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Diet-Induced Obesity and Insulin Resistance are Associated
with Brown Fat Degeneration in SIRT1-Deficient Mice

Fen Xu'?*, Xiaobin Zheng'**, Beisi Lin'?, Hua Liang'?, Mengyin Cai'*, Huanyi Cao’?, Jianping Ye’, and Jianping Weng'~

Objective: Recent studies have revealed that SIRT1 gain-of-function could promote adipose tissue
browning for the adaptive thermogenesis under normal diet. This study investigated the role of SIRT1
loss-of-function in diet-induced obesity and insulin resistance and the mechanism involved in adipose tis-
sue thermogenesis.

Methods: Male SIRT7"/~ and wild-type (WT) mice were fed with a high-fat diet (HFD) for 16 weeks to
induce obesity and insulin resistance, while mice on a chow diet were used as lean controls. The pheno-
type data were collected, and different adipose tissue depots were used for mechanism research.
Results: Compared with WT mice, SIRT7"/~ mice exhibited increased adiposity and more severe insulin
resistance with less thermogenesis under HFD challenge. Strikingly, SIRT7"/~ mice displayed an exacer-
bated brown adipose tissue (BAT) degeneration phenotype, which was characterized by lower thermo-
genic activity, aggravated mitochondrial dysfunction, and more mitochondrial loss. In addition, SIRT7*/~
mice showed aggravated inflammation and dysfunction in epididymal adipose tissue after HFD interven-
tion, which also contributed to the systemic insulin resistance.

Conclusions: Diet-induced obesity and insulin resistance are associated with BAT degeneration in
SIRT1-deficient mice, which further underlined the beneficial role of SIRT1 in obesity-associated meta-
bolic disorders.

Obesity (2016) 24, 634-642. doi:10.1002/0by.21393

mitochondrial oxidation of free fatty acids (FFAs) released from tri-
glyceride stores into the circulation and dissipates chemical energy as
heat through uncoupling protein 1 (UCP1) (8). Brown remodeling of
WAT, characterized by induction of beige adipocytes, confers BAT-
like features onto WAT and remodels it to possess the energy dis-
posal capacity besides the energy storage ability (9).

Introduction

The global epidemic of obesity, which has become a major public
health issue (1,2), develops with excess calories mainly storing in the
white adipose tissue (WAT) when energy intake exceeds energy
expenditure (3). Obesity, characterized by increased fat mass, is
closely associated with insulin resistance and type 2 diabetes (4,5). A
recent study has shown that obesity is associated with a brown adi-

pose tissue (BAT) whitening phenotype that is characterized by lipid
droplet accumulation and mitochondrial dysfunction and loss, which
would contribute to the impaired systemic glucose metabolism (6).
On the contrary, emerging evidence indicates that adipose tissue
browning, including potentiating BAT function and brown remodeling
of WAT, could mediate the adaptive thermogenesis and thus counter-
act obesity and the associated insulin resistance (7). BAT is fueled by

Mammalian sirtuin 1 (SIRT1), the closest ortholog of yeast gene Sir2,
is known as a NAD " -dependent protein deacetylase whose activation
partially mediates the metabolic benefits of caloric restriction in mam-
mals (10,11). Accumulating evidence indicates that genetic overex-
pression or pharmacological activation of SIRT1 can improve obesity
and insulin resistance (12-15). Nonetheless, the exact mechanism has
not been clearly defined. It has been shown that specific tissue
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overexpression of SIRT1 including BAT and WAT could increase
energy expenditure and thus decrease body weight and fat content
under chow diet feeding (16). In line with the role of SIRT1 in
energy expenditure, a number of studies have revealed the possible
regulation of SIRT1 on adipose tissue browning for the adaptive ther-
mogenesis (17,18). Overexpression of SIRT1 could enhance insulin
sensitivity by potentiating BAT function and enhancing energy
expenditure in mice fed with a low-fat diet (LFD) (17). Moreover,
SIRT1 gain-of-function could promote brown remodeling of WAT in
chow diet-fed mice in response to cold stimuli (18). However, con-
versely, it remains largely unknown whether SIRT1 loss-of-function
would promote the degeneration of adipose tissue thermogenesis in
obesity and insulin resistance induced by a high-fat diet (HFD).

In this study, we investigated the role of SIRT1 loss-of-function in
diet-induced obesity and insulin resistance and the mechanism
involved in adipose tissue thermogenesis using a whole-body SIRT1
heterozygous knockout (SIRTI*/~) mouse model challenged with a
HFD. As a result, we found that diet-induced obesity and insulin
resistance were associated with decreased thermogenesis and BAT
degeneration in SIRT1-deficient mice, which were characterized by
lower thermogenic activity, aggravated mitochondrial dysfunction,
and more mitochondrial loss in BAT. Additionally, we observed that
SIRT1 deficiency aggravated inflammation and dysfunction in the
epididymal adipose tissue, which might also contribute to the exacer-
bated insulin resistance. Taken together, these data further support the
beneficial role of SIRT1 in obesity-associated metabolic disorders.

Methods

Animal study

SIRTI*'™ mice in C57BL/6] gene background were described else-
where (19). Male SIRTI */~ mice and their wild-type (WT) litter-
mates were used in this study. Obesity and the associated insulin
resistance were induced by feeding mice a HFD (36% fat wt/wt,
D12331; Research Diets, New Brunswick, NJ) at the age of 12
weeks, while mice on a chow diet were used as lean controls (20).
The mice were housed at 23 = 1°C with a 12-h light, 12-h dark
cycle and provided with ad libitum water and food. Body weight
was weighed every 2 weeks and daily food intake was monitored
during the diet intervention. After 16 weeks of diet intervention,
mice were sacrificed under anesthesia after a 6-h fast and then
plasma and tissue were harvested. All procedures were carried out
in accordance with National Institutes of Health guidelines and
approved by the Institute Animal Care and Use Committee (IACUC)
at the Pennington Biomedical Research Center and the Animal
Ethics Committees of the Sun Yat-Sen University, respectively.

Metabolic parameter measurements

Fasting plasma levels of glucose and insulin were measured with
Optium Xceed glucometer (Abbott Diabetes Care) and with Mouse
Serum Adipokine Multiplex Kit (MADPK-71K; LINCO Research,
Billerica, MA), respectively. The homeostasis model assessment of
insulin resistance (HOMA-IR) was calculated. For the glucose toler-
ance test (GTT), mice were fasted overnight and then injected intra-
peritoneally with glucose (1.5 g/kg body weight), and tail vein blood
glucose levels were measured at 0, 30, 60, and 120 min. For the
insulin tolerance test (ITT), mice were injected intraperitoneally
with insulin (0.65 U/kg body weight, Novolin R, Novo Nordisk)

after a 6-h fast and blood glucose levels were measured as described
above.

Body composition

Body composition was measured on conscious, immobilized mice
using quantitative magnetic resonance EchoMRI™—100 (EchoMRI
LLC, Houston, TX). Fat mass and lean mass were recorded simulta-
neously. Fat content was defined as the ratio of fat mass to body
weight of each mouse.

Energy metabolism

Comprehensive Laboratory Animal Monitoring System (CLAMS;
Columbus Instruments, Columbus, OH) was used to examine energy
expenditure and heat production for individually housed mice. After
24-h adaptation, the data of oxygen consumption (VO,), carbon
dioxide production (VCO,), and locomotor activity were simultane-
ously recorded. Energy expenditure and heat production were calcu-
lated as previously described (17,21).

Acute cold tolerance test

Mice were exposed to cold temperature (4°C) with free access to food
and water for 6 h. Body temperature was measured every hour using a
digital rectal probe (Dongxiyi Instruments Inc., Beijing, China).

Immunohistochemistry

Fresh adipose tissue was fixed for 12-16 h at room temperature in
10% neutral buffered formalin solution (v/v, HT50-1-2, Sigma),
embedded in paraffin, and sectioned at 5 pum. For immunochemi-
cal staining, the slides were deparaffinized, blocked, and incu-
bated overnight at 4°C with primary antibodies, and the reaction
was amplified using a VECTASTAIN Elite ABC kit (PK-6102;
Vector Laboratories, Burlingame, CA) and developed by the addi-
tion of AEC chromogen substrate (AEC staining kit; Sigma-
Aldrich, St. Louis, MO). Antibodies are listed in Supporting Infor-
mation, Table 1.

Quantitative real-time PCR

Different adipose tissue depots collected were first kept in liquid
nitrogen and then stored at —80°C. Total RNA samples were iso-
lated using Tri-Reagent (T9424, Sigma) according to the instructions
provided by the manufacturer. Reverse transcription (RT) of RNA
was performed with a Transcriptor First Strand cDNA Synthesis Kit
(Roche Applied Science, Switzerland). Real-time PCR was per-
formed on the LightCycler® 480 System with LightCycler® 480
SYBR Green I Master (Roche Applied Science, Switzerland). Fold
change of mRNA expression was determined using the 2mAACT
method, with all genes normalized to the mouse f-actin. Primer
sequence is available upon request.

Mitochondrial DNA content determination

Genomic DNA (gDNA) was isolated from brown fat tissue using
DNeasy Blood & Tissue Kit (Qiagen). Relative mitochondrial DNA
(mtDNA) content was determined by quantitative real-time PCR with
primers specific for mtDNA-encoded gene (COX2) and nuclear-
encoded gene (18S rRNA). The expression level ratio of COX2 to 18S
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Figure 1 SIRT1 deficiency increases adiposity in mice challenged with high-fat diet (HFD). Wild-type (WT) and SIRT7*/~ mice were chal-
lenged with HFD for 16 weeks to induce obesity (n =6 per group). (A) Body weight (BW) gain over time. (B) The BW on 16 weeks of
HFD. (C) Fat content and (D) total fat mass determined by quantitative magnetic resonance. (E) Fat pad mass of inguinal fat, epididymal
fat, perirenal fat, and brown fat. For C-E, all were determined at the end of the HFD intervention. Data are presented as mean + SEM. *

P < 0.05 versus WT mice.

rRNA reflected the relative mtDNA content. Primer sequence is avail-
able upon request.

Western blotting

Different adipose tissue depots were collected and kept in liquid
nitrogen, then stored at —80°C until analysis. Frozen tissues were
homogenized in the whole cell lysis buffer with protease inhibitor
and phosphatase inhibitor. Equal amounts of protein were separated
on SDS-PAGE and blotted onto polyvinylidene fluoride membrane
(Millipore, Billerica, MA). After blocking with 5% bovine serum
albumin in Tris-buffered saline for 1 h at room temperature, mem-
branes were incubated overnight at 4°C with primary antibodies.
Antibodies are listed in Supporting Information, Table 1. Then the
membranes were incubated with secondary antibodies (1:10000, LI-
COR IRDye 800CW) at room temperature for 1 h and imaged with
the Odyssey Infrared Imaging System (LI-COR Biosciences). Band
intensity was quantified using the Image-Pro Plus software.

Statistical analysis
Data was expressed as mean* SEM. Unpaired two-tailed
Student’s ¢ test was used to test statistical significance. Differences

between considered

P < 0.05.

groups  were statistically ~ significant

Results

SIRT1 deficiency increases adiposity

in HFD-challenged mice

After the diet intervention, chow diet-fed SIRT/ */~ mice were com-
parable with WT controls in terms of body weight gain, total fat
mass, and weight of different fat pads (Supporting Information, Fig-
ure S1). In contrast, SIRTI™/~ mice began to show a significant
increase in body weight at the 4th week of HFD challenge when
compared with WT mice, and this increase remained for the rest of
the time (Figure 1A, B). Consistent with the body weight gain, sig-
nificant increases in both fat content and total fat mass determined
by EchoMRI were also observed in SIRTI */~ mice after the HFD
challenge (Figure 1C, D). Importantly, the lean mass was not differ-
ent between genotypes (data not shown), which indicated that the
body fat increase would account for the body weight gain in HFD-
fed SIRTI*'~ mice. Unexpectedly, no significant difference was
observed in weight of different fat pads between genotypes after the
HFD intervention, including inguinal fat, epididymal fat, perirenal
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Figure 2 SIRT1 deficiency exacerbates diet-induced insulin resistance in mice challenged with high-fat diet (HFD). Wild-type (WT) and SIRT7*/~ mice were
challenged with HFD for 16 weeks to induce obesity (n =6 per group). (A) Fasting glucose levels in tail vein blood over time. (B) Fasting insulin levels at the
beginning and the end of HFD intervention. (C) Homeostasis model assessment of insulin resistance (HOMA-IR) (D) Glucose tolerance test (GTT) and area
under the curve. GTT was done at the 13th week of HFD intervention. (E) Insulin tolerance test (ITT) and area above the curve. ITT was done at the 12th
week of HFD intervention. Data are presented as mean = SEM. * P < 0.05 versus WT mice and ** P < 0.01 versus WT mice.

fat, and brown fat (Figure 1E). Nevertheless, these findings demon-
strate that SIRT1 deficiency increases adiposity in HFD-challenged
mice.

SIRT1 deficiency exacerbates diet-induced

insulin resistance in HFD-challenged mice

To investigate the role of SIRT1 deficiency on obesity-associated
insulin resistance, metabolic parameter measurements were conducted
in both genotypes fed with a HFD. Compared with WT mice,
SIRT1*'~ mice displayed a significantly higher fasting blood glucose
level after 4 weeks of HFD challenge, which was sustained to the end
of the intervention (Figure 2A). Increased fasting plasma insulin level
in SIRTI™'~ mice was also observed after the HFD intervention
although there was no difference at the beginning (Figure 2B). Con-
sistently, the HOMA-IR was much higher in HFD-fed SIRTI ™'~ mice
(Figure 2C). GTT showed that HFD-challenged SIRT/ */~ mice had a
deteriorated glucose intolerance, as indicated by the higher glucose
levels at all the time points during the test and the significantly larger
area under the curve (AUC) value (Figure 2D). During the ITT,
higher blood glucose levels at time points 30, 60, and 120 min as
well as a smaller area above the curve (AAC) value were observed in
HFD-challenged SIRTI™'~ mice (Figure 2E). However, no difference

in both GTT and ITT was observed between genotypes when fed
with a chow diet, which indicated that SIRT1 deficiency had no effect
on insulin sensitivity in chow diet-fed mice (Supporting Information,
Figure S2). Taken together, these data show that SIRT1 deficiency
exacerbates diet-induced insulin resistance in HFD-challenged mice.

Lack of SIRT1 decreases thermogenesis

in HFD-challenged mice

We found that the increased adiposity in HFD-fed SIRT! */~ mice com-
pared with WT controls was independent on diet intake, for no altera-
tion of food intake was observed (Figure 3A). Therefore, it was possible
that the increased body weight and fat content were attributable to the
decreased energy expenditure in HFD-challenged SIRT! */~ mice. As
expected, SIRTI™'~ mice showed markedly decreased energy expendi-
ture and oxygen consumption compared with WT mice after the HFD
intervention during the CLAMS analysis (Figure 3B, C). Importantly,
HFD-fed SIRT!"'~ mice displayed a significant decrease in heat pro-
duction despite of the less locomotor activity (Figure 3D, E), confirm-
ing that the decreased energy expenditure was not only linked to phys-
ical activity, but also due to intrinsic changes in metabolism.
Furthermore, acute cold tolerance test showed that HFD-fed SIRT! =
mice had lower body temperature than WT mice during the cold
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Figure 3 Lack of SIRT1 decreases thermogenesis in mice challenged with high-fat diet (HFD). Wild-type (WT) and SIRT7*/~ mice were challenged with HFD for 16
weeks to induce obesity (7 =6 per group). (A) Food intake was monitored daily for 3 days and average daily food intake (g) was calculated. (B) Energy expenditure.
(C) Oxygen consumption (D) Locomotor activity. (E) Heat production. In panels B-E, all were determined by the metabolic cage studies. (F) Acute cold tolerance
test done at the end of HFD intervention. Data are presented as mean = SEM. * P < 0.05 versus WT mice and ** P < 0.01 versus WT mice.

challenge (Figure 3F), further suggesting HFD-fed SIRTI''~ mice
were overall less thermogenic. However, no differences were observed
between genotypes during the cold challenge under chow diet feeding
(Supporting Information, Figure S3). Thus, these data demonstrate that
lack of SIRT1 decreases thermogenesis in HFD-challenged mice.

SIRT1 deficiency promotes BAT degeneration in
HFD-challenged mice

As BAT and the browning inguinal WAT (iWAT) are the main sites
for thermogenesis in mice (7), further mechanism analysis was carried
out in these tissues to account for the decreased thermogenesis in
HFD-fed SIRTI™'~ mice. Not surprisingly, immunohistological stain-
ing revealed that HFD-fed SIRTI™'™ mice displayed larger lipid
droplets and less expression of UCP1 in BAT (Figure 4A), suggesting
a lower thermogenic activity. Both the mRNA and protein levels of
thermogenic markers including UCP1 and peroxisome proliferator-
activated receptor y coactivator 1o (PGClo) were significantly reduced
in BAT of HFD-fed SIRTI "'~ mice (Figure 4B-D). In line with this,
we also confirmed that oxidation genes were strongly downregulated
in BAT of SIRTI™'™ mice, including peroxisome proliferator-activated
receptor o (PPARw), peroxisomal acyl-coenzyme A oxidase (ACOX)
and carnitine palmitoyltransferase 1/ (CPT1pf) (Figure 4E). These
results indicated an aggravated mitochondria dysfunction in BAT of
HFD-fed SIRTI*'~ mice. Furthermore, a significant reduction of mito-
chondria DNA content was observed in BAT of HFD-fed SIRTI ™/~
mice (Figure 4F). A similar decrease in protein levels of respiratory

complexes subunits were also seen in BAT of these mice (Figure 4G,
H), indicating a more mitochondria loss. However, no significant dif-
ferences in expression levels of thermogenic and oxidation genes were
seen in iWAT between genotypes despite of a slight decrease in HFD-
fed SIRTI*'~ mice (Supporting Information, Figure S4). Altogether,
these results indicate that SIRT1 deficiency promotes BAT degenera-
tion in HFD-challenged mice.

Lack of SIRT1 aggravates the inflammation and
dysfunction in epididymal fat of HFD-induced
obese mice

It is generally believed that obesity-induced chronic inflammation
characterized by macrophage infiltration and inflammatory cytokine
expression, especially in adipose tissue, may contribute to the
development of systemic insulin resistance (22-25). Immunohisto-
logical staining revealed that protein levels of inflammatory
markers in epididymal WAT (eWAT), including F4/80 and mono-
cyte chemotactic protein-1 (MCP-1), were significantly increased in
HFD-challenged SIRTI*'~ mice compared with WT controls (Fig-
ure 5A). Additionally, HFD-fed SIRTI*/~ mice displayed a signifi-
cant increase in mRNA expressions of proinflammatory cytokines
including F4/80, tumor necrosis factor-a (TNF-o), MCP-1 and
interleukin-1§ (IL-1p) (Figure 5B). Classically, inflammation is
considered to impair the insulin signaling and negatively influence
adipose tissue function, which then contribute to the systemic
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Figure 4 SIRT1 deficiency promotes brown adipose tissue (BAT) degeneration

in mice challenged with high-fat diet (HFD). Wild-type (WT) and SIRT1*~ mice

were challenged with HFD for 16 weeks to induce obesity (n = 6 per group). (A) Representative images of uncoupling protein 1 (UCP1) immunohistochemical
staining of BAT. Pictures were taken under a microscope with a x40 objective. (B) Relative mRNA expression of thermogenic genes in BAT. (C) Protein levels
of UCP1 and peroxisome proliferator-activated receptor y coactivator 1o (PGC1a) in BAT. (D) Densitometric quantitation of UCP1/-actin ratio and PGC1o/f-
actin ratio. (E) Relative mRNA expression of oxidation genes in BAT. (F) Relative mitochondrial DNA (mtDNA) content in BAT. (G) Protein analysis of mitochon-
drial markers in total homogenates of BAT. (H) Densitometric quantitation of mitochondrial markers. Data are presented as mean = SEM. * P < 0.05 versus

WT mice. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

insulin resistance (26,27). The reduced SIRT1 expression in eWAT
of HFD-fed SIRTI™~ mice compared with WT controls was con-
firmed at the protein level (Figure 5C, D). Notably, HFD-
challenged SIRTI "'~ mice displayed more severely impaired insulin
signaling than WT mice, as indicated by the decreased protein
expression of phosphoinositide 3-kinase (°''*PI3K) and phospho-
rylated protein kinase B (5"™*73p-AKT) without alteration of total
AKT (Figure 5E, F). Furthermore, quantitative real-time PCR anal-
ysis confirmed a significant decrease of adiponectin mRNA expres-
sion in HFD-fed SIRTI*'~ mice despite of no change in leptin
mRNA expression, suggesting a reduced adipokine secretion func-
tion of eWAT in these mice (Figure 5G, H). In this regard, these

results demonstrate that lack of SIRT1 aggravates the inflammation
and dysfunction in epididymal fat of HFD-induced obese mice,
which may also contribute to the exacerbated diet-induced insulin
resistance aforementioned.

Discussion

SIRT1, the most conserved mammalian sirtuin, has been linked to
diverse metabolic benefits in mammals. Using a whole-body
SIRTI™'~ mouse model challenged with a HFD, the current study
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Figure 5 Lack of SIRT1 aggravates the inflammation and dysfunction in epididymal fat of high-fat diet (HFD) -induced obese mice. Wild-type (WT) and
SIRT1™~ mice were challenged with HFD for 16 weeks to induce obesity (n = 6 per group). (A) Representative images of F4/80 and monocyte chemotactic
protein-1 (MCP-1) immunohistochemical staining of epididymal white adipose tissue (€WAT). Pictures were taken under a microscope with a X20 objective.
(B) Relative mRNA expression of key proinflammatory genes in eWAT. (C) Protein expression level of SIRT1 in eWAT. (D) Densitometric quantitation of SIRT1/
f-actin ratio. (E) Protein expression levels of the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) pathway in eWAT. (F) Densitometric quantitation of
PIBK/S-actin ratio and p-AKT/AKT ratio. (G) Relative mRNA expression of leptin in e WAT. (H) Relative mRNA expression of adiponectin in e WAT. Data are pre-
sented as mean = SEM. * P < 0.05 versus WT mice. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

demonstrated that diet-induced obesity and insulin resistance were
associated with decreased thermogenesis and BAT degeneration in
SIRT1-deficient mice, which were characterized by lower thermo-
genic activity, aggravated mitochondrial dysfunction, and more
mitochondrial loss in BAT.

In this study, SIRT!™'~ and WT mice were fed with a HED for 16
weeks to induce obesity and insulin resistance, while mice fed with
a chow diet were used as lean controls. No differences in both adi-
posity and insulin sensitivity were observed between genotypes
under chow diet feeding (Supporting Information, Figures S1 and

S2), which was consistent with our previous findings that S/IRT! e
mice were normal in metabolism on the regular chow diet (19). By
contrast, we found that SIRT1 deficiency increased both body
weight and fat content in HFD-challenged mice (Figure 1A-C),
which suggested that lack of SIRT1 exacerbated diet-induced obe-
sity. Not surprisingly, both GTT and ITT also indicated that
SIRTI™~ mice had exacerbated glucose intolerance and insulin
resistance compared with WT controls after HFD challenge (Figure
2D, E), suggesting that SIRT1 deficiency exacerbated obesity-
associated insulin resistance. Our results were consistent with previ-
ous findings from other groups, which indicated that genetic
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overexpression or pharmacological activation of SIRT1 could
improve obesity-associated insulin resistance (12-15). In this light,
our findings provide additional evidence to indicate the important
role of SIRT1 in diet-induced obesity and insulin resistance.

Notably, there was no difference in food intake between genotypes
(Figure 3A). As obesity develops when energy intake exceeds
energy expenditure, we speculated that the increased adiposity
induced by SIRT1 deficiency is due to the decreased energy expend-
iture. As determined by CLAMS, SIRT] */~ mice showed remark-
ably reduced energy expenditure and oxygen consumption compared
with WT controls after HFD challenge (Figure 3B, C), suggesting
that SIRT1 deficiency decreased energy expenditure and accounted
for the increased adiposity in those mice. A previous study demon-
strated that SIRT1 gain-of-function decreased body weight and fat
content accompanied by the increased energy expenditure under
chow diet feeding using a specific tissue overexpression of SIRT1
mice model with SIRT1 knock-in into f-actin gene (16). Thus, both
studies underlined the crucial role of SIRTI in energy metabolism
with loss-of and gain-of-function models, respectively.

Importantly, both heat production analysis and acute cold tolerance
test showed that HFD-fed SIRTI '~ mice were overall less thermo-
genic (Figure 3E, F). Intriguingly, we found an exacerbated BAT
degeneration phenotype in HFD-fed SIRTI */~ mice compared with
WT controls, which might account for the decreased thermogenesis
mentioned above and then contribute to the exacerbated diet-
induced obesity and insulin resistance caused by SIRT1 deficiency.
In our study, HFD-fed SIRT!"'~ mice displayed a lower thermo-
genic activity and a significant decrease in both the mRNA and pro-
tein levels of UCP1 and PGCla in BAT relative to WT mice, which
were accompanied by the reduced mRNA levels of oxidation genes
and the lower mitochondria content both at DNA and protein levels
(Figure 4A-H). UCP1 is a key molecule for uncoupling respiration
and dissipating chemical energy as heat (28). However, a previous
study also using a whole-body SIRTI™'~ mouse model showed
enhanced BAT activity as indicated by an increased UCP1 mRNA
level in BAT of HFD-fed SIRTI"'~ mice compared with WT con-
trols (29). The discrepancy between the two studies may be due to
the difference in the components of the high-fat diets used. Our data
were also in agreement with a recently published study of SIRT1
overexpression in mice causing an increase in UCP1 expression and
BAT function when fed with a LFD (17). Of note, no significant
difference was observed between genotypes in PGClo expression
and mitochondria content in BAT of mice from the two studies
mentioned above. In fact, the coactivation of AMPK signaling is
crucial for the action of SIRT1 on PGCla activity and mitochondrial
biogenesis (30). In this regard, no change in AMPK signaling was
observed in the above two studies, while we found a reduced
AMPK signaling in HFD-fed SIRTI™'~ mice compared with WT
controls from our previous report (31), which might explain the dis-
crepancy in the PGClo expression and mitochondria content of
BAT from these studies. In addition, our study showed no signifi-
cant difference in gene expression involved in thermogenesis and
FFA oxidation in iWAT between genotypes (Supporting Informa-
tion, Figure S4). By contrast, a recent study showed SIRT1 gain-of-
function could promote browning remodeling of WAT in response
to cold stimuli (18). These variations may be due to the lack of cold
exposure in our study since prolonged cold exposure is known to
induce WAT browning (32). Nevertheless, the exact mechanism for

how SIRT1 deficiency promotes BAT degeneration in HFD-
challenged mice needs further investigation.

Our study also showed that SIRT1 deficiency could aggravate the
inflammation in eWAT of HFD-induced obese mice (Figure SA, B),
which may contribute to the dysfunction in eWAT and the exacer-
bated systemic insulin resistance mentioned above. Consistently,
studies from other groups also showed that myeloid-specific SIRT1
deletion increased macrophage infiltration and reduced insulin sensi-
tivity in mice fed with a high-fat diet (33,34). Moreover, a previous
study showed SIRT1 could inhibit NF-xB transcription by deacety-
lating RelA/p65 subunit at lysine 310 (35). However, whether the
aggravated inflammation in HED-fed SIRTI*'~ mice in our study
was secondary to the increased adiposity or induced directly by
SIRT1 deficiency needed to be further studied. Furthermore, it
should be emphasized that inflammation was associated with insulin
resistance instead of a causal relationship, because most of the
ongoing clinical trials using anti-inflammatory agents failed to gen-
erate the positive effects on the insulin resistance in patients with
obesity and type 2 diabetes (26,27). The aggravated inflammation in
eWAT of HFD-fed SIRT!™'~ mice may also account for the unex-
pected result aforementioned, which demonstrated that eWAT mass
in these mice was comparable with WT controls despite a significant
increase in both body weight and fat content (Figure 1). Studies
have shown that inflammation could induce lipolysis and inhibit tri-
glyceride synthesis in adipocytes, inhibiting adipocyte expansion to
slow down the adipose tissue expansion (26,36). Intriguingly, we
observed that HED-fed SIRTI™/~ mice displayed more lipid accu-
mulation in both liver and skeletal muscle than WT controls (Sup-
porting Information, Figure S5). Taken together, we speculated that
the aggravated inflammation in HFD-fed SIRTI"'~ mice may pro-
mote the lipid mobilization in eWAT and the ectopic fat accumula-
tion in liver and skeletal muscle, which would account for the para-
doxical result mentioned above.

In conclusion, our study highlights that diet-induced obesity and
insulin resistance are associated with decreased thermogenesis and
BAT degeneration in SIRT1-deficient mice, which provide addi-
tional evidence to underline the essential role of SIRT1 in obesity-
associated metabolic disorders.O
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