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The ligand-dependent competing actions of nuclear receptor (NR)-
associated transcriptional corepressor and coactivator complexes
allow for the precise regulation of NR-dependent gene expression
in response to both temporal and environmental cues. Here we
report the mouse model termed silencing mediator of retinoid and
thyroid hormone receptors (SMRT)™R'P" in which targeted disrup-
tion of the first receptor interaction domain (RID) of the nuclear
corepressor SMRT disrupts interactions with a subset of NRs and
leads to diet-induced superobesity associated with a depressed
respiratory exchange ratio, decreased ambulatory activity, and in-
sulin resistance. Although apparently normal when chow fed,
SMRT™RIPT mice develop multiple metabolic dysfunctions when
challenged by a high-fat diet, manifested by marked lipid accumu-
lation in white and brown adipose tissue and the liver. The in-
creased weight gain of SMRT™R'®" mice on a high-fat diet occurs
predominantly in fat with adipocyte hypertrophy evident in both
visceral and s.c. depots. Importantly, increased inflammatory gene
expression was detected only in the visceral depots. SMRT™R!P!
mice are both insulin-insensitive and refractory to the glucose-
lowering effects of TZD and AICAR. Increased serum cholesterol
and triglyceride levels were observed, accompanied by increased
leptin and decreased adiponectin levels. Aberrant storage of lipids
in the liver occurred as triglycerides and cholesterol significantly
compromised hepatic function. Lipid accumulation in brown adipose
tissue was associated with reduced thermogenic capacity and mito-
chondrial biogenesis. Collectively, these studies highlight the essen-
tial role of NR corepressors in maintaining metabolic homeostasis
and describe an essential role for SMRT in regulating the progres-
sion, severity, and therapeutic outcome of metabolic diseases.

metabolic syndrome | chronic inflammation | transcriptional repression

M etabolic syndrome, a Western diet-induced proinflam-
matory disease affecting up to 25% of Americans, is char-
acterized by impaired glucose tolerance, central obesity, dyslipi-
demia, insulin resistance, and type 2 diabetes. Secondary
complications associated with metabolic syndrome include ath-
erosclerosis, stroke, fatty liver disease, blindness, and others (1, 2).
Several members of the nuclear receptor (NR) family of tran-
scription factors have been implicated in the progression of met-
abolic syndrome, including the peroxisome proliferator-activated
receptors (PPARs), retinoic acid receptors (RARs), and thyroid
hormone receptors (TRs) (3). NRs direct transcriptional activa-
tion or repression of target genes through ligand-dependent as-
sociation of coactivator or corepressor complexes, respectively,
that covalently modify histone sites within chromatin (4, 5). NR-
mediated transcriptional activation has well-established roles in
development, xenobiotic and inflammatory responses, and meta-
bolic homeostasis. In contrast, the role of NR-mediated tran-
scriptional repression in whole-body physiology and homeostasis is
less well understood (6, 7). The use of genetic loss-of-function
knock-in models that target NR corepressor associations allows
for the direct interrogation of the global role of NR repression in

3412-3417 | PNAS | February 22,2011 | vol. 108 | no. 8

both development and metabolic homeostasis. Two prototypical
NR corepressors, silencing mediator of retinoid and thyroid
hormone receptors (SMRT) and nuclear receptor corepressor
(NCoR), interact with NRs through corepressor/nuclear receptor
(CoRNR) box motifs in their receptor interaction domains (RIDs)
(8-10). Knock-in mutations of critical residues in the two RIDs of
SMRT selectively disrupted NR-SMRT interactions. Mice bear-
ing these mutations (SMRT™) had widespread metabolic
defects including reduced respiration, altered insulin sensitivity,
and increased adiposity (11). In another study, a liver-specific
deletion of two of NCoR’s RIDs revealed a critical role for NCoR-
mediated repression in both TR and liver X receptor (LXR) gene
regulation (12). However, the dysregulation seen in each of these
mouse models developed on a chow diet unlike classic metabolic
disease that depends on environmental stressors such as a high-
fat diet.

Chronic inflammation has been established as a common
feature of the metabolic syndrome, in which the combinatorial
effects of cytokine/chemokine induction are associated with
metabolic dysregulation (13). In metabolic syndrome, lipids can
serve dually as ligands that initiate both the innate immune re-
sponse (e.g., TLR4) and metabolic regulation (e.g., PPARs and
LXRs). TLR4 activation is required for the development of vas-
cular inflammation and insulin resistance in diet-induced obesity
models (14). Regular exercise offers protection against chronic
inflammation through the release of myokines (including IL-6,
which induces fat oxidation) and anti-inflammatory cytokines
(such as IL-1ra and IL-10) and inhibits the production of the
proinflammatory cytokine TNFa (15). In contrast, a sedentary
“couch potato” lifestyle is a feature of diet-induced obesity and
insulin resistance, increasing the risk of chronic inflammation.

Here we report a mouse model in which disruption of a specific
subset of SMRT-NR interactions results in phenotypes that
mirror many of the risk factors associated with the development
of the metabolic syndrome. These mice appear normal on a reg-
ular diet, but, when challenged by a high-fat diet, they become
superobese and insulin-resistant. Our results indicate that SMRT-
mediated NR repression may act as a protective mechanism in the
body’s defense against the environmental stressor of a high-fat
diet. This study describes a model for metabolic disease and an
essential role of the NR corepressor SMRT in regulating the
progression, severity, and therapeutic outcome of the disease.
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Results

High-Fat Diet Induces Superobesity in SMRT™™®! Knock-In Mice. Two-
hybrid analysis confirmed that mutation of the RID1 domain
clearly disrupts interaction with a select subset of nuclear recep-
tors, including RAR and TR (Fig. S1). To study the in vivo role of
SMRT-RID1-dependent nuclear receptor repression, we gener-
ated knock-in mice (SMRT™RP!) harboring alanine mutations in
the SMRT-RID1 domain via site-specific mutagenesis (Fig. 14).
We obtained germline transmission of the SMRT-RID1 knock-in
allele, and heterozygous crosses yielded all three genotypes in
a Mendelian ratio. Durin%{embryonic development and at birth,
the homozygous SMRT™ P! mice on a C57BI6/J background
were viable and identical to wild-type (WT) and heterozygote
littermates in size and weight. Micro CT scan revealed that there
was no difference in bone between WT and SMRT™ P! (Fig,
S2). The expression levels of endogenous SMRT did not change
in many tissues from SMRT™ P! mice compared with WT. We
measured the growth rate of SMRT™®™! mice and observed that
they attained body weights similar to WT for 11 mo after birth on
normal chow (NC). However, when placed on a high-fat diet
(HFD), SMRT™R'™P! mice nearly doubled the weight gain (15 vs.
29 gm) of their WT littermates, resulting in a superobese phe-
notype (Fig. 1 B and C). Echo MRI body composition analysis
showed that nearly all of the additional weight gain in
SMRT™RP! mice was in adipose and not lean mass (Fig. 1D).
With the notable exception of epididymal fat pads, all white and
brown fat depots from SMRT™ P! mice were significantly in-
creased in mass relative to WT (Fig. 1E).

HFD Induces Adiposity-Associated Inflammation in SMRT™P1 Mice.
An increase of white adipose tissue mass can occur by hyper-
plastic or hypertrophic growth. Histological analysis demonstrated
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that the cross-sectional area of adipocytes from visceral fat pads,
both epididymal and mesenteric, in SMRT™®™P! mice were in-
creased relative to WT, whereas cells from the s.c. inguinal fat pad
in SMRT™®'P! mice were relatively smaller (Fig. 1 F and G; Fig.
S3). Because obesity is often accompanied by tissue inflammation,
we examined the expression levels of inflammatory cytokines in
white adipose tissue (WAT) depots. Consistent with our histology
data, a large number of inflammatory cytokines in visceral mes-
enteric fat were found to be significantly increased in HFD-fed
SMRT™ ™! mice. In contrast, decreased expression was observed
in the inguinal fat pads from these mice. Accordingly, macrophage
marker F4/80 expression was significantly increased only in vis-
ceral fat pads, suggesting that macrophage infiltration plays a key
role in the induction of an inflammatory response in visceral fat
(Fig. S4). These findings suggest that SMRT may attenuate the
inflammatory response of visceral WAT to a HFD (Fig. 1H).

HFD-Induced Hepatic Steatosis in SMRT™ ™" Mice. Obesity in humans
as well as in animal models is often associated with hepatic stea-
tosis or fatty liver disease. Consistent with this phenotype, large
lipid vesicles were observed in the hepatocytes of HFD-fed
SMRT™RP! mice (Fig. 24), which exhibited a doubling in liver
weight compared with HFD WT mice (Fig. 2B). In accord with
hematoxylin and eosin staining, hepatic lipid analysis showed a
dramatic increase in triglyceride (TG) and cholesterol levels in the
HFD-SMRT™ P! liver compared with the HFD-WT liver (Fig.
2C). Furthermore, HFD-SMRT™® P! mice showed increased se-
rum alanine aminotransferase (ALT) levels, a sign of HFD-
induced liver damage (Fig. 2D). Consistent with the above phe-
notype, expression analysis revealed changes in liver-relevant NRs
[increased PPARYy, LXRa, decreased small heterodimer partner
(SHP)] and their target genes, including a marked induction of
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Fig. 1. HFD-induced severe obesity in SMRT™R'®" mice. (A) Generation of SMRT™ " mutant knock-in mice. (B) Bodyweight curves in WT and SMRT™R'P? on
normal chow or HFD. (C) WAT accumulation in 14-wk HFD-treated WT and SMRT™XP" mice. (D) Body weight composition of WT and SMRT™P" mice. (E) Wet
weight of epidydimal (Epi), mesenteric (Mes), inguinal (Ing), subcutaneous (Sub), and brown fat (BAT) depots in WT and SMRT RID1 mice. (Fand G) Hematoxylin
and eosin staining of histological sections and adipocyte cross-sectional area from WAT depots in WT and SMRT™R'®" mice. (Scale bar, 50 um.) (H) Expression of
inflammatory cytokines in WAT from WT and SMRT™R'PT mice. All error bars are SD. *P < 0.05; **P < 0.01; n.s., not significant unless otherwise indicated.
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Fig. 2. HFD-induced liver steatosis in SMRT™R'®" mice. (4) Hematoxylin and
eosin staining of histological sections from liver in HFD-challenged WT and
SMRT™RIPT mice. (B) Liver weight was increased in SMRT™RPT mice. (C) The
levels of hepatic triglyceride and cholesterol in WT and SMRT™R'®! mice (n =
5). (D) The level of serum ALT in WT and SMRT™R'®" mice (n = 5). (E) Hepatic
gene expression of nuclear receptors, lipogenesis, glucose, and cholesterol/
bile acid metabolism in WT and SMRT™RIP! mice. All error bars are SD. *P <
0.05; **P < 0.01; n.s., not significant.

a variety of LXR-regulated lipogenic genes and the induction of
CYP7al upon reduction in SHP levels in the HFD-SMRT™RIP!
liver (Fig. 2E), indicating that SMRT repression helps to protect
against diet-induced liver damage.

Impaired Glucose Homeostasis in SMRT™ '®! Mice. Obesity is associ-
ated with elevated serum lipids and predisposes rodents and

humans to impaired glucose homeostasis. We find that dysfunction
of the RID1 domain results in the exacerbation of both conditions
upon challenge with a HFD. SMRT™R™®! mice display a 100%
elevation of cholesterol (Fig. 34), a 55% increase in serum tri-
glycerides (Fig. 3B), a 12-fold induction in fasting insulin levels
(Fig. 3C), and a 4-fold rise in leptin (Fig. 3D). In each case, the
HFD-WT levels were also increased but to a significantly lower
extent. In contrast to the above changes, we found that adiponectin
levels were reduced in HFD-fed SMRT™R™! mice (Fig. 3E)
whereas free fatty acid (FFA) levels did not change (Fig. 3F).
These data suggest that elevated endogenous insulin levels might
be compensating for peripheral insulin resistance in HFD-
fed SMRT™RP! mice. We therefore performed glucose tolerance
tests (GTTs) and insulin tolerance tests (ITTs) to determine
whether §lucose homeostasis was impaired in HFD-fed
SMRT™RP! mice. Intraperitoneal challenge of mice with 2 g/kg
glucose demonstrated glucose intolerance and insulin resistance in
HFD-fed SMRT™®™P! mice (Fig. 3 G and H). Interestingly, NC-
fed SMRT™R™! mice exhibited no difference in glucose homeo-
stasis compared with NC-fed WT mice (Fig. S5). Antidiabetic
drugs have been shown to improve glucose tolerance in rodents
and humans. To determine whether antidiabetic drugs improve
glucose homeostasis in SMRT™ ™! mice, we tested whether an
i.p. injection of the PPARY agonist rosiglitazone (5 mg/kg) or the
AMPK agonist AICAR (250 mg/kg) could lower blood glucose.
WT mice showed a rapid and sustained reduction in blood glucose
level in response to r051g11tazone (F1g 3I) and AICAR (Fig. 3)).
Unexpectedly, the SMRT™ P! mice were largely refractory to
both insulin sensitizers (Fig. 3 I and J), indicating that the SMRT-
RID1 domain is needed to defend against diet-induced insulin
resistance and to confer responsiveness to insulin-sensitizing drugs.

SMRT Controls Energy Expenditure. As both PPARy and AMPK
activity are known regulators of energy expenditure and ther-
mogenesis, we next investigated the thermogenic capacity and
energy balance of SMRT™MP! mice. Large lipid vesicles were
observed in the brown adipose tissue (BAT) of SMRT™RP!
HFD-fed mice that were absent in HFD-fed WT (Fig. 44). As
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Fig. 3.

HFD-induced perturbed metabolic phenotypes in SMRT™XP! mice. (A-F) Fasting serum cholesterol, triglyceride, insulin, leptin, adiponectin, and free

fatty acid in WT or SMRT™RP" mice (n = 5). (G) Glucose tolerance test revealed increased fasting blood glucose and intolerance in SMRT™®P" mice compared
with WT (n = 8). (H) Insulin sensitivity test revealed reduced glucose clearance in SMRT™R'®T mice. (/ and J) Blood glucose levels at indicated times in WT (n = 8) or
SMRT™®1 mice (n=7) following i.p. injection of rosiglitazone (5 mg/kg) or AICAR (250 mg/kg). All error bars are SD. *P < 0.05; **P < 0.01; n.s., not significant.
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BAT is a major tissue protecting against cold exposure, we ex-
amined whether lipid accumulation in BAT reduced thermo-
genesis in HFD-fed SMRT™R™! mice. A small, although not
statistically significant, reduction in resting body temperature
was noted for the mutant mice (WT: 37.1 + 025 °C;
SMRT™RP!: 363 + 0.25 °C); however, the SMRT™ ™! mice
exhibited significantly lower core body temperatures at all time
points following acute cold exposure (Fig. 4B). Gene expression
analysis confirmed that expression of PPARS, ERRy, and their
coactivator PGC-1a, as well as a large number of their target genes
involved in thermogenesis, mitochondrial biogenesis, and FA ox-
idation, was markedly reduced (Fig. 4C), suggesting that mito-
chondrial function in BAT is impaired in HFD-fed SMRT™RP!
mice. Although hyperphagia is a well-described phenot%)e in nu-
merous rodent models of obesity, HFD-fed SMRT™RIP! mijce
actually consumed less food than HFD-fed WT mice (Fig. S6),
indicating that obesity in SMRT™RP! animals is likely due to re-
duced energy expenditure.

HFD Shifts Energy Metabolism from OXPHOS to Glycolysis in
SMRT™R'P, The observation that energy expenditure in brown
fat is impaired in HFD-fed SMRT™ ™" mice led us to examine
whether they have global metabolic defects. Although no obvious
defects were observed in mice maintained on normal chow,
HFD-fed SMRT™® ™! mice were found to produce far less CO,
and consume less O, than WT mice (Fig. 54), suggesting that
oxidative phosphorylation is impaired by the disruption of the
SMRT-RID1 domain. Furthermore, ambulatory counts for the
mutant mice were dramatically reduced during the dark phase,
when mice are normally active. Indeed, diet-induced sedentary
behavior is so dramatic that SMRT™R'™®! HFD-fed mice show
even lower activity in the dark phase than in the light phase. This
increased sedentary behavior of HFD-fed SMRT™R™®! mice
suggested that they would have reduced energy expenditure in
their skeletal muscle (Fig. 5B). Respiratory quotient (RQ) was
lower in HFD-fed SMRT™R™! mice during both light and dark
phases (Fig. 5C), suggesting a preference for fatty acids as the
metabolic substrate of choice or a relative resistance to carbo-
hydrate metabolism. However, expression analysis of FA oxida-
tion genes in skeletal muscle showed a robust suppression in
HFD-fed SMRT™ P! mice (Fig. 5F). Furthermore, CO, pro-
duction and O, consumption were dramatically reduced in
SMRT™R™P! mice (Fig. 54), indicating that these mice have
defects in both carbohydrate metabolism and FA oxidation for
fuel utilization and are less energetic. Given the correlation of
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Fig. 4. HFD-challenged SMRT™R'®! mice are hypothermic. (A) Hematoxylin
and eosin staining of BAT from WT and SMRT™®®" mice. (B) Rectal tem-
perature was measured at indicated times in WT and SMRT™®®" mice at 4 °C.
(C) Gene expression of nuclear receptors, thermogenesis and mitochondrial
biogenesis, and FA oxidation in BAT from WT and SMRT™R'®" mice. All error
bars are SD. *P < 0.05; **P < 0.01; n.s., not significant.
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body weight with metabolic defects, it is possible that the reduced
metabolic rates and activity of SMRT™*™®! mice may be a con-
sequence of their increased obesity compared with WT mice.
However, a comparison of body-weight-matched mice revealed
significant reductions in the volume of CO, produced (VCO,),
the volume of O, consumed (VO,), RQ, and ambulatory counts
in SMRT™R™! mice compared with WT (Fig. S7). This finding
suggests that the reduced metabolic rates and activity of the
SMRT™ P! mice can be attributed to the disruption of RIDI.

Next, we compared cellular bioenergetics by measuring oxi-
dative consumption rates (OCR) and extracellular acidification
rates (ECAR) (Seahorse Bioscience XF analyzer) that reflect
OXPHOS and glycolytic metabolism, respectively, in stromal
vascular fractions (SVF) from the epididymal fat of WT and
SMRT™R™! mice. These assays show that cellular energy me-
tabolism was shifted from OXPHOS to glycolysis in HFD-fed
SMRT™R™! mice, suggesting that the SMRT-RID1 domain is
critical for regulating oxidative metabolism (Fig. 5D). Consistent
with this, serum lactate levels were significantly increased in
HFD-fed SMRT™RIP! mijce, suggesting that the whole-body en-
ergy metabolism is shifted from OXPHOS to glycolysis in HFD-
fed SMRT™RP! mice (Fig. 5E).

SMRT Regulates PGC-1a Expression. To further clarify the defects in
oxidative metabolism and the shift to a more glycolytic energy
metabolism, we examined gene expression levels of critical pro-
teins in skeletal muscle. These studies revealed that the expres-
sion of uncoupling protein and FA oxidation genes were
significantly reduced, whereas that of the key rate limiting the
glycolytic gene PFK was significantly increased in HFD-fed
SMRT™RP! mice (Fig. 5F), without commensurate changes in
the levels of relevant NRs. However, the expression of PGC-1a
was markedly reduced, whereas PGC-1$ was unchanged (Fig.
5G). This is consistent with the critical regulatory role of this NR
coactivator in mitochondrial function (16, 17). It was recently
reported that DNA methyltransferase 3b (DNMT3b) is a modu-
lator that regulates the expression of PGC-1a (18). Interestingly,
the expression of DNMT3b was significantly increased in HFD-
fed SMRT™R™P! mice, suggesting that elevated DNMT3b would
repress the expression of PGC-la and thus result in reduced
mitochondrial function (Fig. 5G).

Discussion

In its role as a NR corepressor, SMRT has been reported to
function as a critical metabolic modulator regulating glucose
metabolism, adipogenesis, and inflammation. Previously, we
demonstrated that comprehensive ablation of SMRT-NR inter-
actions (by mutation of both RID 1 and 2) severely disrupted
metabolic homeostasis. Notably, the reduced respiration, altered
insulin sensitivity, and increased adiposity phenotype of these
double knock-in (DKI) mice were evident in chow-fed animals,
that is, in the absence of an environmental stressor (11). Dysre-
gulation of multiple receptor pathways, including those of TR and
PPARYy, were identified as contributing to the phenotype of the
DKI mice. In contrast, the single knock-in SMRT™RPT mijce, in
which only selected SMRT-NR interactions were disrupted, did
not exhibit any overt metabolic or inflammatory phenotype on
a normal diet. However, when challenged with a high-fat diet,
SMRT™R™! mice displayed decreased ambulatory activity and
developed superobesity and insulin resistance reminiscent of
metabolic syndrome disease, but distinct from the DKI mice. The
reduced energy expenditure of SMRT™XP! mice was associated
with decreased PGCla expression in BAT and muscle, reduced
uncoupling protein gene expression, and a switch to a more gly-
colytic state, indicative of reduced mitochondrial function. Fur-
thermore, these mice had markedly increased inflammatory gene
expression in the metabolically relevant visceral fat, suggesting
that SMRT-mediated transcriptional repression of select NR
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Fig. 5. SMRT™R'PT mice are less active, expend less energy, and are more glycolytic than oxidative. (A) Carbon dioxide production (Upper) and oxygen
consumption (Lower). (B) Cumulative ambulatory counts in WT and SMRT™R'®" mice. (C) RQ in WT and SMRT™®®" mice. (D) Cellular bioenergetics in SVF
cells from WT and SMRT™RP! mice. (E) Fasting serum lactate level in WT and SMRT™R®! mjce. (F and G) Gene expression of NRs, uncoupling protein, FA
oxidation, OXPHOS, glycolysis, PGC1a and -B, and DNMTs in skeletal muscles from WT and SMRT™R'®" mice. All error bars are SD. *P < 0.05; **P < 0.01; n.s., not

significant.

target genes attenuates the innate immune response to dietary
stressors. Mice harboring a liver-specific disruption of NCoR-NR
interactions have recently been described (12). Gene expression
analysis described in this study reveals activation of TR (FAS and
SCD-1) and LXR (CYP7A1l) target genes, implicating over-
lapping roles for both SMRT and NCoR in maintaining liver
metabolic function.

Our data suggest that SMRT-mediated repression of NR sig-
naling is required for the maintenance of metabolic homeostasis
during high-fat feeding; loss of repression of a subset of NRs in the
SMRT™RIPL mijce led to aberrant lipid accumulation. Epidemio-
logical studies have identified excessive visceral, but not sub-
cutaneous, fat depots as a risk factor for metabolic dysfunction;
however, the biochemical rationale for this difference remains
unclear. In the HFD-fed SMRT™RP! mice, the s.c. inguinal fat
pads exhibited increased adiposity but decreased expression of
inflammatory cytokines, whereas the visceral mesenteric fat pad
was hypertrophic and more inflamed (Fig. 1H). Gene expression
analysis revealed elevated PPARY expression in all fat pads ana-
lyzed. Interestingly, unlike DKI mice, expression of the PPARy
target genes, such as AP2 and CD36, was markedly reduced in
visceral fat pads (Fig. S8), suggesting that selective disruption of
the RID1 domain could lead to aberrant PPARY signaling in a fat-
depot-specific manner. One could postulate that this is a result of
increased occupancy of SMRT on PPARY sites, which is a conse-
quence of reduced interactions of SMRT with other NRs. The
insulin sensitizer, rosiglitazone, is a potent PPARy agonist that
reduces blood glucose level. However, the SMRT™R™P! mice were
refractory to rosiglitazone treatment unlike the DKI mice (Fig.
3I). We speculate that genetic derepression of PPARYy signaling
along with enhanced visceral adiposity and chronic inflammation
makes this tissue insensitive to Rosiglitazone treatment. Thus,
SMRT™®P! mice may identify SMRT as a unique genetic de-
terminant of fat-depot—dependent adipose function.

Defective cellular energy metabolism has been reported as
a major contributor to obesity (19), suggesting that mitochondria
dysfunction is relevant for the pathophysiology of obesity. This
mitochondrial dysfunction is compatible with the defective fatty
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acid oxidation that is normally observed in obese patients (20).
Recently, it was reported that TNF-«, which is overproduced in
WAT and muscle tissues in obese patients (21), acts as a regu-
lator of mitochondrial biogenesis (22). Defective TNF-a signal-
ing in WAT, BAT, and muscle partially restored mitochondrial
biogenesis (22), suggesting that inflammation plays a critical role
in regulating energy metabolism. Given that the expression level of
TNF-o was markedly increased in visceral WAT in SMRT™RIP1
mice (Fig. 1), SMRT-mediated repression of NR signaling appears
critical to maintain metabolic homeostasis and is protective
against diet-induced inflammation.

In this study, we have characterized a unique mouse model in
which disruption of NR-SMRT corepressor interactions through
mutations in the RID1 domain caused diet-induced superobesity
and reduced energy consumption. The similarities of the diet-
induced metabolic dysregulation observed in SMRT™RIP! mice
with human metabolic disorders suggest that this model may be
a valuable tool for investigating abnormal NR-mediated cellular
responses in obesity and type 2 diabetes in the context of met-
abolic syndrome disease. Likely disrupted NR pathways in this
model include RARs, TRs, and the PPARs. In particular, future
studies focusing on fat-depot-specific mechanisms of SMRT/
AMPK may provide important insights into unique mechanisms
regulating the physiological controls of energy homeostasis with
implications for glucose and lipid metabolism. Finally, the results
from this study suggest that NR-mediated repression through
SMRT is necessary to balance fat storage versus energy expen-
diture when presented with high-fat dietary stress.

Materials and Methods

Animal Studies. SMRT™XP" knock-in mice were generated by mutating the
ISEVI motif in RID1 encoded by exons 39 and 40 to ASEAA through site-
specific mutagenesis. All animal experiments were performed with age-
matched male mice from heterozygote crosses that were backcrossed seven
times with C57BL/6J to generate a pure genetic background. Mice were
maintained in a pathogen-free animal facility under standard 12-h light/12-h
dark cycle. For diet-induced obesity, 8-wk-old WT and SMRT™RP! mice were
fed with either normal rodent chow (Labdiet 5001; 4.5% fat, 4 kcal/g) or
a high-fat diet (Bio-Serv F3282; 35.5% fat, 5.45 kcal/g) for 14 wk. Body
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weight was recorded every week. For the cold exposure study, core body
temperature was measured with a clinical rectal thermometer (Thermalert
model TH-5; Physitemp) every 30 min until mice showed hypothermia. Total
cholesterol, TG, insulin, FFAs, leptin, ALT, and adiponectin were determined
using enzymatic reactions. For hepatic lipid analysis, the lipid was extracted
following the Folch method and resuspended in PBS containing 5% Triton
X-100. For GTTs, overnight-fasted mice received 2 g of glucose/kg body
weight via i.p. injection. For GTT with rosiglitazone and AICAR, mice re-
ceived 5 mg/kg of rosiglitazone or 250 mg/kg of AICAR before GTT. Human
insulin (Humilin, Eli Lily) was used for ITT. Tail blood was drawn at the in-
dicated time intervals, and blood glucose level was measured with a One
Touch Ultra glucometer (LifeScan). For histology, 5-pm sections were stained
with hematoxylin and eosin. Statistics were performed by Student'’s t test.
Values were presented as means and SDs. All protocols for mouse experi-
ments were approved by the Institutional Animal Care and Use Committee
of The Salk Institute.

Body Composition and Adipocyte Size. Body composition was measured with
an Echo MRI-100 body composition analyzer (Echo Medical Systems). Total
adipose tissue from each depot was excised, and the wet weight was de-
termined. All adipose tissues were fixed in 10% formalin, sectioned, and
stained in hematoxylin and eosin. An adipocyte cross-sectional area was
determined from photomicrographs of epididymal, mesenteric, and inguinal
fat pads using ImageJ.

In Vivo Metabolic Phenotype Analysis. Real-time metabolic analyses were
conducted in a Comprehensive Lab Animal Monitoring System (Columbus
Instruments). CO, production, O, consumption, RQ (relative rates of carbo-
hydrate versus fat oxidation), and ambulatory counts were determined for
six consecutive days and nights, with at least 24 h for adaptation before
data recording.
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Gene Expression Analysis. Total RNA was isolated from mouse tissues using
TRIzol reagent (Invitrogen) as per the manufacturer’s instructions. mRNA
levels were quantified by quantitative PCR with SYBR Green (Invitrogen).
<DNA was synthesized from 1 pg of DNase-treated total RNA by using Su-
perScript Il reverse transcriptase (Invitrogen). Samples were run in technical
triplicates, and relative mRNA levels were calculated by using the standard
curve methodology and normalized against 36B4 mRNA levels in the
same samples.

Extracellular Flux Bioenergetic Assay. All procedures followed the manu-
facturer’s instructions (Seahorse Bioscience). Briefly, a SVF was isolated from
white adipose tissues of WT and SMRT™RP! mice using collagenase type |
(Sigma). Cells were seeded in extracellular flux 24-well cell culture micro-
plates (Seahorse Bioscience) at 1.0 x 10* cells/well in 500 pL of growth me-
dium and then incubated at 37 °C/5% CO, for 24 h. A Seahorse Bioscience
instrument (model XF24) was used to measure the rate of change of dis-
solved O, and pH in the media surrounding the cells. Assays were initiated
by removing the growth medium from each well and replacing it with 600 pL
of prewarmed assay medium. The microplates were incubated at 37 °C for 30
min to allow media temperature and pH to reach equilibrium before mea-
surement. OCR and ECAR were measured simultaneously for 3-5 min. The
values of OCR and ECAR were normalized by the number of cells to reflect
the metabolic activities of the cells.
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