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Abstract Mitochondrial dysfunction has been implicated in
the pathogenesis of type 2 diabetes. Identifying novel regula-
tors of mitochondrial bioenergetics will broaden our under-
standing of regulatory checkpoints that coordinate complex
metabolic pathways. We previously showed that Nur77, an or-
phan nuclear receptor of the NR4A family, regulates the ex-
pression of genes linked to glucose utilization. Here we
demonstrate that expression of Nur77 in skeletal muscle also
enhances mitochondrial function. We generated MCK-Nur77
transgenic mice that express wild-type Nur77 specifically in
skeletal muscle. Nur77-overexpressing muscle had increased
abundance of oxidative muscle fibers and mitochondrial DNA
content. Transgenic muscle also exhibited enhanced oxidative
metabolism, suggestive of increased mitochondrial activity.
Metabolomic analysis confirmed that Nur77 transgenic muscle
favored fatty acid oxidation over glucose oxidation, mimicking
the metabolic profile of fasting. Nur77 expression also im-
proved the intrinsic respiratory capacity of isolated mitochon-
dria, likely due to the increased abundance of complex I of the
electron transport chain. These changes in mitochondrial me-
tabolism translated to improved muscle contractile function ex
vivo and improved cold tolerance in vivo.lll Our studies out-
line a novel role for Nur77 in the regulation of oxidative me-
tabolism and mitochondrial activity in skeletal muscle.—Chao,
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The mitochondrion is an indispensable component for
cellular respiration. To meet ongoing energy demands,
cells up-regulate oxidative metabolism to boost ATP pro-
duction. In skeletal muscle, a number of transcriptional
factors have been shown to affect mitochondrial function
and biogenesis. Peroxisome proliferator activated recep-
tor vy coactivator 1 a (Pgcla), for instance, coactivates a
number of nuclear receptors and transcription factors
(estrogen-related receptor a, nuclear respiratory factor
[Nrf]l, and Nrf2) to promote mitochondrial biogenesis
(1-4). Overexpression of peroxisome proliferator acti-
vated receptor delta in skeletal muscle also increases the
abundance of slow-twitch muscle fiber and mitochondrial
biogenesis (5). Uncovering novel biologic regulators that
control mitochondrial function is fundamental to unravel-
ing the complex metabolic pathways that control substrate
utilization and energy metabolism.
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Nur77 is a member of the NR4A subgroup of nuclear
receptors. Structural studies have shown that these recep-
tors lack an accessible ligand-binding pocket. The activ-
ity of these receptors in biological context appears to be
primarily modulated by factors that increase abundance of
the NR4A transcripts (e.g., cAMP signaling) and posttrans-
lational modifications. Previous studies have suggested
that three NR4A receptors (NR4Al, NR4A2, and NR4A3)
regulate overlapping target genes and may be functionally
redundant in certain contexts. Thus, depending on the
tissue in question, the phenotypic consequences of delet-
ing a single NR4A isoform may be subtle.

NR4As have been shown to regulate a diverse array of
biologic processes, including thymocyte apoptosis, tumor
suppression, and regulation of adrenal steroidogenesis
(6-8). We and others have identified the NR4A receptors
as transcriptional regulators of glucose metabolism and
downstream effectors of B-adrenergic receptor signaling
(9-14). NR4A transcripts are rapidly and potently induced
by B-adrenergic stimulation in C2C12 myotubes and skel-
etal muscle in vivo (9, 11). Nur77 promotes the expression
of genes controlling glucose uptake (Glut4) and glycolysis
in skeletal muscle (9). Conversely, loss of Nur77 expres-
sion predisposes mice to diet-induced insulin resistance
(14). We therefore hypothesized that sustained Nur77
expression in skeletal muscle would alter systemic glucose
homeostasis and energy metabolism.

Here we report the generation and characterization of
transgenic mouse that selectively overexpresses Nur77 in
skeletal muscle from the MCK promoter. Unexpectedly,
skeletal muscle from these mice was strikingly redder in
color, suggestive of changes in mitochondria. Accordingly,
the transgenic muscle contained more mitochondrial
DNA and exhibited increased oxidative metabolism. In ad-
dition, the intrinsic respiratory control of mitochondria
isolated from Nur77 transgenic muscle was improved. Fi-
nally, these changes in muscle mitochondria function and
metabolism translated to increased fatigue resistance and
cold tolerance in Nur77 transgenic mice. These data iden-
tify Nur77 as a novel modulator of skeletal muscle oxida-
tive metabolism.

MATERIALS AND METHODS

Generation of MCK-Nur77 mice and animal husbandry

The murine Nur77 coding sequence was PCR amplified and
cloned into the EcoRI site of the pCK4800 plasmid (gift of Eric
Olson). The transgene was linearized with BssHII digestion and
microinjected into pronuclei of C57BL/6] embryos by the Trans-
genic Mouse Facility at University of California, Irvine. Transgene
genotyping was confirmed by PCR amplification of a 723 bp
product using the following primers: forward, 5" ATGAAGGAG-
GGTGCTGGCTACAAT 3; reverse, 5 TCCTCAAACTTGAAGGA-
CGCCGAA 3. Mice were fed ad libitum and maintained on a
12-h light-dark cycle and were age- and gender matched for all
experiments. Animal studies were conducted in conformity with
the Public Health Service Policy on Humane Care and Use of
Laboratory Animals and in accordance with UCLA Animal
Research Committee guidelines.

In vivo studies

Male mice (4-5 months old) were fed a 45% fat diet (D12451;
Research Diets, New Brunswick, NJ) for 4 weeks before the intra-
peritoneal glucose tolerance test. The intraperitoneal glucose
tolerance test (1 g/kg of glucose) was performed after a 6-h fast
during the light cycle. Body composition was determined by
EchoMRI 3-in-1 System (Houston, TX). Grip strength and wire
tests were performed as previously described (15). For the cold-
exposure study, mice were fed ad libitum the night before and
then housed individually in the morning at 4°C without bedding
or food. Rectal body temperature was measured hourly with a
BAT-10 digital thermometer with a Ret-3 rectal probe (Physitemp
Instruments, Clifton, NJ).

Plasma and tissue chemistry

Plasma insulin was measured by Mouse Serum Adipokine Panel
7-plex kit (Millipore, Billerica, MA). Determination of fatty acylcar-
nitine and organic acid concentrations from gastrocnemius muscle
was as previously described (16). For muscle glycogen quantitation,
30 to 100 mg of quadriceps muscle was digested in 300 wl of 30%
KOH at 100°Cfor 10 min. Glycogen was precipitated by the addition
of 60 pl of 20% Na,SO, and 720 pl of ethanol. After incubation at
—20°C for 1 h, samples were spun down and washed once with 70%
ethanol. The dried glycogen pellet was digested in 100 wl 4 N HySO,
for 10 min at 100°C. After cooling on ice, the sample was neutralized
with 100 wl 4 N NaOH. Ten microliters of aliquot was removed for
quantitation by glucose oxidase assay (G3660; Sigma).

Quantitative real-time PCR

Total RNA preparation and quantitative real-time PCR were
performed as described (9). Expression was normalized to 36B4
expression. Primer sequences are listed in supplementary Table I
and as previously described. Mitochondrial DNA content was
determined by quantitative PCR amplification of mitochondrial-
encoded D-loop DNA and normalized to nuclear-encoded
telomerase (Tert). The template was prepared by solubilizing
muscle tissue in lysis buffer (100 mM Tris [pH 8.0], 5 mM EDTA,
0.2% SDS,200mM NaCl) overnightfollowed byphenol:chloroform
extraction, and ethanol precipitation. Total DNA (10 ng) was
used for each reaction. Primer sequences are listed in supple-
mentary Table I.

Immunoblotting

Total muscle lysate was prepared in a dounce homogenizer in 80
mM Tris (pH 6.8), 2% SDS, 10% glycerol, 1 mM PMSF, PhosSTOP,
and Complete EDTA-free protease inhibitor cocktail (Roche). Anti-
body dilutions are as follows: PDH-Ela (pSer™”) 1:10,000 (AP1062;
Calbiochem), PDH-Ela 1:50,000 (GTX104015; GeneTex), Ppplrla
1:50,000 (ab40877, ABCAM), porin 1:2,000 (MSA03; MitoSciences),
fissionl (Fisl) 1:5,000 (GTX111010; GeneTex), Lamin A/C 1:1,000
(Santa Cruz Biotechnology), optic atrophy protein 1 (Opal) 1:2,000
(BD612606, BD), mitofusin (Mfn)1 1:1,000 (Clone N111/24,
UC Davis/NIH NeuroMab Facility), Mfn2 1:2,000 (Ab56889,
ABCAM), Pser637-dynamin-related protein (Drp)1 1:2,000
(CS6319; Cell Signaling), Drpl 1:1,000 (Wh0010059M1, clone
3B5; Sigma), and OXPHOS Rodent WB antibody cocktail 1:2,500
(MS604; MitoSciences). Antibody binding is detected by en-
hanced chemiluminescence. Images were captured by Im-
ageQuant LAS4000 (GE). Image] V.10.2 software was used for
quantification of band intensity.

Histochemical staining

Muscle was snap frozen in liquid nitrogen chilled isopentane.
All staining was performed on 10 uM frozen gastrocnemius sections.
For NADH-TR staining, a muscle section was incubated for 30 min

Muscle Nur77 improves oxidative metabolism 2611



at room temperature in a NADH solution prepared by combining
8 mg NADH/5 ml in Tris 0.05 M (pH 7.6) with 5 ml of freshly
made nitro-blue tetrazolium (10 mg/5 ml Tris 0.05 M [pH 7.6]).
Succinate dehydrogenase staining was performed by incubating
the sections for 15 min at room temperature in 0.2 M sodium
phosphate buffer (pH 7.6) solution with 270 mg sodium succinate
and 10 mg nitro-blue tetrazolium per 10 ml. Cytochrome c oxidase
staining solution consisted of 5 mg 3,3"-diaminobenzidine tetrahy-
drochloride, a few crystals of catalase, 10 mg cytochrome c, and
750 mg sucrose in 10 ml of 0.05 M sodium phosphate buffer (pH
7.4). Sections were stained for 1 h at room temperature. Periodic
acid-Schiff staining was done by the UCLA Department of Pathol-
ogy, Division of General Histology.

In vitro fatty acid oxidation

C2C12 myoblasts were plated in V7 plates (Seahorse Biosci-
ences, MA) 1 day before adenovirus infection as described previ-
ously (9). Three days after infection, the rate of cellular oxidation
of fatty acid was measured using a final concentration of 200 uM
palmitate (17). Mix, wait, and measure times were 5, 2, and 1.5
min, respectively. Fatty-acid oxidation was terminated by the
addition to 50 M etomoxir. Palmitate-induced oxygen con-
sumption is calculated by subtracting the post-etomoxir oxygen
consumption rate from the peak oxygen consumption rate.

Mitochondrial respiration

Mitochondria were isolated from hamstring muscle of mice eu-
thanized by cervical dislocation. Samples and buffers were kept on
ice at all times. Hamstring muscle was rapidly isolated and minced
in ice-cold IBm1 buffer (1 M sucrose, 1 M Tris/HCI [pH 7.4], 1 M
KCl, 0.5 M EDTA [pH 8], 10% fatty-acid free BSA) at pH 7.4 for
2 min. The slurry was then transferred to a 15 ml conical tube on
ice. The supernatant was removed, and the tissue was digested with
0.05% trypsin in IBm1 for 30 min on ice. The sample was then
spun down at 200 gfor 3 min, refreshed with 15 ml of IBm1 buffer,
and homogenized on ice in a Potter-Elvehjam tube for nine passes
at 80 rpm. The homogenate was spun down at 700 g for 10 min.
The supernatant was next spun at 8,000 gfor 10 min. The pelleted
mitochondria were first resuspended in 500 wl IBm2 (1 M sucrose,
0.1 M EGTA, 1 M Tris/HCI [pH 7.4]) before adding an additional
4.5 ml of IBm2. The sample was spun again at 8,000 g for 10 min.
The supernatant was removed, and the sample was resuspended in
75 ul of IBm2. Mitochondria concentration was determined by
Bradford protein assay. Mitochondrial respiration assay was per-
formed using the Seahorse XF24 analyzer as described with the
following modifications (18). A total of 2.5 pg of mitochondria was
seeded per well. The assay buffer contains 0.5 M sodium pyruvate
and 0.5 M malate, each adjusted to pH ~7.2. State III respiration
was initiated with the addition of 4 mM ADP and terminated with
2 uM oligomycin. Uncoupled respiration was initiated with 4 pM
carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP) and
terminated with 4 M antimycin A.

Glutathione assay

Muscle glutathione concentration was measured by GSH-Glo
Glutathione Assay (Promega). Total GSH was measured by add-
ing 500 WM tris(2-carboxyethyl) phosphine to the reaction.

Ex vivo muscle contraction

Isolated muscle stimulation was performed as previously de-
scribed (19).

Tissue culture

C2C12 myoblasts were transduced with adenovirus at an MOI of
250 (9). Cells were harvested 3 days later.
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Statistical analysis

Student #test was used to determine statistical significance.
Error bars represent SEM unless otherwise noted.

RESULTS

Transgenic expression of Nur77 in skeletal muscle

We previously showed that Nur77 regulates the expres-
sion of a battery of glucose utilization genes in fast-twitch
muscle fibers (9). To further explore the role of Nur77 in
skeletal muscle, we generated transgenic mice that ex-
pressed Nur77 from the muscle creatine kinase (MCK)
enhancer (20). We generated two lines of MCK-Nur77
transgenic mice that reproduced following Mendelian ra-
tios, and we observed similar phenotypes in both lines. We
subsequently focused the majority of our efforts on prog-
eny from the higher expressing line B.

Relative to littermate controls, the level of Nur77 expres-
sion was 28-fold higher in the extensor digitorum longus
(EDL) of transgenic mice (Fig. 1A). Consistent with previous
characterization of the MCK promoter, Nur77 overexpres-
sion in the transgenic mouse was observed predominantly
in skeletal muscle. Basal Nur77 expression in the heart was
5-fold lower than in the EDL and was increased by just 2-fold
in the transgenic mice (20). We observed no change in he-
patic Nur77 expression. Enhanced Nur77 activity was con-
firmedbyinduction ofits target gene fructose bisphosphatase
2 in the gastrocnemius muscle (supplementary Fig. IA) (9).
As expected, Nur77 was expressed at much higher levels in
fast-twitch (EDL) than in slow-twitch muscle fiber (soleus)
(Fig. 1A). Nur77 overexpression had no effect on body
weight (supplementary Fig. IIA) or body composition (sup-
plementary Fig. 1IB). In the transgenic muscle, we con-
firmed up-regulation of the glycolytic genes enolase 3 and
phosphoglycerate mutase 2, two previously identified tar-
gets of Nur77, although the fold-induction was modest
(Fig. 1B) (9). We observed higher lactate concentrations in
muscle lysates from MCK-Nur77 transgenic mice (Fig. 1C),
suggesting that the modest induction in glycolytic genes was
sufficient to increase glycolytic flux. Nevertheless, Nur77
overexpression in skeletal muscle did not protect the mice
from diet-induced glucose intolerance (supplementary
Fig. IIC). The expression of glycogenolysis genes, muscle
glycogen phosphorylase and phosphorylase kinase vy 1, and
the gene encoding the insulin-sensitive glucose transporter
(Glut4) was not different between groups (Fig. 1D, E). We
postulate that Nur77-mediated induction of gene expres-
sion in these lines may be limited by the fact that Nur77, as
well as its target genes involved in glucose utilization, are
already abundantly expressed in skeletal muscle, such that
additional transcriptional input may have limited impact on
augmenting expression.

Nur77 increases the expression of slow-twitch
muscle markers

Based on the preferential expression of Nur77 in white gly-
colytic muscle fibers, we hypothesized that Nur77 overexpres-
sion would shift the muscle composition toward fast-twitch
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Fig. 1.

Nur77 expression in skeletal muscle. A, B, D, E: Expression of genes from EDL muscle (except as

specified in panel A) measured by quantitative PCR. Numbers in inset of panel A denote fold-change relative
to wild-type EDL. C: Lactate concentration of gastrocnemius lysate. n = 4-8 for panel A; n = 7-9 for all other
panels. All mice were male. All expression was normalized to 36B4. WT, wild-type; TG, transgenic. *P< 0.05;

#P<0.01; #*P<0.001.

glycolytic fibers. Quantitative PCR analysis of fiber-type mark-
ers revealed the contrary, however. MCK-Nur77 transgenic
muscle showed higher expression of troponin I type 1 and
myosin heavy chain (Myh) 7, two markers of slow-twitch skel-
etal muscle fibers. Conversely, the expression of fast-twitch
fiber markers, troponin I type 2 and Myh4, was lower in trans-
genic muscle (Fig. 2A). The change in fiber type composi-
tion was more pronounced in muscles that contain mixed
fiber types, such as the gastrocnemius and plantaris, and less
apparent in muscles that are predominantly fast-twitch, glyco-
lytic in nature (data not shown). There was no difference
in the expression of Myhl and Myh2, which encode the myo-
sin heavy chain for type 2d and type 2a fibers, respectively
(supplementary Fig. Ib). This constellation of troponin and
myosin heavy chain markers is suggestive of a shift toward
slow-twitch oxidative muscle fibers in MCK-Nur77 transgenic
mice.

Increased mitochondrial content in Nur77-transgenic
muscle

One defining characteristic of slow-twitch oxidative
muscle is its abundance in mitochondria and myoglobin,
which accounts for its reddish appearance. Accordingly,
Nur77-transgenic muscle appeared strikingly redder in
color and contained more mitochondria (Fig. 2B, C). We
determined mitochondrial content by measuring the rela-
tive abundance of mitochondrial-encoded gene D-loop to
the nuclear-encoded telomerase reverse transcriptase
(Tert). Indeed, white quadriceps muscle from Nur77-
transgenic mice had increased mitochondrial DNA con-
tent compared with littermate controls (Fig. 2C). To
determine if the change in mitochondria abundance was

directly attributable to Nur77-driven mitochondrial bio-
genesis, we measured mitochondrial content in C2C12
myotubes acutely transduced with adenovirus-encoding
Nur77. However, unlike the transgenic muscle, acute over-
expression of Nur77 in cultured myocytes did not alter
mitochondrial DNA content, suggesting that the changes
observed in vivo were mediated by an indirect pathway
(Fig. 2D). Consistent with this hypothesis, Nur77 did not
increase the expression of a number of transcriptional fac-
tors known to drive mitochondrial biogenesis (Fig. 2E).
Specifically, the expression of Pgcla and estrogen-related
receptor a did not change, whereas the expression of mi-
tochondrial transcription factor A, Nrfl, and Nrf2 (also
known as Gabpa) was down-regulated in Nur77-transgenic
muscle. These findings support the hypothesis that Nur77-
mediated changes in mitochondrial density occur through
an indirect pathway and are not the result of direct tran-
scriptional up-regulation of mitochondrial biogenesis
genes.

Changes in mitochondrial DNA content likely relate to
alterations in mitochondrial dynamics. In Nur77-trans-
genic muscle, the expression of mitochondrial fission
genes Drpl and Fisl homolog was reduced, whereas the
expression of mitochondrial fusion genes Opal and Mfn2
was unchanged (supplementary Fig. IIIA). At the protein
level, there was a reduced level of Fisl and an increased
abundance of Opal and Mfn2 (Fig. 2F, G; supplementary
Fig. IIIB, C), which supports a program that promotes
mitochondrial fusion at the expense of reducing mitochon-
drial fission. Recent studies suggest that impaired mito-
chondrial fusion is associated with reduced mitochondrial
DNA content (21, 22). We propose that enhanced fusion
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and diminished mitochondrial fission has the converse
effect of increasing mitochondrial DNA content. In an en-
vironment of high energy demand, such as in skeletal
muscle, enhanced mitochondrial fusion can minimize local
accumulation of defective or abnormal mitochondria and
to increase ATP production and respiratory capacity (23).

Enhanced oxidative metabolism in Nur77-overexpressing
muscle

Based on the changes in mitochondrial abundance and
fiber composition, we performed histochemical staining
on gastrocnemius sections to determine if there was a con-
cordant change in oxidative metabolism. The enzymatic
activities of NADH-TR, succinate dehydrogenase, and cy-
tochrome c oxidase are commonly used as markers of oxi-
dative metabolism. Fig. 3 shows that Nur77-transgenic
muscle exhibited increased pigment retention in all three
assays, reflecting increased oxidative metabolism. This re-
sult is concordant with the phenotypic changes predicted
on the basis of the increased mitochondrial abundance in
transgenic muscle fibers.

We next sought to determine whether the shift in oxida-
tive metabolism was selective for glucose or fatty acid
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oxidation. Phosphorylation of pyruvate dehydrogenase by
pyruvate dehydrogenase kinase (PDK)4 inhibits its enzy-
matic activity and limits pyruvate entry into the Krebs
cycle. This mode of regulation effectively shifts the bal-
ance of substrate utilization toward fatty acid oxidation,
which is indeed what we observed in the Nur77-transgenic
muscle. We detected enhanced phosphorylation of pyru-
vate dehydrogenase at serine 293 (Fig. 4A, B). The fact
that the mRNA level of PDK4 was unchanged suggests that
alteration of pyruvate dehydrogenase phosphorylation oc-
curred at the level of PDK4 activity (Fig. 4C). Our hypoth-
esis that Nur77 facilitates fatty acid oxidation was confirmed
by measuring the rate of palmitate-induced oxygen con-
sumption in C2C12 myoblasts acutely overexpressing
Nur77 (Fig. 4D).

Our hypothesis of preferential utilization of fatty acids
in Nur77-transgenic muscle was further supported by acyl-
carnitine profiling by mass spectrometry. We observed
increased abundance of short-chain acylcarnitine species
such as C2-, C4-cognates, downstream byproducts of
fatty acid oxidation, in Nur77-transgenic lysates (Fig. 4E).
There was also a small increase in the concentration of
select long-chain fatty acylcarnitines, which may occur with
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mius cryosections for NADH-TR diaphorase, succinate dehydroge-
nase (SDH), and cytochrome oxidase (COX) activities. Images
represent 50x magnification. WT, wild-type; TG, transgenic.

large increases in the flux of fatty-acid oxidation. Impor-
tantly, the increase in fatty-acid oxidation and obligate me-
tabolism of acetyl-CoA did not deplete the Krebs cycle
intermediates. In fact, transgenic muscle contained higher
concentrations of anaplerotic intermediates such as succi-
nate, fumarate, and malate, consistent with increased
amino acid metabolism (Fig. 4E). Additional evidence for
increased protein metabolism was the elevated abundance
of C3 and Cb acylcarnitines, which are byproducts of
branched-chain amino acid metabolism. Overall, the

constellation of metabolomic analysis supports a model of
substrate utilization in the Nur77-transgenic mice that mim-
ics the fasting state, wherein the muscle preferentially me-
tabolizes fatty acids and protein to fuel energy demands.

Increased glycogen content of Nur77-overexpressing
muscle

Slow-twitch oxidative fibers typically have lower glyco-
gen content because they primarily rely on triglyceride as
the fuel source. Based on the shift in expression of myosin
heavy chains and substrate utilization, we hypothesized
that glycogen content would be reduced in Nur77-transgenic
muscle. On the contrary, however, we observed increased
periodic acid-Schiff staining in transgenic quadriceps sec-
tions (Fig. 5A). Increased glycogen content was confirmed
by quantitation of glycosyl units released by potassium
hydroxide digestion, which revealed a 60% increase in
muscle glycogen content (Fig. 5B). The increase in muscle
glycogen content was attributable to reduced levels of
Ppplrla, a well-characterized inhibitor of protein phos-
phatase 1 (PP1) (Fig. 5C-E). PP1 inactivates glycogen
phosphorylase, thereby limiting glycogenolysis. Reduced
expression of Ppplrla would thus be predicted to increase
the activity of PP1 and diminish glycogen breakdown. The
increased glycogen content was accompanied by higher
expression of starch-binding domain-containing protein 1,
which colocalizes with glycogen macromolecule (24). The
expression of starch-binding domain-containing protein 1
was previously shown to correlate positively with glycogen
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Increased glycogen content of Nur77-overexpressing muscle. A: Periodic acid-Schiff stain of forma-

lin-fixed quadriceps section. B: Glycogen content quantitation of white gastrocnemius muscle (n = 4-8,
male). C: Gene expression of plantaris muscle (n = 7-9, male). D: Immunoblot of plantaris lysate for Pp-
plrla expression. E: Quantitation of Ppplrla protein level relative to Lamin A/C loading control. WT, wild-
type; TG, transgenic. *P< 0.05; ¥*¥P< 0.01; ***P < 0.001.

abundance (24), consistent with our observation in Nur77-
transgenic muscle. In the context of increased abundance
of mitochondria and C2 and C4 acylcarnitines, glycog-
enolysis in the Nur77-overexpressing muscle was likely
blunted because the energy needs were met with increased
fatty acid oxidation. The incongruence between glycogen
content and fiber composition in our mouse model also
suggests that Nur77 directs fiber-type-independent path-
ways to alter metabolism in skeletal muscle.

Improved mitochondrial function in isolated
mitochondria from Nur77-transgenic muscle

The data presented above demonstrated that Nur77 over-
expression in skeletal muscle increased mitochondrial
abundance and oxidative metabolism. We next sought to
determine if Nur77 overexpression altered intrinsic mito-
chondrial function by measuring mitochondrial respira-
tion. We isolated intact mitochondria from hamstring
muscle of Nur77-transgenic mice and their littermate con-
trols and measured the rate of oxygen consumption upon
ADP-stimulation (state III respiration) and after oligomy-
cin-mediated termination of ATP synthesis (state IV,, a mea-
sure of basal respiration). The ratio of state III to state IV
respiration, also known as respiratory control ratio, is a mea-
sure of coupled respiration or of mitochondrial capacity for
substrate oxidation and ATP turnover (18). Fig. 6A shows
that Nur77-transgenic mitochondria exhibited a higher re-
spiratory control ratio, consistent with enhanced coupled
respiration and mitochondrial function. We observed a sim-
ilar result with FCCP-stimulated respiration, where respira-
tion is controlled exclusively by substrate oxidation (Fig.
6B). These findings demonstrate that, in addition to in-
creasing mitochondrial content, Nur77 overexpression in
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skeletal muscle increases intrinsic mitochondrial oxidative
capacity.

We next sought to identify the mechanism by which
Nur77 alters mitochondrial respiration. We quantified the
abundance of individual complexes of the electron transport
chain from isolated mitochondria by immunoblot analysis.
As shown in Fig. 6C, Nur77-transgenic muscle contained a
higher concentration of complex I (subunit NDUFBS)
and a tendency for higher concentration of complex IV
(subunit MTCO1). This increased abundance of electron
transport chain complexes would be predicted to facilitate
substrate oxidation and the respiratory control ratio that
we observed in Nur77-overexpressing muscle.

To ensure that increased oxidative metabolism in the
transgenic skeletal muscle did not induce oxidative stress,
we measured the level of glutathione in muscle lysate.
Nur77-transgenic muscle had higher levels of reduced
glutathione (GSH) and a higher ratio of reduced to oxi-
dized glutathione (GSH:GSSH), implying that the level of
reactive oxygen species was lower in Nur77-overexpressing
muscle (Fig. 6D).

We reasoned that increased abundance of highly func-
tional mitochondria should improve contractile perfor-
mance of skeletal muscle. Indeed, Nur77-transgenic mice
exhibited increased average grip strength compared with
wild-type littermates (Fig. 7A). However, there was no differ-
ence in hanging time with the wire test (Fig. 7B). Ex vivo,
transgenic EDL muscle was more resistant to fatigue in re-
sponse to tetanic stimulation, consistent with an endurance
phenotype predicted by increased muscle mitochondrial
content in the transgenic mice (Fig. 7C) (19). There was no
difference in contractile force generated between control
and Nur77-transgenic mice (Fig. 7D). These findings
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underscore the functional importance of increased Nur77
expression in skeletal muscle and its ability to augment
mitochondrial content and contractile performance.

As an additional measure of muscle function, we tested
the ability of MCK-Nur77 mice to withstand cold stress.
The first line of defense against acute cold exposure is
shivering thermogenesis by skeletal muscle (25). We hy-
pothesized that Nur77-transgenic mice, with their in-
creased mitochondrial abundance and function, would
have improved cold tolerance. Indeed, over the course
of 6 h at 4°C, 6- to 8-month-old transgenic mice were able
to better preserve their core body temperature in the
fasting state, relative to wild-type littermate controls,
demonstrating that Nur77-mediated changes in muscle
mitochondria function and metabolism contribute to cold
tolerance (Fig. 7E). We posit that increased mitochondrial

function and muscle glycogen content enhance energy
production in the transgenic mice to facilitate shivering
thermogenesis. We verified that the effect observed was
not due to expression of the Nur77-transgene in non-
muscle tissue (supplementary Fig. IVA), and there was
no difference in cold-induced brown adipose tissue mark-
ers between control and transgenic mice (supplemen-
tary Fig. IVB).

DISCUSSION

Oxidative metabolism is an efficient mode of cellular
energy production that is of particular importance during
the fasting state and in endurance exercise. In this study,
we identified Nur77 as a novel regulator of oxidative
metabolism. Muscle-specific Nur77-overexpression shifted

A E
_ Peak grip/g % Wire test . N Fig. 7. MCK-Nur77 mice have improved muscle
) * 9 2y performance. A: Peak grip strength out of five trials
5 100 @ 3100 € 10 corrected for body weight and normalized to wild-
g:_j 5 é £ type control. B: Duration of mice hanging from wire
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o 10.0 —O—WT . .
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Wr 16 LU 0.0 and subjected to isometric tetanic contractions.
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2 £ 7120 . )
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the expression of fiber-specific markers toward type 1 oxi-
dative fibers. We showed that Nur77-transgenic muscle
had higher succinate dehydrogenase, NADH-TR, and cyto-
chrome oxidase activity and increased fatty acid oxidation
based on abundance of fatty acid oxidation byproducts.
The change in oxidative metabolism was attributable to an
increase in mitochondrial content and to improved intrin-
sic mitochondrial function. Functionally, the improve-
ment in oxidative metabolism translated into fatigue
resistance and cold tolerance. Our studies thus highlight
Nur77 as a novel transcriptional facilitator of oxidative
metabolism in skeletal muscle.

We previously implicated Nur77 in the transcriptional reg-
ulation of genes involved in glucose utilization downstream
of cAMP signaling. Nur77-responsive genes include GLUT4
and numerous glycolytic and glycogenolytic genes. The pre-
dicted results of Nur77 activation in this pathway include
rapid ATP production through anaerobic metabolism. Other
evidence supports the notion that Nur77 is induced by activa-
tion of the sympathetic nervous system (10, 26). Under acute
physiologic stress, B-adrenergic stimulation may up-regulate
Nur77 transcription, which then directs the glycolytic and
glycogenolytic programs to increase ATP production in skel-
etal muscle. Our current finding that stable Nur77 overex-
pression in skeletal muscle promotes oxidative metabolism
implies that Nur77 may also have a role in driving physiologic
adaptation during chronic stress.

Several lines of evidence support the postulate that
Nur77 may orchestrate effector pathways in chronic stress.
First, NGFI-B (rat NR4Al) plays a role in the development
of the rat adrenal cortex (27). Second, in mouse Y1 adre-
nocortical cells, Wilson et al. (8) showed that NGFI-B
mediates adrenocorticotropic hormone (ACTH)-induced
expression of 21-hydroxylase, the enzyme that catalyzes
the final step of cortisol biosynthesis. In AtT-20 pituitary
corticotroph cells, corticotropin-releasing hormone in-
duces the expression of Nur77 (28-31). Finally, Nur77
blocks the negative feedback of glucocorticoid on ACTH
expression, thereby permitting continuous ACTH synthe-
sis and secretion to direct cortisol secretion during
sustained physiologic stress (28, 31). We propose that
Nur77-mediated increase in oxidative metabolism in skel-
etal muscle is an additional pathway by which Nur77 sup-
ports the metabolic needs during chronic stress.

Consistent with our findings, Pearen et al. (32) recently
reported that skeletal muscle overexpression of supraphysio-
logically active Norl-VP16 fusion protein promoted a switch
toward oxidative fiber type, albeit the Norl-VP16 transgenic
mice exhibited increased abundance of type 2a, not type 1,
fibers. The precise mechanism by which Nr4a alters fiber
composition remains unclear. One plausible scenario is Nr4a-
mediated activation of the calcineurin-nuclear factor of acti-
vated T cell signaling cascade, which then promotes formation
of slow-twitch muscle fibers (33). The calcineurin-nuclear
factor of activated T cell pathway, by way of MEF2, also plays
arole in activation of Pgcla, which then promotes mitochon-
drial biogenesis (34). It is also intriguing to consider the no-
tion that Nur77-mediated changes in mitochondrial dynamics
may secondarily influence changes in fiber composition.

2618 Journal of Lipid Research Volume 53, 2012

The Norl-VP16 mouse also displayed evidence of in-
creased mitochondrial fusion as well as mitochondrial
DNA content. These observations raise the interesting
question of the function of Nur77 in the regulation of
mitochondrial dynamics. De novo synthesis of mitochondria
requires significant energy expenditure and time delay.
Emerging evidence supports the model that, under condi-
tions of high energy demand, mitochondrial fusion is an
efficient and rapid way to maximize the utility of subor-
ganelles (35). Mitochondrial fusion has the additional
benefit of preventing local accumulation of defective mi-
tochondria (23). In conjunction with mitochondrial turn-
over, altering the balance of mitochondrial dynamics
provides a defense mechanism by limiting the oxidative
stress of defective mitochondria (36). By enhancing mito-
chondrial fusion, Nur77 has thus provided another means
to improve respiratory efficiency and fuel production to
meet the energy demand of skeletal muscle and the organ-
ism at large. Additional studies are ongoing to address the
mechanism by which Nur77 regulates mitochondrial dy-
namics and its relationship to mitophagy.

The observation that Nur77 and Nor1-VP16 overexpres-
sion in skeletal muscle resulted in similar phenotypes pro-
vides further evidence for the functional redundancy of
these receptors in many biological contexts. This redun-
dancy likely explains the absence of prominent deficits in
oxidative metabolism or changes in mitochondrial con-
tent in muscles of Nur77 knockout mice (data not shown).
Because Nur77/Norl double knockout mice succumb to
acute myeloid leukemia before weaning (7), complex
breeding strategies to generate tissue-specific deletion of
Nur77 and Norl are needed to determine if mitochon-
drial biogenesis is impaired in compound mutant mice.
We did not observe improvement in systemic glucose me-
tabolism in Nur77-transgenic mice, in contrast to what was
reported for the Norl-VP16 transgenic mouse (32). The
differences in our findings may be explained by the use of
a viral transcription-activating domain to augment physio-
logic Norl activity in the study of Pearen et al (32).

In summary, we have identified Nur77 as a novel regula-
tor of oxidative metabolism in skeletal muscle. Our dem-
onstration that acute overexpression of Nur77 induces
glycolytic programming, whereas sustained overexpres-
sion promotes oxidative metabolism, positions Nur77 as
an integral mediator of physiologic stress. Bl

The authors thank Eric Olson for the gift of the MCK enhancer
plasmid and Dr. Claudio Villanueva for helpful discussions.
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