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SirT1: A Guardian at the Gates of Adipose

Tissue Inflammation

Kae Won Cho' and Carey N. Lumeng'"

hronic, low-grade inflammation in adipose tissue
is a characteristic of obesity that is intrinsically
connected with fat expansion. The induction and
maintenance of adipose tissue inflammation lim-
its the ability of adipocytes to properly store nutrients and
is strongly associated with systemic and adipocyte insulin
resistance. The identification of inflammation as a link
between obesity and type 2 diabetes has led to an explo-
sion in research addressing how inflammatory cells (e.g.,
adipose tissue macrophages [ATMs] and T lymphocytes)
and proinflammatory signaling networks interact with nu-
trient excess. This research has identified critical pathways
that accelerate (e.g., nuclear factor-kB [NF-kB] and c-Jun
N-terminal kinase [JNK] [1]) as well as those that suppress
inflammation (e.g., the n-3 fatty acid receptor GPR120 [2]).
Modulation of these signals may hold the key to unlocking
future treatments for diabetes and metabolic syndrome.

The advances in the field of obesity-induced inflammation
have shed new light on the dual ability of components of the
innate immune system to control inflammation and nutrient
metabolism (e.g., Toll-like receptors and the inflammasome).
In line with this, Gillum et al. (3) present evidence that
sirtuin 1 (SirT1) can function as a suppressor of adipose
tissue inflammation. Their data lend further support to
the concept that SirT1 sits at the nexus between energy
homeostasis and inflammation.

The sirtuins are a family of deacetylases that regulate
nutrient use via their ability to modify gene expression and
target histones, metabolic transcription factors, and cor-
egulators (e.g., peroxisome proliferator—activated receptor
v [PPARY] [4]). Their ability to promote longevity overlaps
with their importance in maintaining glucose homeostasis
and insulin sensitivity. Activators of SirT1 improve insulin
sensitivity in liver, muscle, and adipose tissue (5). In ad-
dition, SirT1 can repress inflammatory gene expression in
both macrophages and adipocytes via suppression of JNK
and NF-«B signaling (6,7). The dominant role of macro-
phage SirT1 in metabolism is inferred from the observation
that the macrophage-specific deletion of SirT1 increased
obesity-induced inflammation in the liver and fat with con-
comitant worsening of insulin resistance (8).

Gillum et al. set out to clarify the differential effects of
SirT1 in macrophages and adipocytes in vivo by attenuating
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SirT1 expression with antisense oligonucleotides (ASOs).
SirT1 expression in fat from lean mice and rats was de-
creased to levels that mimic the suppression seen with
high-fat diet-induced obesity. Although some ASOs led to
anorexia and weight loss, an increase in inflammatory
cytokine expression was seen in fat and plasma with de-
creased SirT1. In adipose tissue, SirT1 knockdown triggered
an increase in ATMs, which were biased toward an M1
classical macrophage activation gene expression profile
with elevated expression of Itgax (CD11lc) and Tnfa. Con-
versely, overexpression of SirT1 in transgenic animals led to
a protection from obesity-induced inflammation. Impor-
tantly, human samples demonstrate an inverse correlation
between SirT1 expression in fat and BMI and ATM content.

The findings by Gillum et al. strengthen the concept that
the balance between proinflammatory and anti-inflammatory
signals is important to adipose tissue function. Addition-
ally, this study is unique in its application of ASO techni-
ques to modify SirT1 activity, permitting the examination
of several rodent models. However, although the adipose
tissue inflammation induced by SirT1 attenuation is
clear, it is unclear if such changes disrupt glucose or fatty
acid metabolism in the ASO-treated lean mice beyond the
anorexia observed.

These studies support a model in which SirT1 functions
as a gatekeeper for the vicious cycle of inflammatory
communication between adipocytes and ATMs (Fig. 1). An
interesting aspect of the study is that the authors showed
that macrophage-deficient mice had a similar induction
of inflammation with treatment of the ASO. This implies
that the ability of SirT1 to suppress inflammation in non-
macrophage cells in fat may be as or more important than
its influence on ATM phenotypes. Although this likely
involves blockade of SirT1 activity in adipocytes, this study
does not exclude the possibility that SirT1 manipulation
alters the function of adipose tissue T cells. CD4* and CD8*
T cells in fat communicate with both ATMs and adipocytes
and are significant contributors to the inflammatory re-
sponse to obesity (9,10). There is ample evidence that SirT1
regulates lymphocyte function. Global Sirtl deficiency re-
sults in an autoimmune phenotype caused by increased
T-cell activation and a breakdown of self-tolerance (11). In
contrast, targeted deletion of SirT1 in regulatory T cells
promotes their ability to suppress immune responses (12).

The mechanisms that drive the increase in ATMs with
SirT1 knockdown in the lean mice are unresolved in this
study. The complement factor 3 was identified as a poten-
tial contributor. Besides chemokines, physiological stimuli
such as lipolysis and fasting are sufficient to trigger mac-
rophage recruitment to fat (13), and it is possible that
metabolic cues lead to the increase in ATMs. Because
SirT1 knockdown in adipocytes decreases lipolysis (4),
mechanisms related to decreased insulin signaling and
activation of JNK in SirT1-deficient adipocytes may modify
ATM phenotypes (6). Another possible mechanism is that
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FIG. 1. The vicious cycle of adipose tissue inflammation. During obesity, nutrient excess and microenvironmental alterations lead to free fatty
acids and cytokine release that recruits and activates inflammatory macrophages. ATM activation leads to local proinflammatory cytokine pro-
duction triggered by innate immune sensors (e.g., JNK and the inflammasome). Cytokines talk back to adipocytes and contribute to further ad-
ipocyte dysfunction that amplifies inflammatory signals through a feed-forward loop. SirT1 suppresses the proinflammatory gene expression by
deacetylating histones in adipocytes and macrophages and disrupting adipocyte-macrophage communication. T cells in fat can influence both ATMs
and adipocytes and may be another target for SirT1 action. C3, complement factor 3; Tregs, regulatory T cells.

the knockdown of SirT1 expression triggered macrophage
proliferation in fat, a newly appreciated mechanism in cer-
tain types of inflammation (14).

There are seven members of the mammalian sirtuin
family of proteins (SirT1-7), and SirT1 is not the only one
implicated in the regulation of inflammation. Both SirT2
and SirT3 are capable of inhibiting NF-kB-mediated in-
flammation via their deacetylase activity (15,16). Relevant
to obesity, SirT3 has been shown to inhibit the inflammatory
signals induced by free fatty acids that lead to chemokine
production (16). In addition, caloric restriction can induce
the expression of both SirT1 and SirT2 in peripheral mon-
ocytes, the circulating macrophage precursor (17). Overall,
there may be broad and overlapping function of the sirtuins
as negative regulators of adipose tissue inflammation that
have yet to be revealed.

These findings further support the therapeutic potential
of SirT1 activators for the obesity-induced metabolic dis-
eases. In several rodent models of type 2 diabetes, SirT1
activators (e.g., resveratrol) and moderate SirT1 over-
expression can ameliorate insulin resistance (18,19). The
observation that SirT1 is decreased concomitantly with
obesity raises questions regarding the approach to take
with pharmacologic activation of SirT1. The induction of
obesity-induced inflammatory changes in fat can be seen
with mild obesity, therefore early treatment strategies may
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be of most benefit to block inflammation. Since obesity-
associated inflammation can be seen in children as young
as 3 years old (20), the therapeutic opportunity and chal-
lenge may lie in ways to promote SirT1 function in early
disease states such as prediabetes. Overall, these findings
shed light on another regulator of the “tone” of adipose
tissue inflammation that opens the door to new treatment
possibilities.

ACKNOWLEDGMENTS

K.W.C. and C.N.L. are supported by National Institutes of
Health grants DK078851 and DK090262.

No potential conflicts of interest relevant to this article
were reported.

REFERENCES

1. Solinas G, Karin M. JNK1 and IKKbeta: molecular links between obesity
and metabolic dysfunction. FASEB J 2010;24:2596-2611

2. Oh DY, Talukdar S, Bae EJ, et al. GPR120 is an omega-3 fatty acid receptor
mediating potent anti-inflammatory and insulin-sensitizing effects. Cell
2010;142:687-698

3. Gillum MP, Kotas ME, Erion DM, et al. SirT1 regulates adipose tissue in-
flammation. Diabetes 2011;60:3235-3245

4. Picard F, Kurtev M, Chung N, et al. Sirt1 promotes fat mobilization in white
adipocytes by repressing PPAR-gamma. Nature 2004;429:771-776

DIABETES, VOL. 60, DECEMBER 2011 3101



REGULATORY ROLE OF SirT1 IN FAT INFLAMMATION

10.

11.

12.

3102

. Milne JC, Lambert PD, Schenk S, et al. Small molecule activators of SIRT1

as therapeutics for the treatment of type 2 diabetes. Nature 2007;450:712-716

. Yoshizaki T, Milne JC, Imamura T, et al. SIRT1 exerts anti-inflammatory

effects and improves insulin sensitivity in adipocytes. Mol Cell Biol 2009;
29:1363-1374

. Yoshizaki T, Schenk S, Imamura T, et al. SIRT1 inhibits inflammatory

pathways in macrophages and modulates insulin sensitivity. Am J Physiol
Endocrinol Metab 2010;298:E419-E428

. Schug TT, Xu Q, Gao H, et al. Myeloid deletion of SIRT1 induces in-

flammatory signaling in response to environmental stress. Mol Cell Biol
2010;30:4712-4721

. Winer S, Chan Y, Paltser G, et al. Normalization of obesity-associated

insulin resistance through immunotherapy. Nat Med 2009;15:921-929
Nishimura S, Manabe I, Nagasaki M, et al. CD8+ effector T cells contribute
to macrophage recruitment and adipose tissue inflammation in obesity.
Nat Med 2009;15:914-920

Zhang J, Lee SM, Shannon S, et al. The type III histone deacetylase Sirtl is
essential for maintenance of T cell tolerance in mice. J Clin Invest 2009;
119:3048-3058

Beier UH, Wang L, Bhatti TR, et al. Sirtuin-1 targeting promotes Foxp3+
T-regulatory cell function and prolongs allograft survival. Mol Cell Biol
2011;31:1022-1029

DIABETES, VOL. 60, DECEMBER 2011

13.

14.

15.

16.

17.

18.

19.

20.

Kosteli A, Sugaru E, Haemmerle G, et al. Weight loss and lipolysis promote
a dynamic immune response in murine adipose tissue. J Clin Invest 2010;
120:3466-3479

Jenkins SJ, Ruckerl D, Cook PC, et al. Local macrophage proliferation,
rather than recruitment from the blood, is a signature of TH2 inflammation.
Science 2011;332:1284-1288

Koyama T, Kume S, Koya D, et al. SIRT3 attenuates palmitate-induced ROS
production and inflammation in proximal tubular cells. Free Radic Biol
Med 2011;51:1258-1267

Rothgiesser KM, Erener S, Waibel S, Liischer B, Hottiger MO. SIRT2 reg-
ulates NF-kB dependent gene expression through deacetylation of p65
Lys310. J Cell Sci 2010;123:4251-4258

Crujeiras AB, Parra D, Goyenechea E, Martinez JA. Sirtuin gene expres-
sion in human mononuclear cells is modulated by caloric restriction. Eur
J Clin Invest 2008;38:672-678

Banks AS, Kon N, Knight C, et al. SirT1 gain of function increases energy
efficiency and prevents diabetes in mice. Cell Metab 2008;8:333-341

Baur JA, Pearson KJ, Price NL, et al. Resveratrol improves health and
survival of mice on a high-calorie diet. Nature 2006;444:337-342

Skinner AC, Steiner MJ, Henderson FW, Perrin EM. Multiple markers
of inflammation and weight status: cross-sectional analyses throughout
childhood. Pediatrics 2010;125:e801-e809

diabetes.diabetesjournals.org



