metabolism Laboratory, Swiss Federal Institute of Technology (ETH) Zurich, Schwerzenbach, Switzerland
2Faculty of Medical and Health Sciences, The University of Auckland, New Zealand

Key points

e Reactive oxygen species (ROS) and nitric oxide (NO) regulate exercise-induced nuclear factor
erythroid 2-related factor 2 (NFE2L2) expression in skeletal muscle.

e NFE2L2 is required for acute exercise-induced increases in skeletal muscle mitochondrial
biogenesis genes, such as nuclear respiratory factor 1 (NRF-1) and mitochondrial transcription
factor A, and anti-oxidant genes, such as superoxide dismutase (SOD)1, SOD2 and catalase.

e Following exercise training mice with impaired NFE2L2 expression have reduced exercise
performance, energy expenditure, mitochondrial volume and anti-oxidant activity.

e In muscle cells, ROS and NO can regulate mitochondrial biogenesis via a
NFE2L2/NRF-1-dependent pathway.

Abstract Regular exercise induces adaptations to skeletal muscle, which can include
mitochondrial biogenesis and enhanced anti-oxidant reserves. These adaptations and others are
atleast partly responsible for the improved health of physically active individuals. Reactive oxygen
species (ROS) and nitric oxide (NO) are produced during exercise and may mediate the adaptive
response to exercise in skeletal muscle. However, the mechanisms through which they act are
unclear. In the present study, we aimed to determine the role of the redox-sensitive transcription
factor nuclear factor erythroid-derived 2-like 2 (NFE2L2) in acute exercise- and training-induced
mitochondrial biogenesis and the anti-oxidant response. We report that ROS and NO regulate
acute exercise-induced expression of NFE2L2 in mouse skeletal muscle and muscle cells, and that
deficiency in NFE2L2 prevents normal acute treadmill exercise-induced increases in mRNA of
the mitochondrial biogenesis markers, nuclear respiratory factor 1 (NRF-1) and mitochondrial
transcription factor A (mtTFA), and the anti-oxidants superoxide dismutase (SOD) 1 and 2,
as well as catalase, in mouse gastrocnemius muscle. Furthermore, after 5 weeks of treadmill
exercise training, mice deficient in NFE2L2 had reduced exercise capacity and whole body
energy expenditure, as well as skeletal muscle mitochondrial mass and SOD activity, compared
to wild-type littermates. In C2C12 myoblasts, acute treatment with exogenous H,O, (ROS)- and
diethylenetriamine/NO adduct (NO donor) induced increases in mtTFA, which was prevented
by small interfering RNA and short hairpin RNA knockdown of either NFE2L2 or NRF-1. Our
results suggest that, during exercise, ROS and NO can act via NFE2L2 to functionally regulate
skeletal muscle mitochondrial biogenesis and anti-oxidant defence gene expression.
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AICAR, 5-aminoimidazole-4-carboxamide ribonucleotide; AMPK, 5 adenosine monophosphate-

activated protein kinase; COX4, cytochrome c oxidase subunit 4; Deta/NO, diethylenetriamine/nitric oxide adduct; GSH,
reduced glutathione; GSR, glutathione reductase; GSSG, oxidized glutathione; GST, glutathione S-transferase; H,O,,
hydrogen peroxide; KO, knockout; L-NAME, NG—nitro—L—arginine; MAPK, mitogen-activated protein kinase; mtTFA,
mitochondrial transcription factor A; NAC, N-acetylcysteine; NFE2L2, nuclear factor erythroid 2-related factor 2;
NF-«B, nuclear factor kappa-light-chain-enhancer of activated B cells; NO, nitric oxide; NRF, nuclear respiratory factor;
PGCla, peroxisome proliferator-activated receptor y coactivator 1o; ROS, reactive oxygen species; sShRNA, short hairpin
RNA; siRNA, small interfering RNA; SOD, superoxide dismutase; WT, wild-type.

Introduction

Regular exercise reduces the incidence of disease and
increases life expectancy (Warburton et al. 2006). Skeletal
muscle is particularly responsive to acute exercise stress,
and exercise training causes adaptive changes such as
increased anti-oxidant capacity, mitochondrial volume
and insulin signalling intermediates, which improve
the function of the muscle and protect against the
development metabolic disorders (Egan & Zierath, 2013).
One of the mechanisms through which exercise may
promote adaptive changes in skeletal muscle is by acutely
elevating oxidative and nitrosative stress (Gomez-Cabrera
etal. 2015).

During exercise or contraction, skeletal muscle
produces reactive oxygen species (ROS) and nitric oxide
(NO) (Powers & Jackson, 2008). Both NO and ROS can
promote mitochondrial biogenesis (Suzuki et al. 1998;
Nisoli et al. 2003; Piantadosi & Suliman, 2006). Pre-
venting increases in ROS during exercise by supplementing
with anti-oxidants has been shown, in some studies
(Gomez-Cabrera et al. 2005; Gomez-Cabrera et al. 2008;
Ristow et al. 2009; Strobel et al. 2011; Wadley et al. 2013;
Paulsen et al. 2014a) but not others (Yfanti et al. 2010;
Higashida et al. 2011; Wadley et al. 2013), to attenuate
acute exercise and exercise training inducing increases
in mitochondrial biogenesis markers and anti-oxidant
responses. However, the mechanisms through which ROS
and NO may be acting to co-ordinate the adaptive response
to exercise stress are not well understood.

The transcription factor peroxisome proliferator-
activated receptor y coactivator la (PGCla) is viewed as
the master regulator of exercise-induced mitochondrial
biogenesis and the anti-oxidant response (Lin et al.
2005). PGClu is increased after exercise, and coactivates
nuclear respiratory factors (NRF)-1 and -2, which activate
mitochondrial transcription factor A (mtTFA) to facilitate
mitochondrial replication (Bassel-Duby & Olson, 2006).
Indeed, NO and ROS can increase PGClw, NRF1 and
mtTFA expression in skeletal muscle, and anti-oxidant
supplementation can attenuate exercise-induced increases
in PGCla levels (Nisoli et al. 2003; Gomez-Cabrera
et al. 2005; Ristow et al. 2009). These observations have

resulted in the assertion that ROS act via PGCla to
regulate exercise-induced adaptive responses in skeletal
muscle. However, PGClw is not required for normal
exercise-induced increases in markers of mitochondrial
biogenesis and anti-oxidant expression (Leick et al. 2008),
suggesting that alternative mechanisms are also involved
in regulating skeletal muscle adaptation to exercise.

Nuclear factor erythroid-derived 2-like 2 (NFE2L2; also
frequently referred to as Nrf2) is a ROS and NO sensitive
transcription factor (Kensler et al. 2007). Exposure of
cells to oxidative or nitrosative stress causes NFE2L2 to
translocate from the cytoplasm (where it is sequestered
by Keapl for degradation) to the nucleus, where it
binds to the anti-oxidant response element to initiate
defences that protect cells against cytotoxic and oxidative
damage (Kensler et al. 2007). The primary function
of NFE2L2 is to co-ordinate anti-oxidant responses
to stress and, accordingly, NFE2L2 ablation prevents
increases in skeletal muscle anti-oxidant gene mRNA
levels of old (>23 month) mice immediately after the
last bout of very intense short-term (2 weeks) treadmill
training (Narasimhan et al. 2014). In addition, NFE2L2
is required for mitochondrial biogenesis induced by
carbon monoxide stress in cardiac muscle (Piantadosi
et al. 2008) and inflammation in the liver (Piantadosi
etal 2011).

Because NFE2L2 can regulate both mitochondrial
biogenesis and the anti-oxidant response to acute oxidative
and nitrosative stress, we determined whether skeletal
muscle NFE2L2 is activated by acute exercise and whether
NFE212 regulates acute and exercise training-induced
increases in mitochondrial biogenesis and the anti-oxidant
response. We report that both NO and ROS contribute
to increasing skeletal muscle NFE2L2 mRNA following
an acute bout of exercise, and that NFE2L2 expression is
required for normal increases in mitochondrial biogenesis
markers and the anti-oxidant response in skeletal
muscle following acute exercise and exercise training.
Furthermore, our data suggest that both ROS (H,0;)
and NO-induced increases in mitochondrial biogenesis
markers (mRNA) are dependent on NFE2L2 and NRFI,
whereas only NO-mediated mitochondrial biogenesis
gene expression requires PGCla.

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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Methods
Animal ethics

All procedures described in the present study were
approved by the Canton of Zurich Veterinary Office,
Switzerland (license number ZH245/14), and conducted
in accordance with the ETH Zurich and Swiss national
guidelines for animal welfare. The investigators under-
stand the ethical principles under which The Journal
of Physiology operates and this work complies with the
animal ethics checklist.

Murine breeding and housing conditions

Mice were maintained in a temperature-controlled facility
under a 12 : 12 h light/dark cycle and had ad libitum
access to a diet unsupplemented with vitamins E and C
(58022-S005; ssniff Spezialdidten GmbH, Soest, Germany)
and water. NFE2L27/~ (also known as Nrf2~/~) mice
have been described previously (Chan et al. 1994) and
were purchased from Jackson Laboratories (Bar Harbor,
ME, USA) and bred inhouse on a C57Bl/6 background.
Male (~25-30 g, 15-30 weeks old) NFE2L2~/~ mice
and NEF2L21/7 littermates, herein referred to as NFE2L2
knockout (KO) and wild-type (WT), respectively, and
C57Bl/6 mice were used for all the experiments. All mice
were killed humanly via cervical dislocation.

Exercise protocols and metabolic cages

All exercised mice underwent at least two treadmill
(Panlab/Harvard Apparatus, Holliston, MA, USA)
familiarization sessions on separate days >5 days prior to
the initial exercise test. Familiarization consisted ofa 5 min
exposure to the treadmill at speeds from 0-9 m min™',
with a 0° incline. A mild electrical stimulus was provided
as motivation via a shock-grid located at end of the
treadmill belt. Aerobic capacity was determined using an
incremental treadmill test to exhaustion. The treadmill
was set at a 10° incline and the speed was increased by
2 m min~! every 2 min until the mouse spent >5 s on
the shock grid without attempting to continue running.
To test endurance capacity, the treadmill was set to an
incline of 15° and starting speed of 5 m min~!, which was
continuously increased (ramped) at a rate of 0.17 m min ™"
until the mouse spent >5 s on the shock grid without
attempting to continue running.

Exercise training involved 30-60 min of treadmill
running at 10-15 m min~!, at a 10° incline,
4-5 days week ! for 4-6 weeks. Acute exercise protocol
consisted of 1 h of treadmill running at 12 m min~!,
at a 10° incline. Tissue was collected and snap-frozen in
liquid nitrogen following acute exercise at the time points
indicated, and at least 36 h after the final exercise session
for exercise-trained mice.

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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A PhenoMaster (TSE Systems, Bad Homburg,
Germany) open-circuit calorimetry system was used to
measure oxygen consumption and ambulatory activity
over 48 h (two light/dark cycles) following an acclimation
period of 24-48 h.

Antibodies and reagents

Rabbit antibodies against NFE2L2 were purchased from
Santa Cruz Biotechnology (Dallas, TX, USA) and
NRF-1 was obtained from Cell Signaling Technology
(Beverly, MA, USA). 5-Aminoimidazole-4-carboxamide
ribonucleotide (AICAR) was purchased from Adipogen
AG (Liestal, Switzerland). Unless stated otherwise, all
other reagents were purchased from Sigma-Aldrich
Chemicals (St Louis, MO, USA).

N-acetylcysteine (NAC) and L-N€-nitroarginine methyl
ester (.-NAME) treatment of mice

For experiments involving the inhibition of NO synthase
and scavenging of ROS mice received L-NAME (1 g17!)
(Wadley & McConell, 2007) or NAC (10 g1™!) (Chen et al.
2010), respectively (Cobley et al. 2015), in their drinking
water for 3 days prior to the experiment.

Real-time PCR

RNA was extracted from cells or frozen muscle samples
using Trizol reagent (Invitrogen, Carlsbad, CA, USA) and
mRNA was reverse transcribed using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA). For quantification of mtDNA,
total DNA was isolated by standard proteinase K and
phenol—chloroform extraction. Quantitative real-time
PCR was performed on a ViiA™ 7 Real-Time PCR System
(Applied Biosystems) using the SYBR green select master
mix (Applied Biosystems). Reactions were performed in
triplicate and relative quantification was achieved using
the A ACt method with 18S ribosomal RNA as an internal
control. The primer sequences used are listed in Table 1.

Cell culture

C2C12 myoblasts were grown in DME media containing
5.5 mM D-glucose and 20% fetal bovine serum
at 37°C in 5% CO,/21% O,. Short hairpin RNA
(shRNA) knockdown of NFE2L2 was achieved by
transfecting pooled shRNA clones (TRCN0000012128,
TRCN0000012129, TRCN0000012130; Broad Institute
RNAi consortium, Cambridge, MA, USA) using
Lipofectamine 2000 (Invitrogen) before antibiotic
selection (10 day, 1 wug ml~! puromycin). Transient
knockdown of NRF-1 and PGCla gene expression
was achieved by transfection with the indicated
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Gene name Forward primer Reverse primer

18S GATCCATTGGAGGGCAAGTCT CCAAGATCCAACTACGAGCTTTTT
CAT TGAGAAGCCTAAGAACGCAATTC CCCTTCGCAGCCATGTG

COX4 ACTACCCCTTGCCTGATGTG GCCCACAACTGTCTTCCATT

GSR GCTATGCAACATTCGCAGATG AGCGGTAAACTTTTTCCCATTG
GST GCTCTTACCACGTGCAGCTT GGCTGGGAAGAGGAAATGGA
mtTFA CACCCAGATGCAAAACTTTCAG CTGCTCTTTATACTTGCTCACAG
NFE2L2 CGAGATATACGCAGGAGAGGTAAGA GCTCGACAATGTTCTCCAGCTT
NRF-1 AATGTCCGCAGTGATGTCC GCCTGAGTTTGTGTTTGCTG
NRF-2 TGAAGTTCGCATTTTGATGGC CTTTGGTCCTGGCATCTCTAC
PGClx AAGTGTGGAACTCTCTGGAACTG GGGTTATCTTGGTTGGCTTTATG
Prx1 GATCCCAAGCGCACCATT TAATAAAAAGGCCCCTGAAAGAGAT
SOD1 GTGATTGGGATTGCGCAGTA TGGTTTGAGGGTAGCAGATGAGT
SOD2 TTAACGCGCAGATCATGCA GGTGGCGTTGAGATTGTTCA

Trx1 CCGCGGGAGACAAGCTT GGAATGGAAGAAGGGCTTGATC

concentration of the corresponding specific small inter-
fering RNAs (siRNAs) (Santa Cruz Biotechnology) using
Lipofectamine 2000 and cells were collected 24 h after
transfection. Prolonged intermitted treatment of C2C12
cells with AICAR (1 mMm), diethylenetriamine/nitric oxide
adduct (Deta/NO) (100 um) or H,O, (5 uM) involved
applying the compound for 5 h day™! for 5 days. The doses
and treatment times were based on concentrations used
in previous studies investigating mitochondrial biogenesis
in immortalized muscle cells (McConell et al. 2010; Lira
et al. 2010a), as well as preliminary studies that accessed
the optimal dose required to elevate NFE2L2 expression
without causing any cell death (data not shown).

Immunoblotting

Immunoblotting was preformed essentially as described
previously (Merry et al. 2014). Briefly, cells were scrapped
from their dish or snap-frozen mouse tissue samples
were homogenized using an electrical handheld homo-
genizer in 10-20 volumes of ice-cold RIPA lysis buffer
(50 mMm Hepes, pH 7.4, 1%, v/v Triton X-100, 1% v/v
sodium deoxycholate, 0.1% v/v SDS, 150 mm NaCl,
10% v/v glycerol, 1.5 mm MgClI2, 1 mm EGTA, 50 mm
sodium fluoride, protein inhibitor cocktail (Roche, Basel,
Switzerland), 1 mM phenylmethysulphonyl fluoride, 1 mm
sodium vanadate), incubated for 20 min on ice and
centrifuged at 20,000 g for 60 min at 4°C. The super-
natants were resolved by SDS-PAGE and processed for
immunoblotting by standard procedures.

SOD and citrate synthase activity assays

Frozen muscle was ground in a nitrogen-chilled mortar
together with 50 mm phosphate buffer + 1 mm EDTA,
and sonicated. Lysates were cleared by centrifugation for

15 min at 12,000 gand 4°C. The supernatant was used for
the subsequent measurement of superoxide dismutase as
described previously (Weimer et al. 2014). Citrate synthase
activity was measured in supernatant by examining the
increase of 5,5-dithiobis-2-nitrobenzoate at a wavelength
of 412 nm (Srere, 1969).

Glutathione and protein carbonylation

Total and oxidized glutathione levels in whole blood
were measured using a BIOXYTECH GSH/GSSG-412
assay kit (Oxis International, Inc., Tampa, FL, USA) and
GSH:GSSG ratios were determined in accordance with the
manufacturer’s instructions. Protein carbonylation was
monitored using an OxyBlot Protein Oxidation Detection
Kit (Merck Millipore, Billerica, MA, USA) in accordance
with the manufacturer’s instructions.

Statistical analysis

All data are presented the as mean =+ SEM. Statistical
significance was determined using an unpaired two-tailed
Student’s ¢ test and one- and two-way ANOVA with
Fisher’s least significant difference post hoc analysis as
indicated. P < 0.05 was considered statistically significant.

Results

Skeletal muscle NFE2L2 expression is increased by
exercise

Exercise increases skeletal muscle production of ROS
and NO (Powers & Jackson, 2008) and the transcription
factor NFE2L2 is sensitive to changes in cellular ROS
and NO levels (Kensler et al. 2007). Therefore, we first
determined whether exercise regulates the expression

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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Figure 1. NFE2L2 expression in skeletal muscle following exercise

Mouse skeletal muscle (gastrocnemius) NFE2L2 and NFE2L2 target (GST and GSR) mRNA was increased 30 min
following an acute (1 h) bout of treadmill exercise (A and B) and following 6 weeks of treadmill exercise training (C).
Representative blot showing that NFE2L2 antibodies tested detected a band at the reported size (~95-110 kDa)
of NFE2L2 in cell lysates that was not seen in NFE2L2 shRNA-treated cells; however, these antibodies were unable
to detect a band in tissue lysates at the correct molecular weight that was not seen in lysates from NFE2L2

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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of NFE2L2 in skeletal muscle of mice. Thirty minutes
following acute treadmill exercise mRNA for skeletal
muscle NFE2L2, as well as that of some of its known
downstream targets [glutathione S-transferase (GST)
and glutathione reductase (GSR)], was increased by
more than 3-fold (Fig. 1A). This increase was trans-
ient and no different from rested muscle at 2 or
16 h post-exercise (Fig. 1B). Furthermore, NFE2L2, GST
and GSR mRNA were elevated in skeletal muscle of
exercise-trained mice (Fig. 1C). Despite the testing of
several commercially available antibodies, we were unable
to identify one that specifically detected NFE2L2 in
tissue samples (Fig. 1D); however, we confirmed that
NFE2L2 KO mice did not express NEF2L2 through
the determination of NFE2L2 mRNA levels in skeletal
muscle, liver and heart (Fig. 1E). The blot shown in
Fig. 1D was obtained using NFE2L2 antibody #12721
(Cell Signaling Technologies) but is representative of the
antibodies #8882 (Cell Signaling Technologies) and H300
and C20 (Santa Cruz Biotechnology) that were tested in
mouse muscle, heart and liver samples. It is important
to acknowledge that, although NFE2L2 has a predicted
molecular of ~65-70 kDa, it is recognized to be detected
at ~95-110 kDa (Lau et al. 2013). Therefore, we were
unable to confirm that NFE2L2 mRNA expression resulted
in increased protein levels in tissue samples. However,
because NFE2L2 primarily acts a transcription factor,
increases in mRNA for its own and other targets (GST
and GSR) confirm that it is regulated by exercise.

Having established that acute exercise and exercise
training increases skeletal muscle NFE2L2 mRNA, we next
investigated the stimuli that may be inducing NFE2L2
expression during exercise. Treatment of C2C12 myoblasts
with compounds that mimic aspects of exercise, including
an 5 adenosine monophosphate-activated protein kinase
(AMPK) activator (AICAR), hydrogen peroxide (H,0O;)
and the NO donor Deta/NO increased NFE2L2 protein
expression (Fig. 1F). To determine whether ROS and NO
regulate exercise-induced increases in NFE2L2 mRNA
in vivo, prior to acute exercise, we treated mice with
the anti-oxidant NAC or the NO synthase inhibitor
L-NAME. NAC increased the blood reduced glutathione
(GSH) to oxidized glutathione (GSSG) ratio, indicating an
anti-oxidant effect and a reduction in systemic oxidative
stress (Fig. 1I). Exercise-induced increases in skeletal
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muscle NFE2L2 mRNA were attenuated by L-NAME
and NAC, with NAC also attenuating exercise-induced
increases in NFE2L2 target GST and GSR mRNA (Fig. 1G

and H).

NEF2L2 is required for exercise training-induced
mitochondrial biogenesis markers

ROS and NO have been implicated in the regulation
of exercise-induced mitochondrial biogenesis (Gomez-
Cabrera et al. 2005; Gomez-Cabrera et al. 2008;
Paulsen et al. 2014a), whereas NFE2L2 is required for
mitochondrial biogenesis stimulated by stress in cardiac
muscle and liver (Piantadosi et al. 2008; Piantadosi et al.
2011). Therefore, we investigated whether NFE2L2 is
required for exercise-induced mitochondrial biogenesis
in skeletal muscle. Exercise training increased mtDNA
and citrate synthase activity (markers of mitochondrial
volume) in skeletal muscle of WT but not NFE2L2 KO
mice (Fig. 2A and B). Consistent with this, mitochondrial
biogenesis-associated genes mRNA were increased in
skeletal muscle of trained WT but not trained NFE2L2
KO mice compared to untrained mice of the same
genotype (Fig. 2C). However, as a result of large individual
variability, we were unable to detect any training or
genotype differences in skeletal muscle protein levels of
PGCla, mtTFA or cytochrome coxidase subunit4 (COX4)
(data not shown).

In agreement with the mitochondrial biogenesis data,
exercise training improved the aerobic and endurance
capacity of WT but not NFE2L2 KO mice (Fig. 2D and
E). Despite there being no effect of training on WT or
NFE2L2 KO mice body mass (Fig. 2F), whole body energy
expenditure of trained WT mice was greater than that of
trained NFE2L2 mice (Fig. 2G), an effect that was not
observed in untrained mice and was not the result of
differences in activity levels (data not shown) (Fig. 2H).

ROS and NO act via NFE2L2 and NRF-1 to induce
mitochondrial biogenesis

To further investigate the role of NFE2L2 in exercise-
induced mitochondrial biogenesis, we assessed the effect
of acute exercise on mitochondrial biogenesis-associated
genes mRNA in WT and NFE2L2 KO mice (Fig. 3A).

KO mice (D). NFE2L2 KO mice did not express NFE2L2 mRNA in skeletal muscle, liver or heart (E). Acute (5 h)
treatment of C2C12 myoblasts with AICAR (1 mm) and H,O; (50 M) or Deta/NO (100 M) increased NFE2L2
protein expression (F). Three days of treatment of mice with a NO synthase inhibitor (G) or anti-oxidant (NAC) (H)
attenuates acute (1 h) exercise-induced increases in skeletal muscle (gastrocnemius) NFE2L2, GST and GSR mRNA
expression and (/) increases the blood GSH:GSSG ratio. Results are shown as the mean =+ SE (n = 5-7 per group for
the cell culture experiments; n for mouse experiments is shown individually). Significance was determined using a
two-tailed Student'’s t test or one-way ANOVA with Fisher’s least significant difference post hoc analysis. *P < 0.05
and **P < 0.001 vs. rest/control. *P < 0.05 vs. untreated of the same condition. [Colour figure can be viewed at

wileyonlinelibrary.com]

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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PGCla and COX4 mRNA was similarly increased in
the skeletal muscle of WT and NFE2L2 KO mice
following acute exercise, whereas NRF-1 and mtTFA
mRNA only increased in skeletal muscle of WT mice
(Fig. 3A).

We then utilized the C2C12 myoblast muscle cell
model to examine the pathway through which NFE2L2
may act to facilitate mitochondrial biogenesis in skeletal
muscle. Control and cells deficient in NFE2L2 protein
(NFE2L2 shRNA) (Fig. 1D) were acutely treated with the
AMPK activator (AICAR). Although AICAR treatment
increased PGCla and mtTFA mRNA levels in both
control and NFE212 deficient cells, NFE2L2 shRNA pre-
vented AICAR-induced increases in NRF-1 and COX4
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mRNA levels (Fig. 3B). In agreement, NFE2L2 shRNA
also attenuated prolonged intermittent AICAR-induced
increases in mtDNA (Fig. 3C). To determine the role
of NFE2L2 in NO- or ROS-mediated mitochondrial
biogenesis, control and NFE2L2 shRNA cells were exposed
toacute (Fig. 3Dand E) or prolonged intermittent (Fig. 3F)
treatments with the NO donor Deta/NO or H,O,. Acute
Deta/NO or H,O, treatment increased mitochondrial
biogenesis genes mRNA in control but not NFE2L2 shRNA
cells. Similarly, prolonged intermitted treatment with
Deta/NO or H,0, increased mtDNA in control but not
NFE2L2 shRNA cells (Fig. 3F).

Because the promoter region of NRF-1 contains a
NFE2L2 binding site (Piantadosi & Suliman, 2006) and
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Figure 2. NFE2L2 is required for exercise training induced mitochondrial biogenesis

mtDNA (A), citrate synthase activity (B) and mitochondrial biogenesis-associated genes mRNA (C) were measured
in the skeletal muscle (gastrocnemius) of WT and NFE2L2 KO mice following 6 weeks of treadmill exercise training
(trained) or normal sedentary behaviour (untrained). Four-week treadmill trained NRFE2L2 KO mice had reduced
exercise performance (D and E) and energy expenditure (G) compared to trained WT mice. WT and NFE2L2 KO
mice had a similar body weight and activity levels (F and H). Results are shown as the mean =+ SE (n is shown
individually). Significance was determined using one-way ANOVA with Fisher’s least significant difference post hoc
analysis. *P < 0.05 **P < 0.001 vs. untrained or pre-training of the same genotype. #P < 0.05 vs. WT of the same
condition. EE, energy expenditure. [Colour figure can be viewed at wileyonlinelibrary.com]

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society



5202

NFE2L2 deficiency does not affect acute exercise or
AICAR-induced PGCle expression (Fig. 3A and B), we
used siRNAs to determine whether NRF-1 and PGCl«x
are required for NO- and ROS-mediated increases in the
downstream mitochondrial biogenesis mediator, mtTFA
mRNA. Deta/NO and H,0, induced increases in mtTFA
mRNA were prevented by siRNA knockdown of NRE-1
(Fig. 3G) and PGCla siRNA knockdown prevented
Deta/NO but not H,O, induced increases in mtTFA
(Fig. 3H).

T. L. Merry and M. Ristow

J Physiol 594.18

ROS, NO and NFE2L2 regulate the exercise-induced
anti-oxidant response

Acute exercise-induced increases in skeletal muscle
anti-oxidant genes superoxide dismutase (SOD)1, SOD2,
catalase, Prxl and Trx]1 mRNA were prevented by the
NO synthesis inhibitor .-NAME and the anti-oxidant
NAC (Fig. 4A and B). Although SOD1 mRNA levels were
elevated, and SOD2 tended to be elevated in non-exercised
NFE2L2 skeletal muscle, acute exercise did not increase
their levels further, nor did it increase catalase mRNA
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Figure 3. NFE2L2 is required for acute exercise, NO and H;0; induced increases in mRNA of
mitochondrial biogenesis-associated genes

Mitochondrial biogenesis-associated genes mRNA levels in the skeletal muscle (gastrocnemius) of WT and NFE2L2
KO mice 4 h following acute exercise (A). Mitochondrial biogenesis-associated genes mRNA expression in control
SshRNA or NFE2L2 shRNA C2C12 myoblasts following 5 h treatment with AICAR (1 mm) (B), Deta/NO (100 pm) (D)
or HyO; (50 M) (E). mtDNA was determined in control shRNA or NFE2L2 shRNA C2C12 myoblasts following 5
days (5 h day™") treatment with AICAR (1 mwm) (C), Deta/NO (100 M) or Hy 05 (5 iM) (F). mtTFA mRNA expression
was assessed in C2C12 myoblasts stimulated for 5 h with Deta/NO (100 um) or H,O, (50 um) 24 h following
control, NRF-1 (100 nm) (G) or PGCla (10 nm) (H) SiRNA transfection. Results are shown as the mean + SE
(n = 6-8 per group for cell culture experiments; n for mouse experiments is shown individually). Significance
was determined using one-way ANOVA with Fisher’s least significant difference post hoc analysis. *P < 0.05,
P < 0.01 #**P < 0.001 vs. rest or untreated of same genotype or si/ShRNA. #P < 0.05 vs. control si/shRNA of
same condition. [Colour figure can be viewed at wileyonlinelibrary.com]
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(Fig. 4C). By contrast, acute exercise increased the mRNA
levels of SOD1, SOD2 and catalase in the skeletal muscle
of WT mice (Fig. 4C). Following exercise training, SOD1,
SOD2 and catalase mRNA was increased in the skeletal
muscle of WT but not NFE2L2 KO mice (Fig. 4D), whereas
Prx1 mRNA was only increased by training in the skeletal
muscle of NFE2L2 KO mice. Exercise training increased
skeletal muscle SOD activity of WT but not NFE2L2 KO
mice (Fig. 4E). Despite having lower anti-oxidant levels,
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protein oxidation (as assessed by the OxyBlot protein
carbonylation assay) was not elevated in the skeletal
muscle of NFE2L.2 KO mice, nor were protein oxidation
levels altered by exercise training (Fig. 4F).

Discussion

In the present study, we show that NO and ROS
regulate NFE2L2 mRNA levels following acute exercise
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Figure 4. NFE2L2, ROS and NO regulate the exercise-induced anti-oxidant response

Mice were treated for 3 days with the NO synthase inhibitor (.-NAME) (A) or the anti-oxidant (NAC) (B) and skeletal
muscle (gastrocnemius) anti-oxidant gene mRNA expression was assessed 30 min following acute (1 h) treadmill
exercise. Anti-oxidant genes mRNA or SOD activity were determined in the skeletal muscle (gastrocnemius) of
WT and NFE2L2 KO mice 4 h following an acute treadmill exercise (C) or following 6 weeks of treadmill exercise
training (trained) or normal sedentary behaviour (untrained) (D and £). WT and NFE2L2 KO gastrocnemius muscle
showed similar levels of protein carbonylation and this was not affected by exercise training (F). Results are shown
as the mean = SE (n is shown individually). Significance was determined using one-way ANOVA with Fisher’s least
significant difference post hoc analysis. *P < 0.05 and **P < 0.001 vs. rest or untrained. P < 0.05 vs. untreated
or WT of the same condition. CAT, catalase; Prx, peroxiredoxin; Trx, theroxiredoxin. [Colour figure can be viewed

at wileyonlinelibrary.com]
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stress and that disruption of NFE2L2 expression impairs
acute exercise- and exercise training-induced increases
in skeletal muscle mitochondrial biogenesis markers and
the anti-oxidant response. Consistent with these findings,
exercise-trained mice that lack NFE2L2 had reduced whole
body energy expenditure and exercise performance. The
present study provides the first causative evidence of a
mechanism through which exercise-induced increases in
NO and ROS may be acting to promote adaptation to
exercise stress.

Anti-oxidant supplementation in humans
(Gomez-Cabrera et al. 2008; Ristow et al 2009;
Paulsen et al. 2014a) and rodent models (Gomez-Cabrera
et al. 2005; Strobel et al. 2011) has been shown to
attenuate exercise-induced increases in markers of
skeletal muscle mitochondrial biogenesis. The present
study furthers these observations by providing evidence
that anti-oxidant supplementation during exercise
attenuates the normal activation of NFE2L2, and that
NFE2L2 is a redox sensitive transcriptional regulator
of the mitochondrial biogenesis response to exercise.
Exercise activates AMPK and p38 mitogen-activated
protein kinase (MAPK) in skeletal muscle, and these
protein kinases are considered to act via PGCla to
trigger a response from the transcription factors NRF-1,
NRF-2 and mtTFA to induce mitochondrial biogenesis
(Bassel-Duby & Olson, 2006). Although anti-oxidant
supplementation can attenuate acute exercise-induced
increases in AMPK and p38 MAPK phosphorylation
and PGCla expression (Gomez-Cabrera et al. 2005),
this does not always prevent exercise training-induced
increases in mitochondrial biogenesis (Wadley et al.
2013). Furthermore, mice deficient in either AMPK«a2 or
PGCla show normal mitochondrial biogenesis responses
to exercise (Jorgensen et al. 2007; Leick et al. 2008).
This suggests that other redox sensitive pathways are
probbaly involved in regulating mitochondrial biogenesis
in response to exercise.

Our finding that disruption of NFE2L2 expression
impairs exercise, NO and H,0, induced increases
in mitochondrial mass markers (citrate synthase and
mtDNA) is supported by previous studies showing that
NFE2L2 regulates resveratrol, sepsis and carbon monoxide
induced mitochondrial biogenesis (Piantadosi et al. 2008;
Piantadosi etal. 2011; Kim et al. 2014). Mechanistically, the
promoter region of NRF-1 contains a NFE2L2 binding site
(Piantadosi etal. 2011), suggesting that NFE2L2 activation
can induce NRF-1 transcription, and that NRF-1 can then
interact with mtTFA to drive mitochondrial biogenesis.
Acute exercise, NO and H,O; induced increases in NRF-1
and mtTFA were dependent on NFE212 and, in muscle
cells, NO and H,0, induced increases in mtTFA were
prevented by disruption of NRF-1. Consistent with our
muscle cell data, NO synthase inhibition and anti-oxidant
supplementation in rodents reduces mtTFA expression
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after acute exercise (Wadley & McConell, 2007; Wadley
et al. 2013) and, in rat hepatoma cells, oxidative stress
increases the binding of NRF-1 to mtTFA (Piantadosi &
Suliman, 2006). This suggests that ROS and NO may act
via NFE2L2 and NRF-1 to promote the mitochondrial
biogenesis that is regulated by mtTFA.

In support of the concept that NFE2L2 is part
of a pathway that is downstream of PGCla in the
mitochondrial biogenesis signalling cascade, in the
absence of NFE2L2 both AICAR and acute exercise
stimulated normal increases in PGClee mRNA. Inter-
estingly, however, siRNA knockdown of PGCla pre-
vented NO but not H,O, mediated increases in mtTFA
mRNA. Considering also that AICAR stimulated NFE2L2
expression and AICAR-induced mitochondrial biogenesis
was partially prevented by NFE2L2 shRNA knockdown, we
speculate that there is probably some level of co-operation
between pathways involving PGCla and NFE2L2 in the
promotion of mitochondrial biogenesis. Previous studies
have shown that NO promotes mitochondrial biogenesis
through a pathway that involves the formation of cGMP
and induction of PGCla (Nisoli et al. 2003; Lira et al.
2010b). Although NO interacts with Keapl cysteine 151
to inhibit degradation of NFE2L2 (McMahon et al. 2010),
and thus promote its expression, it is not clear whether
this is the mechanism through which exercise-induced
NO promotes NFE2L2 interaction with NRF-1 or whether
intermediary steps are involved, such as the formation of
c¢GMP. Regardless, the notion that PGCla and NFE2L2
may act in concert and/or have a redundancy basis, as a
result of H,O, appearing to act independently of PGCle,
requires further attention.

Several groups, however, have reported that anti-
oxidant supplementation does not affect the normal
skeletal muscle exercise response (Yfanti et al. 2010;
Higashida et al. 2011; Wadley et al. 2013). Although
variable anti-oxidant supplementation (type, duration,
and dose) and exercise training (mode, duration,
intensity) are probably significant contributing factors
(Merry & Ristow, 2015), these findings may also support
redundancies in the exercise mitochondrial biogenesis
pathway. Indeed, we show that both ROS and NO
contribute to the activation of NFE2L2 following acute
exercise, perhaps suggesting that, although scavenging one
may be effective in reducing mitochondrial biogenesis
response to signal bout of exercise, such inhibition is over-
come and/or alternative pathways are up-regulating, with
subsequent bouts resulting in normal training responses.
Furthermore, it must be acknowledged that, in the pre-
sent study, we utilized whole body NFE2L2 deficient mice,
although further in vivo research should consider whether
the blunt exercise responses reported in these mice were
the result of a muscle-specific effect or systemic regulation.

NFE2L2 regulates both basal anti-oxidant expression
and the anti-oxidant response to stress in organisms
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ranging from yeast and Caenorhabditis elegans to
mammals (Kensler et al. 2007; Nguyen et al. 2009).
Recently, NFE2L2 has been shown to be required for
increases in anti-oxidant mRNA expression immediately
following exhaustive exercise in the skeletal muscle of
old mice (Narasimhan et al. 2014) and cardiac muscle
of young mice (Muthusamy ef al. 2012). We add to these
findings by showing that both ROS and NO contribute
to NFE2L2 activation during exercise, and that NFE2L2 is
not only responsible for normal increases in anti-oxidant
expression and activity following acute exercise, but also
as a result of exercise training. We also report that
expression of SOD1 and 2 is upregulated in the basal
(rested) state and, unlike in WT mice, peroxiredoxin 1
expression was increased with exercise training in NFE2L2
KO mice. Although this did not translate to increases in
basal SOD activity in NFE2L2 KO mice, it is probably
a compensatory response to the reduced expression
of catalase and the genes associated with glutathione
metabolism (data not shown; Narasimhan et al. 2014),
suggesting that alternative mechanisms also regulate
skeletal muscle anti-oxidant expression. One probable
candidate is nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-«B), which is known to
be involved in the transcriptional regulation of
anti-oxidant expression, with vitamin C and allopurinol
supplementation suppressing exercise-induced increases
in NF-«B expression (Gomez-Cabrera et al. 2005;
Gomez-Cabrera et al. 2008; Ji, 2008).

In a response known as hormesis (Southam & Ehrlich,
1943), acute increases in ROS and NO stress promote
adaptations that protect the cell from the potential
deleterious effects of subsequent stress, and extend the
lifespan of C. elegans and Drosophila melanogaster (Ristow
& Zarse, 2010). Ablation of the C. elegans NFE2L2
homologue, skin-1, abrogates the lifespan extending
effect of interventions such as the impairment of
insulin/insulin-like growth factor-1 signalling (Zarse et al.
2012), glucosamine supplementation (Weimer et al.
2014) and glycolysis inhibition (Schulz et al. 2007).
Importantly, these interventions require increases in
ROS to induce adaptations, which include increased
mitochondrial respiration and anti-oxidant expression,
extending lifespan. Because regular physical exercise also
increases life expectancy (Warburton et al. 2006), and
enhanced mitochondrial respiration and increased end-
ogenous anti-oxidant expression can prevent metabolic
disease (Koves et al. 2008; Anderson et al. 2009), it is
tempting to speculate that NFE2L2 may be involved in
the organism-wide health promoting effects of exercise.
Indeed, NFE2L2 activators have been shown to extend
the lifespan of C. elegans and D. melanogaster (Suckow
& Suckow, 2006; Lee et al. 2010) and protect against
metabolic disease in mice (Yu et al. 2011; He et al.
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2012). Surprisingly, however, fat-specific and whole body
deletion of NFE2L2 also reduces genetic- and diet-induced
obesity (Chartoumpekis et al. 2011; Xue et al. 2013).
This may indicate a tissue-specific effect of NFE2L2 in
regulating metabolic responses, and suggest a differential
effect associated with chronic deletion vs. acute activation.
Regardless, these data and previously published work
in humans (Gomez-Cabrera et al. 2008; Ristow et al.
2009; Paulsen et al. 2014a; Paulsen et al. 2014b; Cobley
et al. 2015) suggest that ROS produced under normal
physiological conditions, and particularly during exercise,
are required for optimal adaptation and the resulting
protection against future cellular stressor. This advises
against the unnecessary use of anti-oxidants in humans.
Although speculative, our data may also suggest that the
ingestion of nutrients that activate NFE2L2 may have
protective effects on cell function similar to that of exercise;
however, this remains to be established.

Taken together, our data suggest that NO and ROS
produced during exercise activate skeletal muscle NFE2L2.
Furthermore, NFE2L2 expression is required for normal
mitochondrial biogenesis and the anti-oxidant trans-
criptional response to acute exercise and exercise training.
These results are consistent with the hormesis theory,
where acute increases in ROS/NO stress initiate cell- and
possibly system-wide adaptive responses that improve
tolerance to prospective stress.
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