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Estrogen-Related Receptor-a Coordinates
Transcriptional Programs Essential for Exercise
Tolerance and Muscle Fitness
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Muscle fitness is an important determinant of health and disease. However, the molecular mech-
anisms involved in the coordinate regulation of the metabolic and structural determinants of
muscle endurance are still poorly characterized. Herein, we demonstrate that estrogen-related
receptor a (ERRa, NR3B1) is essential for skeletal muscle fitness. Notably, we show that ERRa-null
animals are hypoactive and that genetic or therapeutic disruption of ERRa in mice results in
reduced exercise tolerance. Mice lacking ERRa also exhibited lactatemia at exhaustion. Gene
expression profiling demonstrates that ERRa plays a key role in various metabolic processes
important for muscle function including energy substrate transport and use (Ldhd, Sic16al, Hk2,
and Glul), the tricarboxylic acid cycle (Cycs, and Idh3g), and oxidative metabolism (Pdhat, and
Ugcrq). Metabolomics studies revealed impairment in replenishment of several amino acids (eg,
glutamine) during recovery to exercise. Moreover, loss of ERRa was found to alter the expression
of genes involved in oxidative stress response (HmoxT7), maintenance of muscle fiber integrity
(Trim63, and Hspa1b), and muscle plasticity and neovascularization (Vegfa). Taken together, our
study shows that ERRa plays a key role in directing transcriptional programs required for optimal
mitochondrial oxidative potential and muscle fitness, suggesting that modulation of ERRa activity
could be used to manage metabolic myopathies and/or promote the adaptive response to physical
exercise. (Molecular Endocrinology 28: 2060-2071, 2014)

keletal muscle is the largest organ system of the hu-

man body, accounting for more than 40% of the mass
of a given nonobese individual. It is important not only
for locomotion and physical strength but also for whole-
body energy metabolism and substrate turnover. It is
therefore not surprising that muscle fitness is an impor-
tant determinant of health and disease.

Muscle endurance, strength, and fatigability depend
on a variety of factors including substrate uptake and
handling for energy production, mitochondrial function,
and composition of the contractile machinery (1-3). Skel-
etal muscle fibers can be broadly classified based on their
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contractile properties as either slow-twitch (type I) or
fast-twitch (type II) and are tightly associated with mor-
phological, metabolic, and functional properties. More
specifically, slow-twitch muscles, also called red muscles,
are rich in mitochondria and capillary supply, rely largely
on mitochondrial fatty acid oxidation for ATP produc-
tion, and are specialized for endurance activity (4). In
contrast, fast-twitch muscles, also referred to as white
muscles, are more glycolytic and are more important for
phasic activity (4). Skeletal muscles exhibit remarkable
plasticity in that they can undergo changes in fiber-type
composition, mitochondrial biogenesis, and energy met-
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abolic pathways to adapt to physiological factors such as
physical activity and exercise. However, the molecular
mechanisms involved in the coordinate regulation of the
metabolic and structural determinants of muscle fitness
and endurance are still poorly characterized.

Numerous studies have implicated estrogen-related re-
ceptor @ (ERRa, NR3B1), an orphan nuclear receptor
belonging to the subfamily of classic steroid hormone
receptors (5), in the regulation of a wide array of meta-
bolic programs (6—8). Anatomical profiling of ERR« ex-
pression showed that the receptor segregated with tissues
with high energy demands such as the heart, kidneys,
intestinal tract, skeletal muscle, and brown adipose tissue,
suggesting an involvement of ERRe in transducing met-
abolic signals to regulate bioenergetics processes (9-11).
Indeed, ERRa was subsequently shown to be essential for
the high levels of mitochondrial biogenesis and oxidative
capacity of the brown adipose tissue to provide the energy
necessary for thermogenesis (12). In addition, ERRa was
shown to play a critical role in cardiac function. Notably,
hearts of ERRa-deficient animals are smaller and have
decreased expression of genes involved in energy sub-
strate oxidation, ATP synthesis, and phosphate transfer
and in other aspects of heart function including contrac-
tile and structural properties, resulting in reduced ener-
getic reserve capacity and accelerated failure in response
to hemodynamic stressors (13, 14). Collectively, these
and subsequent studies highlighted an important role for
the receptor in several aspects of energy metabolism in
both normal and cancer cells (6, 15, 16).

Despite the observed link between ERRa, the control
of metabolic gene programs and mitochondrial biogene-
sis in highly oxidative tissues, the roles of ERR« in skel-
etal muscle function are still poorly characterized. In
vitro, during myogenesis, endogenous expression of
ERRa increases to regulate gene programs involved in
specialized myocyte function (eg, sarcomeric protein ex-
pression) and mitochondrial biogenesis as well as glucose
and fatty acid oxidation (17-19). In addition, at a later
stage of differentiation, ERRa was shown to be important
for the oxidative capacity of the myotubes (17). It was
also recently suggested that ERRa« has a role in skeletal
muscle regeneration in response to cardiotoxin injury
(17-19). Taken together, these findings support a role for
the receptor in muscle growth and regeneration. How-
ever, the global impact of ERRa deficiency on skeletal
muscle function has not yet been explored. Herein, we
used a physiological genomics/metabolomics approach to
investigate the impact of the absence of ERRa on muscle
fitness. Our results demonstrate that ERRa controls tran-
scriptional programs that are essential for exercise toler-
ance and muscle fitness.
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Materials and Methods

Animals

Mice were housed and maintained in a pathogen-free hous-
ing facility at McGill University, and all mouse manipulations
were performed in accordance with the McGill Facility and
Canadian Council on Animal Care. The generation of ERRa-
knockout (KO) animals was previously described (20). The KO
animals were derived from a pure FVB genetic background. For
all animal studies, 2- to 3-month-old mice were used. For com-
pound 29 (C29) treatments, wild-type (WT) mice were ran-
domly assigned to receive daily ip injections of C29 (10 mg/kg)
(OmegaChem Inc) diluted in Ringer’s solution (containing
5.2% polyethylene glycol and 5.2% Tween 80) or vehicle alone
(n =12 for each group). Ten days after the first injection, muscle
endurance was assessed.

Treadmill exercise

One day before the treadmill experiments, animals (n = 12
for each group, male and female) were acclimatized to treadmill
running (Columbus Instruments) for 5 minutes on a 0% degree
grade and at a speed of 5 m/min. The day of the exercise stress
test, mice ran on a treadmill with a 5° inclination uphill at a
speed of S m/min for the first 5 minutes. The speed was increased
by 5 m/min every subsequent 5 minutes until a maximal speed of
25 m/min or until exhaustion was reached. The treadmill exper-
iment was stopped when mice stayed for 5 seconds continuously
on the electrical grid. A maximal score of 2000 m was given to
mice that did not reach exhaustion before this distance was
reached. Time to exhaustion and total running distance were
determined using the apparatus. Work (joules) and power
(watts) were calculated, with work being the product of body
weight (kilograms), gravity (9.81 m/s®), vertical speed (meters
per second times angle), and time (seconds) and power calcu-
lated as the product of body weight (kilograms), gravity (9.81
m/s?) and vertical speed (meters per second times angle).

Metabolic cage measurements

Spontaneous activity and energy metabolism studies were
performed on mice (n = 8 for each group, male and female)
under a consistent temperature (25°C) using an indirect calo-
rimeter (Oxymax; Columbus Instruments). The day before the
experiment, mice were weighed and placed in individual cham-
bers at 25°C. After acclimation, metabolic parameters (oxygen
consumption [VO,] and carbon dioxide production [VCO,])
were recorded for 48 hours. Exhaust air from each chamber was
sampled at 10-minute intervals for a period of 30 seconds, and
sample air was sequentially passed through O, and CO, sensors
for determination of O, and CO, content. VO, and VCO,
values were normalized with respect to body weight and VO,,
VCO,, respiratory exchange ratio (RER), and heat were calcu-
lated using Oxymax software included with the calorimeter.
The voluntary locomotive activity was quantified using the in-
frared beam interruptions in horizontal (X) directions (XAMB).
To control for circadian fluctuations in activity and metabolism,
experiments were always started at Zeitgeber time 6 to 8.

Blood and tissue metabolite measurements
Blood glucose and lactate were measured before and im-
mediately after exercise from tail lateral vein blood using a
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OneTouch Ultra2 glucose meter (LifeScan) and Lactate Scout
(Lactate.com), respectively. Liver and skeletal muscle (gastroc-
nemius and soleus) glycogen levels were assessed using an avail-
able quantification kit (Abcam; ab169558). Serum and skeletal
muscle (gastrocnemius and soleus) triglyceride and free fatty
acid levels were determined using available quantification kits
(Abcam; ab65341 and ab65336, respectively). Skeletal muscle
(gastrocnemius and soleus) a-ketoglutarate dehydrogenase en-
zyme activity was determined using an available quantification
kit (BioVision; K678—100).

Metabolomics analyses

Metabolite measurements were performed on liver and
skeletal muscle (gastrocnemius and soleus) by liquid chroma-
tography tandem mass spectrometry in collaboration with
the Goodman Cancer Research Centre Metabolomics Core
Facility (http://gcremetabolomics.lab.mcgill.ca). Specific me-
tabolite transitions for quantifier/qualifier ions and electrospray
ionization source modes are listed in Supplemental Table 1.
Detailed methodology is provided in Supplemental Materials
and Methods.

Histology

Tissues were fixed with 10% formalin followed by paraffin
embedding. Serial 4-um sections were immunostained with
CD31. Slides were scanned with an Aperio ScanScope instru-
ment (Aperio Technologies Inc) and viewed with Aperio’s Im-
ageScope software, and CD31 immunostaining was analyzed
using an optimized Aperio algorithm (n = 8 per condition).
Histology experiments were performed in collaboration with
the Goodman Cancer Research Centre Histology Core Facility.

Expression analyses

Total RNA from mouse tissues was extracted using the
RNeasy tissue mini kit and the RNeasy fibrous tissue mini kit
(QIAGEN) for liver and gastrocnemius samples, respectively.
mRNA was reverse-transcribed into cDNA using Superscript
(Invitrogen) and quantified by quantitative RT-PCR (qRT-
PCR) on a LightCycler 480 instrument (Roche) using LightCy-
cler 480 SYBR Green I master reagents (Roche). The relative
expression was normalized to Rplp0. Gene-specific primers
used for QRT-PCR analysis are listed in Supplemental Table 2.

Microarray preparation and analyses

Microarray analyses were performed on gastrocnemius mus-
cle isolated from mice before exercise (sedentary) and 2 hours
after exercise (1 run on a treadmill to exhaustion) at the McGill
University Génome Québec Innovation Centre. Samples were
run on Affymetrix Genechip Mouse gene version 2.0 ST arrays
following Affymetrix’s standard procedures (n = 3 per condi-
tion). The data were analyzed using Expression Console and
Transcriptome Analysis Console software (Affymetrix, Inc). We
considered linear 1.2-fold changes and a P value threshold of .05
as the cutoff to identify differentially expressed genes (Supple-
mental Table 3). Ingenuity Pathway Analysis (IPA) software was
used to identify enriched canonical pathways.

Statistical analyses and accession numbers
Bars in the graphical data represent means = SEM. Data
were compared by the Student’s unpaired two-tailed ¢ test or by
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Figure 1. Decreased muscle mass in ERRa-KO mice. A-D, Indexed
mass to body weight ratios of heart (A), gastrocnemius (B), soleus (C),
and quadriceps (D) in 3-month old WT and ERRa-null mice. Data are
expressed as means = SEM; n = 12 mice per group. *, P < .05 by
unpaired t test.

log-rank Mantel-Cox test, and P values = .05 were considered
statistically significant. Microarray data are available in the
NCBI’s Gene Expression Omnibus (GEO) database (http:/www.
ncbi.nlm.nih.gov/geo) under the accession number GSE61712.

Results

ERRa-deficient mice are hypoactive and exhibit
decreased exercise capacity

Phenotypic characterization of the ERRa-null mice re-
vealed significantly reduced heart, gastrocnemius, soleus,
and quadricep muscle mass relative to WT mice (Figure 1,
A-D). Because reduction of muscle mass may impact
global locomotion and muscle endurance, we thus inves-
tigated the consequence of ablation of ERRa expression
in mice on their physical activity and exercise capacity. To
this end, we first monitored spontaneous locomotor ac-
tivity of WT and ERRa-null mice over a 24-hour period
in comprehensive laboratory animal monitoring systems
(CLAMS) metabolic cages. ERRa-deficient animals were
found to exhibit significant hypoactivity during both their
light and dark cycles, with a similar decrease in physical
activity in both cycles compared with control mice (Figure
2, A and B). We next determined whether the decreased
global locomotion observed in the ERRa-null mice trans-
lated into reduced treadmill performance during a forced
exercise challenge. The mice were allowed to run until
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Figure 2. Mice lacking ERRa exhibit an abnormal skeletal muscle functional phenotype. A, Circadian patterns of voluntary locomotive activity
were recorded in a comprehensive cage monitoring system. B, Average spontaneous physical activity of male WT and KO mice (n = 8 per group).
C-G, Measure of muscle endurance with dynamic fiber contractions. Two-month-old male WT and KO mice were run on a treadmill with a 5°
inclination and increasing speed to exhaustion (n = 12 per group). Endurance capacity (C), time (D), distance (E), work (F), and power (G) were
calculated from the individual performances. A maximal score of 2000 m was given to mice that did not get exhausted. Values are expressed as
means + SEM (B and D-G). *, P < .05 by log-rank Mantel-Cox test (C) or by unpaired t test (B and D-G).

exhaustion or until a cutoff distance of 2000 m was
achieved. Mice lacking ERRa ran for a significantly
shorter time relative to WT mice (26 vs 54 minutes), dem-
onstrating a reduced exercise tolerance in these mice (Fig-
ure 2, C and D). Accordingly, the ERRa-KO mice ran for
a significantly shorter distance and performed less work
compared with the WT mice (Figure 2, E and F). More-
over, loss of ERRa resulted in a significantly lower short-
term high-intensity performance, referred to herein as
power (Figure 2G). Given that studies regarding skeletal
muscle have reported a gender effect (21), physical activ-
ity and exercise capacity were also assessed in female
mice. Female ERR a-null mice were found to have reduced
voluntary physical activity and a diminished endurance
capacity and short-term high-intensity performance in a
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manner similar to that observed using male mice (Supple-
mental Figure 1, A-G). Taken together, the data clearly
identifiy ERRa as a key player in exercise tolerance.
Next, the highly selective ERRa inverse agonist (C29)
(22) was used to validate our findings that the genetic loss
of ERRa lowers the exercise capacity of mice. To this end,
mice administered C29 daily over a 10-day period were
allowed to run to exhaustion on a treadmill. Consistent
with the results observed with the ERRa-null animals,
C29-treated WT male mice were able to run for only 34
minutes on average until exhaustion compared with 56
minutes for control-treated mice (Figure 3, A and B). The
distance ran, work, and power generated by the C29-
treated male animals were also significantly lower than
those of the control mice (Figure 3, C-E). Similar results
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Figure 3. Pharmacological inhibition of ERRa in mice limits exercise tolerance. Two-month old male C29-treated or control mice were run on a
treadmill with a 5° inclination and increasing speed to exhaustion. A—E, Endurance capacity (A), time (B), distance (C), work (D), and power (E)
were calculated from the individual performances. A maximal score of 2000 m was given to mice that did not get exhausted (n = 12 per group).
Values are expressed as means = SEM (B-E). *, P < .05 by log-rank Mantel-Cox test (A) or by unpaired t test (B—E).
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were obtained in C29-treated female mice (Supplemental
Figure 1, H-L). Overall, the results demonstrate that ge-
netic or pharmacological inhibition of ERRa impairs ex-
ercise capacity in both male and female mice.

ERRa-deficient mice display alterations in energy
production

Differences in endurance are frequently associated
with alterations in energy production. Thus, we sought to
investigate the basal global metabolism of the ERRa-null
animals using indirect calorimetry. Although no signifi-
cant differences in VO,, VCO,, and energy expenditure
were observed between ERRa-null mice and WT litter-
mates of both genders (Supplemental Figure 3), a signifi-
cant difference in the RER could be observed between the
2 genotypes (Figure 4, A and B). The RER was higher for
both genders in the KO animals, suggesting that mice
lacking ERRa rely more on carbohydrates than lipids as
substrates for energy production. We next measured
blood lactate and glucose levels in the mice before and
immediately after exhaustive exercise as further indica-
tors of glycolytic and oxidative metabolism. ERRa-KO
mice were found to have a small pre-exercise decrease in
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Figure 4. Increased use of carbohydrates for energy production in ERRa-KO mice. A and B, The
RER in male (A) and female (B) mice was measured during a 24-hour period by indirect
calorimetry in WT and ERRa-KO mice. C and D, Blood glucose (C) and lactate (D) levels in WT
and ERRa-KO male mice before and after exercise. Data are expressed as means = SEM; n = 8
mice per group. *, P < .05 by unpaired t test. E, qRT-PCR analysis of hepatic Pck7 expression in
WT and ERRa-null mice under basal conditions. Data are normalized to Rp/p0O levels and

expressed as means = SEM. *, P < .05 by unpaired t test.
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blood glucose levels compared with WT animals, sup-
porting a greater global reliance on carbohydrates in these
mice (Figure 4C). In WT mice, exhaustive exercise was
found to lower blood glucose levels without a concomi-
tant increase in lactate levels (Figure 4, C and D). In sharp
contrast, exhausted ERRa-null mice were found to have a
significant accumulation in blood lactate levels, although
no change in glucose levels was observed (Figure 4, C and
D). These results suggest a deficiency in lactate handling
due to a defect in oxidative metabolism and/or gluconeo-
genesis in the mutant mice. Previous reports have shown
a repressive role of ERRa on gluconeogenic gene expres-
sion (23, 24). In agreement with these observations, livers
of ERRa-null mice were found to have increased tran-
script levels of Pck1 (Figure 4E), suggesting that the ac-
cumulation of lactate in the blood of ERRa-null mice is
likely due to impaired mitochondrial oxidative metabo-
lism, not gluconeogenesis.

ERRa regulates energetic gene programs in muscle

To further understand the molecular basis for the met-
abolic defects and diminished exercise capacity observed
in ERRa-KO mice in addition to understanding the role
of ERRa in the molecular adapta-
tion to exercise, gene expression
profiling studies were performed on
gastrocnemius muscle isolated be-
fore and 2 hours after acute endur-
ance exercise in KO and WT ani-
mals. Experiments were performed
on gastrocnemius muscle because
this is a major calf muscle, contain-
ing a combination of fiber types
(slow- and fast-twitch), which is

Day Night used for both powerful bursts of ac-

tivity and sustained but slower

mwT movements (25). Because acute ex-

E ERRo. KO ercise alters the transcriptome with

s 207 . maximal changes in gene expression

2 1o generally occurring between 3 and

g I_| 12 hours after exercise (26), we se-

o 1.04 lected a 2-hour time point after ex-

% ercise to uncover ERRa-dependent
T 0.5 early response genes.

;%3 o First, we compared the genes that

were differentially regulated in the
ERRa-null mice (vs WT mice) be-
fore and after exercise. Gene expres-
sion analyses identified 772 modu-
lated genes in the pre-exercised
ERRa-KO gastrocnemius and 857
genes after exercise (Figure SA).
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Functional analyses of the differen-
tially regulated genes at before and
after exercise using IPA software
revealed a large set of ERRa-dependent
genes involved in mitochondrial dys-
function and energy metabolism (eg,
oxidative phosphorylation and the tri-
carboxylic acid [TCA] cycle). Many
genes were deregulated in the KO
animals after exercise, indicating
that ERRa has a role in transducing
metabolic signals to regulate ener-
getic gene programs in response to
exercise in skeletal muscle (Figure
5B). Importantly, under both basal
conditions and after acute exercise,
a significant subset of ERRa target
genes important for mitochondrial
energy metabolism was found
downregulated including Cycs,
Idh3g, and Pdbhal (Figure 5C). Cycs
encodes a central component of the
mitochondrial electron transport
chain and Idh3g encodes an enzyme
regulating the rate-limiting step of
the TCA cycle. Pdhal encodes a sub-
unit of the pyruvate dehydrogenase
complex, which provides the pri-
mary link between glycolysis and the
TCA cycle. In further support of a
diminished mitochondrial oxidative
capacity in the ERRa-deficient ani-
mals, an accumulation of the TCA
cycle intermediates, citrate, cis-aco-
nitate, and a-ketoglutarate, was ob-
served in the skeletal muscle of these
mice after exercise (Figure 5D). In
addition, decreased levels of the
TCA cycle intermediates, succinate
and malate, were found in the
ERRa-null mice after exercise (Fig-
ure 5D), suggesting a block in the
enzymatic activity of the a-ketoglu-
tarate dehydrogenase (a-KGDH)
complex in these mice responsible
for the conversion of a-ketogluta-
rate to succinyl coenzyme A. As
shown in Figure SE, mice lacking
ERRa displayed a significant de-
crease in a-KGDH activity after ex-
ercise. A summary of the altered skel-
etal muscle TCA cycle metabolism
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Figure 6. Measurement of fuel sources in WT and ERRa-null mice before and after exercise. A
and B, Quantification of muscle (A) and liver (B) glycogen levels in WT and ERRa-KO mice before
and after exercise. C and D, qRT-PCR analysis of the predominant gastrocnemius (C) and liver (D)
glycogen synthase gene in WT and ERRa-null mice before and after exercise. Data are normalized
to RplpO levels and expressed as means + SEM. E and F, Quantification of muscle (E) and liver (F)
glucose levels in WT and ERRa-KO mice before and after exercise. G and H, qRT-PCR analysis of
the predominant gastrocnemius (G) and liver (H) hexokinase gene in WT and ERRa-null mice
before and after exercise. Data are normalized to Rplp0 levels and expressed as means + SEM.
* P < .05 by unpaired t test. | and J, Quantification of muscle (I) and liver (J) lactate levels in WT
and ERRa-KO mice before and after exercise. *, P < .05 by unpaired t test. K and L, gRT-PCR
analysis of lactate dehydrogenase (LDH) genes in gastrocnemius (K) and liver (L) WT and ERRa-
null mice before and after exercise. Data are normalized to Rp/pO levels and expressed as

means = SEM. *, P < .05 by unpaired t test. M—P, Quantification of circulating and skeletal
muscle triglyceride and free fatty acids levels in WT and ERRa-KO mice before and after exercise.
* P < .05 by unpaired t test. Q-S, Quantification of skeletal muscle amino acid levels in WT and
ERRa-KO mice before and after exercise. *, P < .05 by unpaired t test. T, qRT-PCR analysis of
Glul expression in the gastrocnemius of WT and ERRa-null mice before and after exercise. Data
are normalized to RplpO0 levels and expressed as means + SEM. *, P < .05 by unpaired t test.
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found in the ERRa-null skeletal mus-
cle after acute exhaustive exercise is
illustrated in Figure SF.

Given that peroxisome prolifera-
tor-activated receptor <y-coactiva-
tor-1 (PGC-1)a and PGC-18 are
master regulators of mitochondrial
energy metabolism and are coactiva-
tors of ERRa, we next examined the
gastrocnemius transcript levels of
Ppargcla and Ppargclb (18, 27,
28). A small increase in Ppargcla
levels was found in the ERRa-null
muscle under basal conditions pos-
sibly to compensate for the absence
of ERRa (Supplemental Figure 4).
Although it is well established that
exercise induces PGC-1a expression
(29), loss of ERRa strongly im-
paired the induction of PGC-la
transcript levels after exercise (Sup-
plemental Figure 4). In contrast, no
significant differences in the expres-
sion of PGC-18 mRNA levels were
observed in mice lacking ERRa be-
fore or after exercise (Supplemental
Figure 4). Taken together, the data
demonstrate a reduction in the abil-
ity of gastrocnemius muscle in
ERRa-null mice to sustain a genetic
program required to increase mito-
chondrial oxidative capacity under-
lying the decreased ability of these
mice to endure aerobic exercise.

Loss of ERRa alters energy
substrate availability and
metabolism

We next investigated the metabo-
lism of the primary energy sub-
strates used in exercised muscle. To
this end, the levels of glycogen, glu-
cose, lactate, triglyceride, and amino
acids before and 2 hours after acute
endurance exercise in ERRa-KO
and WT animals were determined
(Figure 6). Glycogen is a readily mo-
bilized storage for glucose primarily
in the muscle and liver and is of cen-
tral importance as the first source of
energy for muscle contractions, es-
pecially during high-intensity exer-
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cise. Loss of ERRa had no effect on skeletal muscle or
hepatic glycogen content before or after exercise (Figure
6, A and B). Accordingly, we observed no difference in the
mRNA levels of the rate-limiting muscle and hepatic gly-
cogen storage enzymes, Gys1 and Gys2, respectively (Fig-
ure 6, C and D). As observed for glycogen, WT and
ERRa-null mice were found to have similar amounts of
muscle and hepatic glucose content (Figure 6, E and F).
However, in response to exercise, loss of ERRa signifi-
cantly impaired the induction of Hk2, the predominant
muscle enzyme responsible for committing glucose to the
glycolytic pathway. A similar trend was observed for Gck
in the liver (Figure 6H). In addition, an increase in both
muscle and liver Pdk4 levels were found in WT but not
ERRa-null mice after exercise (Supplemental Figure 5, A
and B). The data suggest that although glucose levels were
restored 2 hours after exercise in both WT and ERRa-null
mice, WT mice have an increased potential for anaerobic
glycolysis. Although no differences in muscle lactate lev-
els were found in ERRa-KO animals, livers lacking ERR«
had significantly lower lactate levels after exercise (Figure
6, I and J). Decreased expression of Ldhd, the predomi-
nant muscle lactate dehydrogenase isoform responsible
for the conversion of lactate to pyruvate in the final step
of anaerobic glycolysis, was found in ERRa-null mice
(Figure 6K). A similar trend was observed for the gene
encoding the predominant liver Ldb isoform, Ldha (Fig-
ure 6L). Interestingly, the induction of the lactate trans-
porter gene Slc16al was lost in the muscle in the absence
of ERRa (Supplemental Figure 5C). A similar trend was
observed in the liver (Supplemental Figure 5D). The re-
duction in the expression of the lactate transporter and
decreased mitochondrial oxidative capacity implies a re-
duced uptake and oxidation of lactate as a source of en-
ergy in the muscle of ERRa-null mice likely contributing
to the observed accumulation of circulating lactate.

Furthermore, although no differences in circulating
free fatty acids were observed, ERRa-null mice were
found to have significantly lower serum triglyceride levels
after exercise (Figure 6, M and N). In addition, although
there was a tendency for higher muscle triglyceride levels
in WT mice after exercise, there was significantly higher
free fatty acid levels in ERRa-KO mice (Figure 6, O and
P). No difference in mRNA levels of the major skeletal
muscle lipid transporter Fabp3 was observed between
WT and ERRa-null mice (Supplemental Figure SE).
However, ERRa-null muscles had decreased expression
of Acadvl encoding an enzyme involved in fatty acid ox-
idation, possibly reflecting the accumulation of free fatty
acids observed in the animals after exercise (Supplemental
Figure SF) (30).
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Finally, we observed that the levels of several amino
acids including alanine, serine, and glutamine were not
replenished after acute exhaustive exercise in the
ERRa-KO skeletal muscle compared with WT (Figure 6,
Q-S, and Supplemental Table 4). Of interest, the induc-
tion of the mRNA levels of the gene responsible for glu-
tamine synthesis, Glul, after exercise in WT mice was lost
in the ERRa-null muscle, reflecting the impaired restora-
tion of glutamine levels in these mice (Figure 6T). Collec-
tively, our findings suggest that the availability, transfor-
mation, or replenishment of several substrates important
for energy production is altered in the ERRa-KO animals.

ERRa is implicated in several aspects of muscle
fitness

We next explored whether other factors that could also
contribute to the diminished voluntary physical activity
and dynamic muscle endurance of the KO mice. To this
end, we compared the genes that were differentially reg-
ulated in gastrocnemius muscle upon exercise between
WT and ERRa-KO mice. First, a lower number of exer-
cise-responsive genes were found in the ERRa-KO ani-
mals compared with WT (1204 vs 1541) (Figure 7A).
Functional analysis of the differentially regulated genes
using IPA notably revealed a higher enrichment of genes
implicated in the Nuclear respiratory factor 2 (NRF2)-
mediated oxidative stress response, glucocorticoid (GC)
receptor signaling, cholesterol biosynthesis and protein
ubiquitination in the exercised WT animals (Figure 7B).
In response to exercise, ERRa-null mice were found to
have several genes significantly modulated in the preg-
nenolone biosynthesis pathway. Pregnenolone is synthe-
sized from cholesterol and is a precursor for several ste-
roid hormones including GCs. The NRF2 pathway plays
an important role in limiting muscle damage induced by
excessive oxidative stress after exercise (31, 32). GC re-
ceptor signaling aids in the maintenance of muscle fiber
integrity and the disposition of altered organelles through
the regulation of the autophagic machinery (33, 34). Al-
though Hmox1 and Hspalb, involved, respectively, in
oxidative stress response and GC receptor signaling, were
induced in both WT and ERRa-null mice, the degree of
induction was significantly blunted in the absence of
ERRa (Figure 7C). The plasticity of skeletal muscle is
highlighted by the remodeling and substantial changes in
mass via the ubiquitin proteasome system in response to
altered physical activity levels (35). Although the levels of
Ubc, encoding ubiquitin C, were induced in a similar
manner in both WT and ERRa-null mice after exercise
(Figure 7C), the induction of the genes involved in muscle
atrophy and in the ubiquitin-proteasome system, Foxol,
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WT animals compared with the
ERRa-null mice (Figure 7E). In ad-
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Figure 7. Loss of ERRa impairs exercise-dependent transcriptional programs in skeletal muscle.
A, Venn diagrams illustrating the overlap in number of exercise-responsive genes in
gastrocnemius muscle between WT and ERRa-KO mice. B, The number of exercise-responsive
genes associated with various biological processes identified by IPA are shown for WT and ERRa-
KO gastrocnemius. *P < .05. C-E, qRT-PCR analysis of genes identified in B. Data are normalized
to RplpO levels and expressed as means += SEM. *, P < .05 by unpaired t test. F, CD31 staining
and quantification of WT and ERRa-null gastrocnemius cross-sections. *, P < .05 by unpaired t

test.

Trim63, and Fbxo32, in response to exercise was lost in
ERRa-null mice (Figure 7D).

Furthermore, we identified a potential role for ERRa«
in exercise-induced angiogenesis, a common adaptive re-
sponse to exercise training in skeletal muscle (36). Angio-
genesis is necessary to carry the increasing oxygen de-
mand needed for oxidative metabolism during exercise.
After exercise, we observed a significantly greater induc-
tion in the mRNA level of the angiogenic factor Vegfa in

Discussion

Recent studies have established vital
roles for nuclear receptors in the reg-
ulation of muscle energy metabo-
lism and exercise-dependent muscle
remodeling and thus the potential
for the development of exercise
mimetics or pharmacological com-
pounds that could enhance the
adaptive response in exercisers (26,
37). In the current work, we demon-
strated that the nuclear receptor
ERRa, although seemingly dispens-
able for fiber type specification, is a
critical transcription factor regulat-

B WT O ERRa KO ing physiological processes in mus-

1.0 cle that are key determinants of per-
©0.8- formance, global motor activity,
go.e- x and adaptation to exercise-induced
E 0 stress.

502_ Our work first shows that abla-
'0 tion of ERRa expression in mice af-

fects their muscle mass, as shown by
reduced size of several muscles in the
transgenic animals. Genetic or ther-
apeutic inhibition of ERRa in mice
resulted in a striking decrease in
both physical activity and exercise
capacity. Gene expression profiling,
metabolic, and metabolomics stud-
ies demonstrate an essential role for
ERRa in muscle metabolic function. Mice lacking ERRa
have reduced expression of many genes involved in mito-
chondrial oxidative metabolism and the TCA cycle, re-
sulting in the accumulation of several TCA cycle interme-
diates including citrate and a-ketoglutarate in response to
the high energetic demands of exercise. In addition,
ERRa-null mice exhibited decreased a-KGDH enzyme
activity after acute exhaustive exercise, further demon-
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strating loss of mitochondrial metabolic homeostasis in
these mice. Moreover, we show that the absence of ERR«
affects the expression of genes associated with substrate
transport/uptake and metabolism such as Slc16al, Ldhd,
Glul, and Hk2. Accordingly, exhausted ERRa-null mice
exhibited lactatemia, supporting the reduced exercise tol-
erance observed in these mice. Furthermore, circulating
triglycerides and several amino acids in the muscle includ-
ing alanine and glutamine were not replenished during
recovery to exercise. Mechanistically, it should be noted
that our previous functional genomics studies identified
ERRa as a direct regulator of numerous genes involved
in the metabolic pathways described herein (38-42)
(Figure 8 and Supplemental Table 5).

Like ERRa, the ERR coactivator PGC-1a has been
shown to play a key role in exercise performance. Studies
with muscle-specific PGC-1a transgenic or null mice
demonstrate that PGC-1a expression is associated with
improved exercise tolerance associated with increased mi-
tochondrial gene expression and activity and resistance to
exercise-induced blood lactate accumulation via down-
regulation of Ldha and upregulation of Ldhb and Slc16al
expression (43—45). Although we observed no differences
in Ldha or Ldhb transcript levels in ERRa-null gastroc-
nemius, decreased mRNA levels of Ldhd were observed in
these mice. Because the loss of ERRa resulted in decreased
Slc16al expression and blocked the induction of this gene
after exercise, our data suggest that ERRa promotes mus-
cle lactate uptake and oxidation for the generation of
energy as found for PGC-1a (43). Although the authors
did not find an ERR binding consensus motif in the pro-
moter of Slc16al, ERRa is indeed recruited to this gene at
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a consensus ERR response element (ERRE), TGACCT-
TGG, located just 444 bp downstream of the transcrip-
tion start site of the gene (39).

Aside from the involvement of ERRa in metabolic ad-
aptations to exercise, we found that the receptor is im-
portant for the modulation of a set of genes that are
needed to reduce exercise-induced muscle damage. In par-
ticular, these ERRa-dependent pathways work to coun-
teract localized oxidative stress and inflammation, 2 pro-
cesses associated with impaired muscular performance.
Specifically, functional analysis of the exercise-responsive
genes in the muscle of ERRa-null mice identified an im-
paired NRF2-mediated oxidative stress response (Figure
7B) (31, 32). This result is consistent with previous ob-
servations showing that ERRa« facilitates the repair and
functional recovery of skeletal muscle in response to car-
diotoxin-induced injury (17-19). In addition, we found a
number of ERRa-dependent genes involved in skeletal
muscle plasticity including the ubiquitin proteasome
pathway (Trim63, Hspalb, and Hspa9) (Figure 8 and
Supplemental Table 5). Thus, our findings implicate
ERRa in tissue remodeling and changes in muscle mass to
adapt to physiological factors such as exercise (35). Fi-
nally, we show that ERRa is involved in skeletal muscle
vascularization, as indicated by decreased staining for the
endothelial marker in the gastrocnemius of the ERRa-
null mice and in skeletal muscle neovascularization, as
shown by the reduced induction of the potent angiogenic
factor Vegfa after exercise. Of note, transgenic overex-
pression of ERRy was shown to be sufficient to enable
anaerobic muscles to acquire enhanced oxidative capacity
and dense vasculature (46). In that study, the morpholog-
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Figure 8. ERRa is essential for skeletal muscle fitness. Schematic representation of biological processes coordinated by ERR« in exercise-induced
muscle remodeling. Our model includes the well-characterized exercise-induced expression of the ERRa coactivator PGC1-a, also observed in this
study (Supplemental Figure 4). All genes described in this figure are known direct transcriptional targets of ERRa (Supplemental Table 5).
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ical remodeling was linked to the induction of genes in-
volved in oxidative phosphorylation, fatty acid oxida-
tion, and proangiogenic genes, more specifically Vegfa.
Thus, as previously demonstrated in the heart (14, 47),
ERRa and ERRYy orchestrate common transcriptional
programs to enhance mitochondrial oxidative potential
required for exercise performance and fitness. However,
in contrast to muscle overexpressing ERRy (46), global
loss of ERRa had no significant effect on myofibrillar
gene expression after an acute exercise regimen. Our re-
sults thus suggest that ERRa is dispensable for fiber type
specification in skeletal muscle as previously observed for
the ERR coactivators PGC-1a and PGC-18 (40).

Collectively, our study demonstrates that the nuclear
receptor ERRaq, although not required for fiber type com-
position, is essential for the coordinate regulation of met-
abolic and stress response programs necessary for muscle
fitness and endurance. Altered muscle function and me-
tabolism are an underlying factor in many pathological
conditions and chronic diseases. The observation that the
ERRa inverse agonist C29 diminishes running endurance
in a manner similar to the genetic ablation of ERRa sug-
gests that, in contrast, a full ERRa agonist could possibly
serve to potentiate the adaptive response to exercise stim-
uli. In particular, our results suggest that modulation of
ERRa activity could provide a new therapeutic avenue in
the prevention and management of muscle wasting and
weakness in many disease states and conditions including
aging, cancer cachexia, sepsis, denervation, chronic kid-
ney or heart failure, and muscular dystrophies.
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