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Skeletal muscle plays a central role in the control of metabolism and
exercise tolerance. Analysis of muscle enhancers activated after
exercise in mice revealed the orphan nuclear receptor NURR1/
NR4A2 as a prominent component of exercise-responsive enhancers.
We show that exercise enhances the expression of NURR1, and
transgenic overexpression of NURR1 in skeletal muscle enhances
physical performance in mice. NURR1 expression in skeletal muscle
is also sufficient to prevent hyperglycemia and hepatic steatosis, by
enhancing muscle glucose uptake and storage as glycogen. Further-
more, treatment of obese mice with putative NURR1 agonists
increases energy expenditure, improves glucose tolerance, and
confers a lean phenotype, mimicking the effects of exercise. These
findings identify a key role for NURR1 in governance of skeletal
muscle glucose metabolism, and reveal a transcriptional link between
exercise and metabolism. Our findings also identify NURR1 agonists
as possible exercise mimetics with the potential to ameliorate obesity
and other metabolic abnormalities.
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While the beneficial effects of exercise on metabolism and
overall organismal health are well-known, much remains

to be learned about the mechanistic basis of the benefits of
physical activity and the systemic interactions among tissues and
organs. Skeletal muscle accounts for ∼40% of body mass in
healthy individuals, and represents the major site of glucose
uptake and metabolism in the body (1, 2). During exercise, gly-
cogen is metabolized in the liver to yield glucose, which is taken
up by skeletal muscle to provide energy for contraction (3–5).
Conversely, under conditions of caloric excess, glucose and fatty
acids are directed to the liver, where energy is stored as triglyc-
erides, causing hepatic steatosis, a growing health concern (6, 7).
Uptake of glucose by skeletal muscle is mediated by GLUT4,

the major glucose transporter in the sarcolemma (8–10). Exer-
cise induces expression of GLUT4 and its translocation from
intracellular stores to the sarcolemma (11). A variety of exercise-
responsive signal transduction pathways culminate in the nucleus
to modulate the expression of GLUT4 and other metabolic
genes (12). Key among the signal transducers in these pathways
are AMPK and several calcium-sensitive kinases that regulate
transcription by targeting class II histone deacetylases (HDACs),
which relieves their repressive influence on MEF2 and other
transcription factors (13–16). Integration of metabolic gene regula-
tion also occurs through regulatory interactions between MEF2 and
the nuclear coactivator PGC-1, which associates with PPAR and
other nuclear receptors to enhance metabolic gene expression (17).
Recently, we showed that MED13, a component of the Medi-

ator complex, modulates systemic metabolism in skeletal muscle by
suppressing the expression of Glut4 and other genes involved in
glucose uptake and glycogen storage (18, 19). Among a collection
of genes up-regulated in skeletal muscle of MED13 mutant mice
was the orphan nuclear receptor Nr4a2/Nurr1. NURR1 has been

implicated in survival of dopaminergic neurons (20) and other
processes (21–24), but its potential involvement in skeletal muscle
metabolism has not been previously investigated.
Here, using in vivo genome-wide epigenetic analysis of enhancers

and MEF2-activated genomic regions in muscle after exercise, we
show that binding sites for NURR1/NR4A2 are among the most
common motifs in exercise-responsive enhancers. NURR1 is up-
regulated in skeletal muscle after exercise, and transgenic mice that
overexpress NURR1 in skeletal muscle display increased physical
performance in a regimen of voluntary wheel running. Our results
reveal that NURR1 can potently stimulate muscle glucose uptake,
thereby normalizing glucose and insulin levels and conferring re-
sistance to hepatic steatosis in obese mice. Moreover, treatment of
genetically obese ob/ob mice or mice on a high-fat diet (HFD) with
putative NURR1 agonists enhances systemic energy metabolism
and prevents obesity and hepatic steatosis. These findings reveal a
transcriptional basis for the beneficial effects of exercise on sys-
temic metabolism, and suggest a potential pharmacologic approach
for normalizing metabolism under conditions of caloric excess via
the activation of skeletal muscle NURR1.

Significance

Skeletal muscle is the major tissue involved in regulating glucose
uptake and body metabolism. In response to exercise, glycogen is
metabolized in the liver to glucose, which is taken up by muscle
to provide fuel for contraction. We show that NURR1, an orphan
nuclear receptor, is up-regulated in response to exercise and
strongly stimulates glucose uptake. Genetic overexpression of
Nurr1 in skeletal muscle of mice enhances physical performance.
In obese mice, overexpression of Nurr1 or treatment with puta-
tive chemical activators of NURR1 prevents hyperglycemia and
hepatic steatosis and mimics the effect of exercise. Our work
provides insights into a transcriptional link between exercise and
metabolism, and identifies NURR1 agonists as potential thera-
peutics to ameliorate obesity and other metabolic abnormalities.
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Results
Identification of Exercise-Responsive Enhancers and MEF2 Targets.
Enhancers, marked by extended genomic binding of histone
H3 acetylated on lysine 27 (H3K27Ac), act as primary determi-
nants of gene activation (25, 26). To explore the regulation of
muscle enhancers in response to exercise, we performed chro-
matin immunoprecipitation of H3K27Ac followed by next-
generation sequencing (ChIP-seq) using skeletal muscle from
mice that were subjected to a regimen of voluntary wheel running
for 8 wk compared with sedentary controls (Fig. 1A). The
H3K27Ac mark identifies cell type-specific and active enhancers.
A total of 3,955 enhancer peaks associated with 4,095 genes were
identified by elevated H3K27Ac occupancy in exercised compared
with sedentary muscle (Fig. 1B and SI Appendix, Fig. S1 A and B).
Gene ontology analysis showed that many identified peaks of
H3K27Ac DNA binding were associated with genes involved in
regulation of protein phosphorylation, cell motility, glucose me-
tabolism, and other processes (SI Appendix, Fig. S1 C and D).
MEF2 is a key regulator of gene expression and metabolism in

response to exercise (13–16). To identify direct transcriptional
targets of MEF2 involved in the response of muscle to exercise, we
performed MEF2 ChIP-seq analysis on muscle samples from
sedentary and exercised mice. The exercised samples showed
10,032 enriched peaks associated with 9,277 genes compared with
sedentary (Fig. 1B and SI Appendix, Fig. S1 E and F). Gene ontology
analysis showed that many identified peaks of MEF2 DNA binding
were associated with genes involved in ATPase binding, cAMP
binding, and cyclic nucleotide binding (SI Appendix, Fig. S1 G and
H). Comparing the genes associated with H3K27Ac ChIP-seq peaks
with the peaks of MEF2 binding yielded 557 common genes asso-
ciated with the peaks (Fig. 1B). Gene ontology analysis showed that
these peaks were associated with genes involved in fundamental
molecular functions, such as growth factor, protein kinase, carbo-
hydrate derivative binding, and others (SI Appendix, Fig. S1I).
To identify potential transcriptional mediators of exercise, we

examined the H3K27Ac and MEF2 peaks for enrichment of dis-
tinctive sequence elements by de novo motif analysis (Fig. 1 C and
D). For the MEF2 subset, consensus binding sites for Elf4, MEF2,
and Nhlh1 represented the top three most enriched sequences.
For the H3K27Ac subset, the top three most enriched sequences
corresponded to binding sites for JUNB, NR4A2/NURR1, and
KLF5. Interestingly, among the peaks of MEF2 genomic binding
that were induced by exercise was the Nr4a2/Nurr1 locus (SI Ap-
pendix, Fig. S1J), which encodes an orphan nuclear receptor that
has been reported to be among the most up-regulated genes in
human muscle after intensive exercise (27, 28).

Up-Regulation of Nurr1 by Exercise. To further investigate NURR1
regulation during exercise, we analyzed skeletal muscle samples
from exercised and sedentary mice. After 8 wk of voluntary ex-
ercise, Nurr1 expression in muscle was increased approximately
twofold (Fig. 1E). NURR1 binds to the Glut4 promoter and
regulates its activity together with MEF2 (18). To determine if
exercise promotes recruitment of NURR1 and MEF2 to theGlut4
promoter, we performed ChIP analysis using muscle samples after
exercise. ChIP-qPCR analysis showed significantly higher binding
of NURR1 and MEF2 to the Glut4 promoter compared with
muscle from sedentary mice (Fig. 1F).

Skeletal Muscle Expression of NURR1 Enhances Physical Performance.
Given the above findings, and our prior studies highlighting the
importance of NURR1 in the regulation of muscle glucose ho-
meostasis (18), we generated transgenic mice that overexpressed
Nurr1 specifically in skeletal muscle under control of the human
skeletal muscle actin promoter. We selected a transgenic mouse
line (referred to as Nurr1-mTg) that expressed Nurr1 ∼20-fold
above normal levels in skeletal muscle for in-depth analysis (SI
Appendix, Fig. S2A). When maintained on a normal chow diet,

these mice showed the same weight gain as wild-type (WT) lit-
termates, with comparable lean and fat mass (SI Appendix, Fig. S2
B and C), and displayed no overt abnormalities. Histological
analysis of skeletal muscle revealed normal muscle fiber size and

Fig. 1. Chromatin analysis in response to exercise. (A) Schematic of chro-
matin immunoprecipitation experiments using tibialis anterior muscle from
sedentary mice or mice following 8 wk of voluntary wheel running begin-
ning at 6 wk of age. (B) Venn diagram showing overlap of 557 exercise-
responsive genes associated with ChIP-seq peaks for H3K27Ac and MEF2 in
skeletal muscle. For H3K27Ac ChIP-seq, 3,955 enhancer peaks were associ-
ated with 4,095 genes. For MEF2 ChIP-seq, 10,032 peaks were associated
with 9,277 genes. (C) De novo motif discovery from peaks of the H3K27Ac
ChIP-seq reads. The three most abundant sequence motifs are shown. (D) De
novo motif discovery from peaks of the MEF2 ChIP-seq reads. The three most
abundant sequence motifs are shown. (E) Nurr1 mRNA normalized to 18S
RNA in quadriceps muscle of sedentary mice, and mice following 8 wk of
voluntary wheel running. n = 6. (F) ChIP-seq assays showing binding of
NURR1 and MEF2 to the Glut4 promoter in quadriceps muscle of sedentary
mice, and mice following 8 wk of voluntary wheel running. Antibodies
against NURR1 or MEF2 were used in ChIP-seq assays for the Glut4 promoter.
Graphs display mean quantification of ChIP-seq data (percentage of input)
normalized to IgG control. IgG control, n = 3. Sedentary mice, n = 6. Exer-
cised mice, n = 6. (G) WT and Nurr1-mTg mice were subjected to a voluntary
wheel-running regimen for 8 wk. Nurr1-mTg mice showed enhanced phys-
ical performance, measured by total distance run in km/d. n = 6. Data are
represented as mean ± SEM. *P < 0.05, **P < 0.005.

11300 | www.pnas.org/cgi/doi/10.1073/pnas.1902490116 Amoasii et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902490116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902490116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902490116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902490116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902490116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902490116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902490116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902490116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902490116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902490116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902490116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902490116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1902490116


structure in Nurr1-mTg mice (SI Appendix, Fig. S2D). However,
muscle of Nurr1-mTg mice showed an increase in expression of
slow myosin (Myh7) and a mild increase in mitochondrial copy
number compared with WT mice (SI Appendix, Fig. S2 E and F).
To determine whether NURR1 overexpression in Nurr1-mTg

mice might impact exercise performance, we subjected WT and
Nurr1-mTg mice to a regimen of voluntary wheel running for
8 wk. As shown in Fig. 1G, Nurr1-mTg mice displayed enhanced
wheel-running capacity, running ∼20% farther than WT mice.

Muscle Overexpression of Nurr1 Normalizes Glucose Handling in
Response to HFD. When subjected to an HFD, Nurr1-mTg mice
gained weight comparable to WT littermates (Fig. 2A). Glucose
tolerance tests showed modest improvement in glucose tolerance
of Nurr1-mTg mice compared with WT littermates on normal
chow, whereas there was a pronounced improvement in glucose
tolerance of Nurr1-mTg mice on an HFD (Fig. 2B). HFD-induced
obesity commonly leads to hyperinsulinemia, which was observed
in WT mice on an HFD for 10 wk (Fig. 2C). Remarkably, however,
serum insulin levels of Nurr1-mTG mice on an HFD were signifi-
cantly lower than in WT mice (Fig. 2C), whereas serum free fatty
acid and triglyceride levels were similar between Nurr1-mTg and
WT mice on an HFD for 10 wk (Fig. 2 D and E). Thus, although
Nurr1-mTg and WT mice showed comparable weight gain on an
HFD, Nurr1-mTg mice displayed improved glucose tolerance and
protection from hyperinsulinemia.

Resistance of Nurr1-mTg Mice to Hepatic Steatosis. One of the con-
sequences of HFD-induced obesity is hepatic steatosis, due to the
accumulation of triglyceride in the liver. WT mice develop severe
hepatic steatosis when maintained on an HFD for 10 wk (Fig. 3A).
In contrast, livers from Nurr1-mTg mice on an HFD appeared
normal (Fig. 3A). Nurr1-mTg mice also displayed a dramatic re-
duction in liver weight compared with WT mice on an HFD for
10 wk (Fig. 3B). Detection of liver triglyceride accumulation by
hematoxylin and eosin (H&E) and oil red O staining confirmed the
resistance of Nurr1-mTg mice to hepatic steatosis (Fig. 3C). Bio-
chemical measurements also revealed a pronounced 75% decrease
in triglyceride levels in livers from Nurr1-mTg mice compared with
WT mice on an HFD for 10 wk (Fig. 3D). In contrast, Nurr1-mTg
mice showed no difference in adipocyte size, fat deposition, or
expression of markers of browning, thermogenesis, or adipogenesis
in white or brown adipose tissues (SI Appendix, Fig. S2 G and H).

Reduced hepatic triglyceride accumulation could result from
decreased fatty acid import, diminished de novo fatty acid lipo-
genesis, increased fatty acid oxidation, or enhanced very low den-
sity lipoprotein-mediated triglyceride export (29–32). Enzymes
involved in fatty acid and cholesterol synthesis and gluconeogenesis
are regulated by several transcription factors, such as liver X re-
ceptor alpha (LXRα), sterol regulatory element-binding protein 1c
(SREBP1c), and carbohydrate-responsive element-binding protein
(ChREBP) (33–36). To determine whether these pathways might
be altered in Nurr1-mTg mice, we analyzed the expression profile
of selected metabolic genes in the liver (SI Appendix, Fig. S3A).
SREBP1c and proprotein convertase subtilisin/kexin (Pcsk9)
showed a significant decrease in hepatic expression in Nurr1-mTg
mice compared with WT mice on an HFD (Fig. 3E).
To determine if changes in food intake or body temperature

might contribute to the resistance of Nurr1-mTg mice to hepatic
triglyceride accumulation, we performed metabolic cage studies.
Nurr1-mTg andWTmice showed similar activity, O2 consumption,
CO2 production, and respiratory exchange ratios (RERs) (SI
Appendix, Fig. S3 B–D). Together, these results demonstrate that
Nurr1 overexpression in skeletal muscle leads to protection from
hepatic steatosis independent of body weight or adiposity changes.

Changes in Muscle Gene Expression in Nurr1-mTg Mice. To explore
the mechanistic basis of resistance to hepatic steatosis inNurr1-mTg
mice, we compared the expression profiles of glucose regulatory
genes in skeletal muscle fromWT andNurr1-mTg mice on an HFD
for 10 wk. GLUT4 is the main effector of insulin-stimulated glu-
cose transport in skeletal muscle (8–11, 37–39). GLUT4
mRNA was specifically up-regulated in skeletal muscle of Nurr1-
mTg mice, whereas expression of GLUT1 was unchanged (Fig. 4A).
Skeletal muscle from Nurr1-mTg mice also showed increased ex-
pression of glucose-6-phosphate dehydrogenase (G6pd), pointing
to enhanced glucose metabolism.
Histological staining of skeletal muscle for glycogen or de-

tection of glycogen by biochemical assays confirmed that skel-
etal muscle of Nurr1-mTg mice had higher glycogen content
(Fig. 4 B and C). These findings suggest that Nurr1 overexpression
in skeletal muscle leads to enhanced glucose uptake and storage as
glycogen in skeletal muscle. Gene expression profiles generated by
RNA-seq revealed that cellular metabolic processes, carbohydrate
metabolism, and glycogen biosynthesis gene networks were sub-
stantially changed in muscle of Nurr1-mTg mice on an HFD
compared with WT mice on an HFD (SI Appendix, Fig. S4).

Fig. 2. Nurr1-Tg mice display enhanced skeletal
muscle glucose metabolism. (A) Weekly body weight
measurement of WT and Nurr1-mTg mice on an HFD
beginning at 6 wk of age. (B) Glucose tolerance tests
of WT and Nurr1-mTg mice after 8 wk on a normal
chow diet or HFD. (C) Serum insulin levels after
10 wk on NC or HFD in the postprandial state. (D)
Serum nonessential free fatty acid (NEFA) levels after
10 wk on NC or HFD in the postprandial state. (E)
Serum triglyceride (Trig) levels after 10 wk on NC or
HFD in the postprandial state. Data are represented
as mean ± SEM. n = 6. *P < 0.05.
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A Putative NURR1 Agonist Enhances Metabolism and Prevents Hepatic
Steatosis.NURR1 has been reported to be specifically activated by
three cyclic compounds sharing a 4-amino-7-chloroquinoline scaf-
fold (40). Among these compounds, amodiaquine (AQ) showed
the highest activity. AQ is an orally available drug that is well-
tolerated in mice without adverse effects. We therefore provided
AQ in the drinking water ad libitum of WT mice maintained on
normal chow and an HFD for 10 wk (SI Appendix, Fig. S5A). When
mice were maintained on normal chow, AQ had no effect on
weight gain (Fig. 5A). However, when mice were maintained on an
HFD, AQ prevented obesity. Mice provided with AQ while on an
HFD showed body weights comparable to mice on normal chow.
Food consumption did not decrease significantly, nor was there a
decline in lipid absorption in AQ-treated mice compared with
control mice on an HFD (SI Appendix, Fig. S5 B and C). However,
mice on an HFD with AQ showed a significant decrease in fat mass
and an increase in lean mass composition compared with control
mice on an HFD (SI Appendix, Fig. S5D). The decrease in fat mass
correlated with a decrease in adipocyte size in white adipose tissue
from mice treated with AQ compared with control mice (SI Ap-
pendix, Fig. S5 E and F). White adipose tissue from mice treated
with AQ also showed increased expression of mitochondrial genes,
such as citrate synthase (CS), ATP synthase, H+ transporting mi-
tochondrial F1 complex beta (Atp5b), and cytochrome c oxidase

subunit 4 isoform 1 (Cox4i), indicating an enhanced oxidative
metabolism (SI Appendix, Fig. S5G). Additionally, AQ triggered an
improvement in glucose and insulin tolerance of mice on an HFD
(Fig. 5 B and C). Serum insulin and triglyceride levels of AQ-
treated mice were also significantly lower than in untreated mice
on an HFD (Fig. 5 D and E). To determine if the decrease in fat
mass and improved glucose tolerance were associated with changes
in energy expenditure, we used metabolic cages to monitor the
mice on normal chow and an HFD. AQ-treated mice showed a
significant increase in O2 consumption, CO2 production, and RER
compared with control mice (Fig. 5 F–H).
To investigate if AQ prevented hepatic steatosis, we looked at

liver triglyceride accumulation in response to an HFD. As
expected, after 8 wk of an HFD, histological and biochemical
analysis showed that WT mice developed hepatic steatosis with
triglyceride accumulation (Fig. 5I). However, the mice treated
with AQ were resistant to hepatic steatosis on an HFD and
showed a 50% decrease in hepatic triglyceride levels (Fig. 5J).
To further explore the mechanistic basis of the resistance of

AQ-treated mice to hepatic steatosis, we analyzed the expression
of selected metabolic genes in the liver. Genes involved in glu-
coneogenesis [such as glucose 6-phosphatase c (G6Pc) andG6Pd],
cholesterol synthesis [such as HMG-CoA-synthase (HCoASynt),
HMG-CoA-reductase (HCoARed), and Pcsk9], and fatty acid
synthesis [such as acetyl-CoA carboxylase alpha (Acca)] showed
similar expression in the livers of mice on an HFD treated with
AQ and control mice (SI Appendix, Fig. S5H). The free fatty acid
transporter CD36/FAT, stearoyl-CoA desaturase (Scd1), fat-
specific protein 27 (Fsp27), SREBP1c, and Pcsk9 genes were up-
regulated in mice on an HFD (SI Appendix, Fig. S5 I and J). In
contrast, these genes were down-regulated in livers from mice on
an HFD treated with AQ. These results show that AQ treatment
prevents the development of HFD-induced obesity and associated
metabolic disorders such as hyperglycemia, hyperinsulinemia, and
hepatic steatosis.

Skeletal Muscle Gene Expression Changes in Response to AQ. To
further investigate the influence of AQ on skeletal muscle me-
tabolism, we examined gene expression profiles in skeletal muscle
from WT mice on an HFD in the presence and absence of AQ.

Fig. 3. Resistance of Nurr1-mTg mice to hepatic steatosis. (A) Livers of WT and
Nurr1-mTg mice after 10 wk on an HFD. (B) Liver weights after 10 wk on an HFD
normalized to tibia length. n = 6 for both groups. (C) Histological sections of livers
ofWT andNurr1-mTgmice after 10wk on an HFD stainedwith H&E (Upper) or oil
red O (Lower). (Scale bars, 50 μm.) (D) Quantification of liver Trig levels in WT and
Nurr1-mTg mice after 10 wk on an HFD. (E) Expression of genes involved in liver
lipid metabolism: SREBP1c, Pcsk9, and LXRa after 10 wk on an HFD normalized to
the level of expression on NC, as measured by real-time qRT-PCR. Data are rep-
resented as mean ± SEM. n = 6 for each genotype. *P < 0.05, **P < 0.005.

Fig. 4. Changes in skeletal muscle glucose-handling gene expression and gly-
cogen storage ofNurr1-mTgmice. (A) Expression of Glut4, Glut1, and G6pdmRNA
in tibialis anterior muscle of WT and Nurr1-mTg mice after 10 wk on an HFD as
detected by qRT-PCR. (B) Detection of glycogen in tibialis anterior muscle of WT
and Nurr1-mTg mice by periodic acid–Schiff (PAS) staining after 10 wk on an HFD.
(Scale bars, 50 μm.) (C) Quantification of glycogen content of quadriceps and
gastrocnemius/plantaris (G/P) muscle of WT and Nurr1-mTg mice after 10 wk on
an HFD. Data are represented as mean ± SEM. n = 6 for each genotype. *P < 0.05.
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Gene expression profiles generated by RNA-seq revealed nu-
merous metabolic processes that were altered by AQ, including
genes associated with monosaccharide metabolism, carbohydrate
metabolism, and ketone metabolism (SI Appendix, Fig. S5 K and
L). Comparative analysis of gene expression profiles generated by
RNA-seq analysis of muscle from Nurr1-mTg and WT mice
treated with AQ revealed 290 genes that were commonly regu-
lated in muscle from these groups. Interestingly, among these
290 genes, protein phosphatase 1 regulatory (inhibitor) subunit 1a

(Ppp1r1a), protein phosphatase 1, and regulatory (inhibitor) sub-
unit 3C (Ppp1r3c) were significantly decreased in muscle from
both Nurr1-mTg and AQ-treated mice. Decreased Ppp1r1a ex-
pression leads to activation of protein phosphatase 1 activity and
the inhibition of glycogenolysis and increased glycogen synthesis
(41). Thus, overexpression of Nurr1 or treatment with AQ regu-
lates common targets that are involved in regulation of glyco-
genolysis. However, there are also many genes that are
differentially regulated by AQ that likely contribute to its effects.

Fig. 5. Putative NURR1 agonist AQ confers resistance to obesity and prevents HFD-induced hepatic steatosis. (A) Weekly body weight of mice on NC or HFD in the
presence or absence of AQ. (B) Glucose tolerance of mice on NC or HFD in the presence or absence of AQ. Values were measured after 7 wk. (C) Insulin tolerance of
mice on NC or HFD in the presence or absence of AQ. Values were measured after 8 wk. (D) Serum insulin levels in the postprandial state of mice on NC or HFD in the
presence or absence of AQ. Values were measured after 10 wk. (E) Serum Trig levels in the postprandial state of mice on NC or HFD in the presence or absence of AQ.
Values were measured after 10 wk. (F–H) Average oxygen consumption per h (F), carbon dioxide production during the light/dark cycle normalized to lean mass (G),
and respiratory exchange ratio (H) of mice on NC or HFD in the presence or absence of AQ. Values were measured after 10 wk. (I) AQ prevents hepatic steatosis in
WTmice on HFD. Livers were analyzed after 10 wk on NC or HFD in the presence or absence of AQ. (I, Lower) H&E staining. (Scale bars, 50 μm.) (J) Quantification of liver
Trig levels ofmice on NC or HFD in the presence or absence of AQ after 10 wk. Data are represented asmean ± SEM. n= 6 for HFD. *P< 0.05, **P< 0.005, ***P < 0.0005.
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AQ Enhances Metabolism and Reverts Hepatic Steatosis in Obese
Mice. To determine if AQ could revert metabolic disease in
obese mice, we tested the responsiveness to AQ of leptin-deficient
(ob/ob) mice and diet-induced obese (DIO) mice after 8 wk of an
HFD. Leptin is secreted by adipocytes and acts on the central
nervous system to control energy consumption and food intake.
We used ob/ob mice to assess whether the metabolic actions of
AQ depended on the leptin pathway. Adult ob/ob and DIO mice
were provided with AQ in drinking water ad libitum with normal
chow and compared withWTmice on normal chow for 4 wk (Fig. 6A
and SI Appendix, Fig. S6A). At the start of the study, ob/ob mice
on normal chow weighed 25% more than WT mice (Fig. 6B).
Similarly, the DIO mice weighed 20% more than WT mice on
normal chow (SI Appendix, Fig. S6B). The ob/ob and DIO mice
treated with AQ for 4 wk lost weight and were resistant to weight
gain despite consuming comparable quantities of chow (Fig. 6B
and SI Appendix, Fig. S6 B–D). The decrease in body weight was
correlated with a decrease in adipocyte size in white adipose tissue
from ob/ob and DIO mice treated with AQ compared with the
respective control mice (SI Appendix, Fig. S6E).
To determine if AQ was able to reverse hepatic steatosis, we

looked at liver triglyceride accumulation. Histological and bio-
chemical analysis showed a significant decrease in size and tri-
glyceride accumulation, respectively, with a 66% decrease in
triglyceride levels in ob/ob mice treated with AQ compared with
nontreated ob/obmice, and a 79% decrease in triglyceride levels in
DIO-mice treated with AQ compared with untreated mice on an
HFD (Fig. 6 C–E). Obesity commonly leads to hyperinsulinemia,
which was observed in WT mice on an HFD and ob/ob mice (Figs.
2C and 6 F and G). Remarkably, serum insulin levels of AQ-
treated mice were significantly lower than in untreated ob/ob
and DIO mice (Fig. 6 F and G). Analysis of expression of selected
metabolic genes in the liver also revealed that the Fsp27 gene was
up-regulated in ob/ob and DIO mice, whereas it was down-
regulated in livers from ob/ob and DIO mice treated with AQ
(Fig. 6 H and I). Additionally, SREBP1c expression was signifi-
cantly decreased in livers from ob/ob and DIO mice treated with
AQ (Fig. 6 J and K). In contrast, ob/ob and DIO mice treated with
AQ showed no difference in expression of genes involved in glu-
coneogenesis (such as G6Pc and G6Pd), cholesterol synthesis
(such as HCoARed and Pcsk9), and fatty acid synthesis (Acca2) in
liver tissue (SI Appendix, Fig. S6 F and G). AQ had a similar
metabolic effect on ob/ob and DIO mice, suggesting that it acts in
a leptin-independent manner.
We examined whether AQ activation might act via central ner-

vous system-dependent mechanisms by delivering it through an
intracerebroventricular route to mice connected to a minipump at-
tached via a catheter to a cannula containing the compound. We
administered leptin via intracerebroventricular delivery as a positive
control for the procedure, which has been previously shown to im-
pact the body weight of mice on an HFD (SI Appendix, Fig. S6 H–
M). Mice administered AQ via an intracerebroventricular route
while on an HFD showed body weights comparable to mice receiving
vehicle alone (SI Appendix, Fig. S6I). As a positive control, mice were
treated with leptin via intracerebroventricular delivery while on an
HFD and showed a decrease in body weight, as previously described
(42, 43). Additionally, mice receiving vehicle, AQ, or leptin showed
no difference in food consumption or glucose levels (SI Appendix,
Fig. S6 J–L). AQ has been shown to activate gene expression in
dopaminergic neurons (40), so we analyzed the expression of
NURR1 target genes described previously to validate that the drug
indeed reached neuronal targets (SI Appendix, Fig. S6M).
Taken together, our results show that a NURR1 agonist re-

verts obesity-associated metabolic disorders such as hyperglyce-
mia, hyperinsulinemia, and hepatic steatosis in ob/ob and DIO
mice. Moreover, the finding that intracranial delivery of AQ had
no metabolic effects suggests that it acts outside the nervous
system to evoke its metabolic actions.

Beneficial Metabolic Effects of a Second Putative NURR1 Agonist.
While AQ has been shown to act as a direct agonist of
NURR1 and our results show that AQ mimics certain of the
metabolic actions ofNurr1 overexpression, this compound may also
act through additional mechanisms (44). Therefore, we compared
the effect of a second NURR1 agonist, isoxazolo-pyridinone 7e
(IP7e), that is structurally dissimilar to AQ (45). IP7e is a cell-
permeable, isoxazolo-pyridinone compound that acts as a potent
activator of Nurr1-dependent transcriptional activity. We provided
IP7e through oral gavage to adult mice maintained on normal
chow and an HFD for 4 wk (SI Appendix, Fig. S7A). When mice
were maintained on a normal chow diet, IP7e had no impact on
weight gain. However, when mice were maintained on an HFD,
IP7e prevented obesity, despite no difference in food consumption
compared with control mice on an HFD (Fig. 7A and SI Appendix,
Fig. S7 A and B). Moreover, IP7e-treated mice on an HFD showed
a significant decrease in fat mass, which correlated with a decrease
in size of white adipocytes compared with untreated mice on an
HFD (SI Appendix, Fig. S7C). Additionally, IP7e elicited an im-
provement in glucose handling of mice on an HFD (Fig. 7B).
We also examined the potential effect of IP7e on liver triglyc-

eride accumulation in response to an HFD. Indeed, IP7e mice
were resistant to hepatic steatosis and showed a 48% decrease in
hepatic triglyceride levels on an HFD compared with untreated
mice on an HFD (Fig. 7 C and D). Thus, IP7e treatment prevents
the development of HFD-induced obesity and associated metabolic
disorders such as hyperglycemia and hepatic steatosis, mimicking
the effects of AQ.

Discussion
The results of this study reveal the components of a gene regu-
latory program for the control of glucose uptake and utilization
by skeletal muscle and a potential modulator of the metabolic
effects of exercise. Up-regulation of Nurr1 in response to
MED13 deletion (18) or transgenic Nurr1 overexpression con-
fers a beneficial metabolic phenotype in mice, normalizing glu-
cose and insulin levels under conditions of caloric excess and
preventing hepatic steatosis.

NURR1 as a Potential Mediator of Exercise. Nurr1 has been identi-
fied as one of the most up-regulated genes in human skeletal
muscle in response to exercise (27, 28). Expression of Nurr1 in
skeletal muscle has also been shown to decline in mice exposed
to an HFD (46). Changes in expression of Nurr1 and the related
orphan nuclear receptor genes Nr4a1 (Nur77) and Nr4a3 (Nor1)
have also been associated with alterations in lipid, carbohydrate,
and energy homeostasis in mice (47–51). Transgenic over-
expression of Nur77 in skeletal muscle has been reported to
increase glycogen content, oxidative metabolism, and fatigue
resistance (52, 53). Overexpression of Nor1 in skeletal muscle
also enhanced oxidative metabolism, increased glycogen storage
in skeletal muscle, increased physical performance, and reduced
adiposity (49, 54). Muscle-specific deletion of Nur77 also results
in reduced muscle mass and increased susceptibility to diet-
induced obesity and insulin resistance (55, 56). However, the po-
tential causal role of NURR1 in the control of energy homeostasis
and hepatic steatosis in vivo has not been previously explored.
Our findings reveal that NURR1 is a potential transcriptional

mediator of exercise and regulates the expression of genes in-
volved in carbohydrate metabolism and glycogen biosynthesis in
skeletal muscle. These findings are consistent with the results of
Nurr1 overexpression in skeletal muscle, which leads to enhanced
glucose uptake and storage as glycogen in skeletal muscle.

The Metabolic Effects of AQ and IP7e.Members of the NR4A family
are inducible by a range of metabolites (47), exercise (27, 28),
and environmental stimuli (48) such as adrenoreceptor agonists
(49), glucose (50), insulin (51), and others (57). However, unlike
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many other nuclear receptors, NURR1 does not contain a classical
ligand-binding domain (LBD) cavity (58), which has complicated
the identification of compounds that might directly activate
NURR1. However, various compounds including AQ, an antima-
larial and antiinflammatory drug, and glafenine, a pain-relieving
drug, were identified as novel NURR1 activators (40). These
drugs bind directly to the NURR1 LBD, leading to the activation
of NURR1 and increased expression of its target genes. IP7e has
also been identified as an activator of NURR1 (45). AQ and re-
lated compounds sharing a 4-amino-7-chloroquinoline scaffold are
well-known antimalarial drugs, and have also been shown to display
neuroprotective activity by protecting dopaminergic neurons
from injury by environmental toxins and microglia-dependent
neuroinflammation (40). Additionally, these compounds have
been shown to regulate autophagy such that long-term use of
these compounds would need to be carefully evaluated (59).
Beneficial metabolic effects of these compounds have not, to our
knowledge, been reported.

NURR1 activators have been shown to bind to the noncanonical
ligand-binding domain of NURR1, enhancing transcriptional activity
(40). While our findings are consistent with NURR1 agonism in
skeletal muscle as a molecular basis for the beneficial metabolic
effects of AQ, it is also likely that AQ exerts its systemic metabolic
effects by acting on tissues in addition to skeletal muscle. Our finding
that direct intracranial delivery of AQ does not evoke metabolic
effects appears to rule out an activity through the central nervous
system. We have also not ruled out the possibility that AQ might act
through NURR1-independent mechanisms. In this regard, the sim-
ilarity in metabolic actions of AQ and IP7e, which lack chemical
similarity but both activate NURR1, suggests that NURR1, at least
in part, may mediate their actions in vivo. However, we also observed
a key difference between the actions of AQ and IP7e versus
NURR1 overexpression in skeletal muscle, as the two compounds
prevented weight gain on an HFD whereas NURR1 overexpression
selectively prevented hepatic steatosis but not obesity. Whether this
additional effect of these compounds on overall weight gain repre-
sents a specific response to NURR1 activation or alternative

Fig. 6. NURR1 agonist reverts hepatic steatosis in obese mouse models. (A) WT and ob/ob mice on normal chow. ob/ob mice were administered AQ (ob/ob
AQ) in drinking water from 5 to 9 wk of age. (B) Body weight of WT, ob/ob, and ob/obmice administered AQ (ob/ob-AQ) at the start (5 wk of age) and the end
(9 wk of age) of the experiment. (C) Livers showed that AQ treatment for 4 wk reverts hepatic steatosis in ob/ob and DIO mice to normal WT levels. (C, Lower)
H&E staining. (Scale bars, 50 μm.) (D and E) Quantification of liver Trig levels of WT, ob/ob, and ob/ob-AQ mice after 4 wk of AQ treatment (D) and WT, DIO,
and DIO-AQ mice after 4 wk of AQ treatment (E). (F and G) Serum insulin levels of WT, ob/ob, and ob/ob-AQ mice after 4 wk of treatment (F) and WT, DIO,
and DIO-AQ mice after 4 wk of treatment (G). (H and I) Expression of genes involved in fatty acid synthesis fat-specific protein 27 and transport (CD36/FATP) in
liver tissue of WT, ob/ob, and ob/ob-AQ after 4 wk of treatment (H) and WT, DIO, and DIO-AQ after 4 wk of treatment (I), as measured by real-time qRT-PCR.
(J and K) Expression of genes involved in liver lipid metabolism, SREBP1c and Pcsk9, in liver tissue of WT and ob/obmice in the absence or presence of AQ after
4 wk (J) and WT and DIO mice in the absence or presence of AQ after 4 wk (K), as measured by real-time qRT-PCR. Data are represented as mean ± SEM. n = 6.
*P < 0.05, **P < 0.005, ***P < 0.0005.
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mechanisms cannot in nonmuscle tissues be resolved from the
present studies. Despite these uncertainties, the metabolic ac-
tions of AQ and IP7e suggest the potential benefits of this class
of compounds in metabolic disorders.
It is noteworthy that millions of people have been treated with

chloroquine, a close chemical relative of AQ, as an antimalarial
drug. Three clinical observational studies showed that pa-
tients with autoimmune inflammatory arthritis treated with
hydroxychloroquine, a 4-amino-7-chloroquinoline scaffold com-
pound, had a lower risk of developing diabetes (60). In addition,
two clinical trials reported that treatment with high doses of
hydroxychloroquine lowered glucose levels in individuals with
type 2 diabetes (61). However, the mechanisms by which
hydroxychloroquine may affect blood glucose and reduce the risk
for type 2 diabetes have not been established. In our study, we
show that AQ prevents the development of metabolic disorders
associated with obesity and restores insulin levels to normal.

A Transcriptional Pathway for Muscle Metabolism. Chronic exercise
stimulates the activity of MEF2, which directly regulates the ex-
pression of GLUT4 and other metabolic genes (62–67). MEF2 and
NURR1 physically interact and bind to the GLUT4 promoter and
regulate in synergy its activity (18). In addition, MEF2 activates ex-
pression of PGC-1 and serves as a coactivator of PGC-1 to enhance
metabolism (17, 64). Exercise enhances MEF2 activity through ac-
tivation of calcium-dependent kinases that phosphorylate class II
HDACs, promoting their export from the nucleus and derepression
of MEF2 (14, 65, 66, 68). However, Nurr1 overexpression or acti-
vation did not affect the expression of PGC-1 or PPAR, suggesting
an independent pathway for the control of glucose metabolism.
Skeletal muscle displays a range of fiber types with distinctive

metabolic and contractile properties. Type I myofibers, which display a
slow contractile phenotype, are associated with improved metabolic
function. MEF2 drives the slow myofiber gene program (15, 16).
However, in Nurr1 transgenic mice or mice treated with AQ, we did
not observe an increase in slow myofiber number. Thus, the beneficial
metabolic actions of NURR1 expression or treatment with AQ appear

to reflect more direct actions on the expression of GLUT4 and pos-
sibly other genes. In this regard, overexpression of GLUT4 in skeletal
muscle enhances glucose disposal and insulin action (37–40, 67).
Taken together, our findings reveal a glucose regulatory path-

way that depends on NURR1 and its downstream target genes in
skeletal muscle. The ability of the putative NURR1 agonists AQ
and IP7e to mimic the beneficial metabolic effects of Nurr1 up-
regulation raises interesting possibilities with respect to pharma-
cologic manipulation of metabolic syndrome, obesity-associated
pathologies, and diabetes.

Materials and Methods
Animals.Mice were housed in a pathogen-free barrier facility with a 12-h light/
dark cycle and maintained on standard chow (2916; Teklad Global). Nurr1-mTg
mice were derived by pronuclear injection of mouse embryos. Briefly, the
Nurr1 coding sequence, obtained from the Invitrogen library, was cloned into
a human skeletal muscle actin promoter-driven plasmid (69) with a
polyadenylation sequence from the human growth hormone gene. The plas-
mid was injected into the pronucleus of mouse embryos and then implanted in
a surrogate dam for gestation. F0 generation pups were selected by the
presence of transgene by PCR from a tail biopsy and bred to the C57/BL6J wild
type. The Nurr1-mTg mice were backcrossed with C57/BL6J mice for more than
three generations. Male mice were used in all experiments. The ob/ob mice
(B6.Cg-Lepob/J) were purchased from the Jackson Laboratory. For HFD (60%
fat calories; D12492; Research Diet), mice were fed from the age of 5 wk to the
indicated times. Normal chow diet consisted of 16% protein (Teklad regular
rodent diet). Tissues were taken in the fed state except when otherwise
mentioned. Animal work described in this manuscript was approved and
conducted under the oversight of the University of Texas (UT) Southwestern
Institutional Animal Care and Use Committee.

Drug Treatments. AQ was purchased from Acros Organics, dissolved in water
(7.5 mM), placed in water bottles, and provided to mice ad libitum during the
experimental period. IP7e was purchased from Calbiochem, Millipore and
dissolved in Tween 80 in a 10× stock solution. To obtain the final concentration
(1×; 10 mg/kg), IP7e was dissolved in saline solution (0.9% NaCl). Gavage
treatments were performed once a day. Control animals received the Tween
80-dissolved saline solution (0.9% NaCl; vehicle) once a day. For AQ treatment,
we delivered the drug through an intracerebroventricular route. Mice were
connected to an s.c. implanted minipump attached via a catheter to a cannula

Fig. 7. IP7e confers resistance to obesity and prevents hepatic steatosis. (A) Body weight at the end of the study of mice on NC or HFD in the presence or absence of
IP7e. (B) Glucose tolerance measurements of mice on NC or HFD in the presence or absence of IP7e after 4 wk. (C) Quantification of liver Trig levels in mice on NC or
HFD in the presence or absence of IP7e after 4 wk. (D) IP7e prevents hepatic steatosis inWTmice on an HFD. Livers of mice on NC and HFD in the absence or presence
of IP7e were analyzed after 4 wk. (D, Lower) H&E staining. (Scale bars, 50 μm.) Data are represented as mean ± SEM. n = 6 for each group. *P < 0.05, **P < 0.005.
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that delivered the compound as previously described (43). The minipump was
filled with 7.5 mM AQ, and a volume of 0.11 μL/h was infused into the mice.
The control group received vehicle via intracerebroventricular delivery.

Antibodies. Antibodies toNURR1 (1:1,000; Ab41917;Abcam),MEF2 (1:1,000; sc-313;
Santa Cruz Biotechnology), and GFP (1:1,000; A11122; Life Technology) were used.

RNA Analysis. RNA was isolated from mouse tissues using TRIzol reagent
(Invitrogen). Reverse-transcription PCR (RT-PCR) was performed to generate
cDNA. Primers for ribosomal 18S RNA served as internal controls for the quality
of RNA. The sequences of primers are listed in SI Appendix, Table S1. Illumina
RNA-seq analysis was performed by the University of Texas Southwestern
Microarray Core Facility using RNA extracted from tissues of 12-wk-old WT or
Nurr1-mTg mice on an HFD or normal chow (NC) diet.

RNA-Seq Analysis.Quality assessmentof theRNA-seqdatawas doneusing theNGS
QC Toolkit (70). Reads with more than 30% nucleotide with Phred quality scores
less than 20 were removed from further analysis. Quality-filtered reads were then
aligned to the mouse reference genome GRCm38 (mm10) using the TopHat
(v 2.0.12) (https://www.encodeproject.org/software/tophat/) aligner using default
settings except for –library-type = fr-firststrand. Aligned reads were counted using
featureCounts (v 1.4.6) (71) per gene ID. Differential gene expression analysis was
done using the R package edgeR (72) (v 3.8.6). For each comparison, genes were
required to have 1 cpm in at least three samples to be considered as expressed.
They were used for normalization factor calculation. Differential gene expression
analysis was performed using the GLM approach following edgeR official docu-
mentation. Cutoff values of fold change greater than 1.5 and FDR less than
0.05 were then used to select for differentially expressed genes between sample
group comparisons. Normalized gene cpm values were averagedwithin groups for
heatmap generation. RNA-seq data is available on the Gene Expression Omnibus
(GEO) under accession ID GSE130840 (73).

ChIP Experiments. ChIP assays were performed as previously described (74).
Briefly, quadriceps muscle powder was cross-linked with 1% formaldehyde for
15 min at room temperature. Chromatin fragmentation was performed by
sonication using a Diagenode Biorupter (7 min with 30 s on/off). Proteins were
immunoprecipitated by using 3 μg anti-MEF2, anti-NURR1 antibody, or IgG
control. The antibody–chromatin complexes were left to rotate end-to-end
overnight at 4 °C. Antibody–chromatin complexes were pulled down using
Dynabeads protein G-conjugated magnetic beads (Life Technologies). Chro-
matin was washed, eluted, and reverse cross-linked, and then treated with
protease. Chromatin fragments were then analyzed by quantitative PCR using
SYBR Green fluorescence. Primers are listed in SI Appendix, Table S1. All values
are expressed as mean ± SEM. Statistical analysis was performed using a two-
tailed Student’s unpaired t test. Results were considered significant when
P < 0.05.

ChIP-Seq Experiments. ChIP assays were performed on powdered tibialis an-
terior muscle using ChIP-IT High Sensitivity (53040; Active Motif) according to
the manufacturer’s instructions. ChIP-seq libraries were constructed using
the Kapa Hyper Prep Kit (KK8500; Roche). Raw reads were mapped using
Bowtie 2 (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml) to obtain
about 50 million uniquely mapped single-end reads per library. Peak calling
was performed by MACS/MACS2 (liulab.dfci.harvard.edu/MACS/). The resulting
output files included the peak list in BED format, ChIP signal in bedGraph
format, and mapped reads in BAM format. All files were subjected to in-
tegrative in-depth analysis with published data and data generated by the
Encode project using the Bioconductor software (https://www.bioconductor.
org) project site. De novo motif discovery in H3K27Ac and MEF2 ChIP-seq peak
regions was identified using Regulatory Sequence Analysis Tools (RSAT)
(rsat.sb-roscoff.fr). Top motif 1 Pearson correlation (0.956): k-mer sig, 73.94;
evalue, 1.1e-74; top motif 2 Pearson correlation (0.95): k-mer sig, 31.96; evalue,
1.1e-32; top motif 3 Pearson correlation (0.93): k-mer sig, 22.47;
evalue, 3.4e-23. ChIPseq data analysis is available on GEO under accession ID
GSE130840 (73).

Histology. White adipose tissue, brown adipose tissue, and liver were isolated
and fixed in 4% paraformaldehyde (PFA) and processed for H&E staining. For oil

red O staining, liver tissues were fixed in 4% PFA overnight, incubated in 12%
sucrose for 12 h and then in 18% sucrose overnight, and cryoembedded and
sectioned by the UT Southwestern Histology Core Facility. For skeletal muscle
fiber analysis, tissues were frozen in liquid nitrogen-precooled isopentane, and
8-μm sections were used for H&E and fiber-type staining.

Metabolic Chambers and Whole-Body Composition Analysis. Metabolic pheno-
typingwasperformedusingTSEmetabolic chamberanalysisby theMouseMetabolic
Phenotyping Core Facility at UT Southwestern. The mice on an HFD for 6 wk were
placed in TSEmetabolic chambers for an initial 5-d acclimation period, followed by a
4.5-dexperimental periodwithdata collection.Whole-body compositionparameters
were measured by magnetic resonance imaging using a Bruker Minispec mq10
system.

Lipid Absorption. For analysis of fecal lipids, feces were collected over a 72-h
period from individually housed mice on week 1 of the AQ HFD dietary study.
The lipid content of feces anddietwas extracted using chloroform:methanol (2:1)
solvent. Lipid content of diet and stool was determined gravimetrically and used
to calculate the fraction of consumed lipid that was absorbed. Total dietary lipid
absorption was determined by calculating the difference between the dietary
lipid ingested (defined as lipid content of diet during 72-h food intake) and fecal
lipid output (defined as fecal lipid content during 72-h fecal collection).

Plasma and Tissue Chemistry. Blood was collected using a 1-mL syringe coated
with 0.5 M K2EDTA, and serum was collected by centrifugation for 20 min at
1,000 × g. Insulin and leptin levels were measured by ELISA. Serum tri-
glyceride levels were measured using the Ortho Vitros 250 chemistry system.
To measure triglyceride in the liver and skeletal muscle, tissue specimens
were frozen immediately after isolation and pulverized in liquid nitrogen
with a cell crusher. Serum and tissue triglyceride levels were measured by the
Mouse Metabolic Phenotyping Core Facility at UT Southwestern.

Glucose Tolerance and Insulin Tolerance. Glucose tolerance and insulin toler-
ance tests were performed as previously described (18). For glucose tolerance
tests, mice were fasted for 6 h and injected intraperitoneally with a glucose
solution (0.15 g/mL; 158968; Sigma-Aldrich) at 1.5 g/kg body weight. Blood
glucose concentrations were measured before and 15, 30, 60, and 90 min
after glucose injection. For insulin tolerance tests, mice were fasted for 6 h
and injected intraperitoneally with insulin (human insulin I9278; Sigma-
Aldrich) at 1.0 U/kg body weight. Blood glucose concentrations were mea-
sured before and 15, 30, 60, and 90 min after insulin injection.

Glycogen Measurements. A glycogen colorimetric/fluorometric assay kit (Abcam;
65620) was used according to the manufacturer’s protocol to measure the
quadriceps glycogen content inWT and Nurr1-mTgmice on an HFD and NC diet.

Voluntary Wheel Running. Six-week-old Nurr1-mTg and corresponding WT
littermates were randomly assigned to housing in individual cages with or
without a running wheel for a total of 8 wk. Completed wheel revolutions
and time spent running were continuously monitored and recorded. Run
distance over 24-h periods was determined at the end of the experiment.

Statistical Analysis. All values are given asmean± SEM. Differences between two
groups were assessed using unpaired two-tailed Student’s t tests. P < 0.05 was
regarded as significant. Statistical analysis was performed in Excel (Microsoft).
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