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Abstract
A novel mechanism has been defined for controlling PPARγn activity in response to
thiazolidinedione ligands, in which deacetylation of PPARγ by SirT1 remodels the transcriptional
complex. This change favors expression of genes associated with increased energy utilization and
insulin sensitization in white adipose tissue, and is required for a portion of the beneficial effects
of thiazolidinediones. More broadly, PPARγ acetylation and other recently identified regulatory
modifications are clarifying the mechanisms by which thiazolidinediones exert their antidiabetic
effects in fat cells and other tissues.

PPARγ is a ligand activated transcription factor first studied for its importance in
adipogenesis. Since then, it has become recognized that PPARγ also mediates diverse
effects in non-adipose tissues including liver, skeletal muscle, brain, bone, and blood
vessels. PPARγ is thought to be a fatty acid and lipid sensor, which when activated can
stimulate expression of genes that promote insulin action, fatty acid storage and glucose
metabolism. Other beneficial effects of PPARγ activity may be garnered by inhibition of
pro-inflammatory and pro-oxidant gene expression. The therapeutic importance of PPARγ
in providing glycemic control is underscored by the actions of the thiazolidinedione (TZD)
class of drugs which can markedly improve insulin sensitivity in patients with type 2
diabetes. The beneficial actions of TZDs are thought to be centered on their ability to act as
high affinity ligands for PPARγ, where they act in place of endogenous PPARγ ligands to
functionally convert PPARγ from a transcriptional repressor to a transcriptional activator.
This transition occurs by the disassociation of a corepressor, NCoR, from the PPARγ
complex and its replacement by an activator complex. Since the discovery that TZD drugs
have potent antidiabetic activity, the mechanism through which they exert their beneficial
effects has held significant clinical importance.

In addition to the classic model of ligand-mediated activation, PPARγ has been recently
shown to be regulated by a series of post-translational modifications, many of which can be
effected by TZDs. One such modification is sumoylation, which has been reported to
stabilize the association of PPARγ with the corepressor complex and inhibit PPARγ
transcriptional activity.1 In white adipose tissue (WAT), TZDs promote PPARγ
transcriptional activity in part by promoting expression of fibroblast growth factor 21
(FGF21), a PPARγ target gene, which acts in a feed-forward mechanism to inhibit PPARγ
sumoylation.2 Rather than simply promoting general activating or repressing activities of
PPARγ, other modifications have since been identified which regulate subsets of PPARγ
target genes. This is exemplified by the effects of cyclin-dependent kinase 5 (CDK5)-
mediated phosphorylation at serine 273 (S273) of PPARγ, which results in decreased
expression of a small set of PPARγ targets including adiponectin3, an insulin sensitizing
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adipokine. Importantly, S273 phosphorylation is promoted by factors associated with
obesity and high fat diet (free fatty acids and inflammatory cytokines) and inhibited by the
binding of TZDs and other novel non-agonist PPARγ ligands.3, 4 Such activities could at
least partly account for the antidiabetic effects of TZDs. Now, in the August 3, 2012 issue of
Cell, work by Qiang et al. has defined a distinct mechanism for PPARγ regulation (see
Figure), whereby its acetylation differentially affects the expression of genes that control
energy expenditure in adipocytes and controls the “browning” of subcutaneous inguinal
WAT.5

Adipose tissue includes two functionally distinct subtypes. White adipocytes provide a
repository for energy storage, whereas brown adipocytes are characterized by high
mitochondrial density and uncoupling protein activity which makes these cells effective at
dissipating energy as heat. While white and brown adipocytes are functionally distinct, some
white adipocytes in certain depots can be induced to take on a brown-like phenotype (i.e.
browning). Notably, UCP1 expression is much higher in inguinal WAT than in visceral
WAT making the inguinal WAT depot more susceptible to taking on a brown-like
phenotype.6 Brown-like white adipocytes exhibit increased expression of genes
characteristic of brown adipose tissue (BAT) with coincidently decreased expression of
genes characteristic of WAT. Mechanistic hints on how this may occur are suggested by the
recent identification of white adipocytes (so called beige adipocytes) that respond to cyclic
AMP stimulation by increasing UCP1 expression and respiration rates while exhibiting a
gene expression profile distinct from both white and brown adipocytes.7 This change in
WAT promotes energy expenditure, a process that could potentially be beneficial in diet-
induced obesity. Moreover, decreased expression of some WAT genes during browning
includes genes associated with insulin resistance. The ability of TZDs to promote browning
of WAT and decrease expression of genes associated with insulin resistance suggests that
this effect may contribute to the antidiabetic activity of these drugs.8, 9

Insulin sensitizing effects consistent with the browning of white adipocytes have also been
linked with increases in the deacetylating activity SirT1, an Nad+-dependent
deacetylase.10, 11 Factors that induce SirT1 activity include calorie restriction and exercise,
suggesting that SirT1 might serve as an energy state sensor and may promote insulin
sensitizing effects.12 Recognizing that TZDs and activators of SirT1 have similar effects on
insulin sensitization and browning of white adipocytes, the current study hypothesized that
SirT1 might be mediating these effects by regulating PPARγ activity. Consistent with this
hypothesis, they found that SirT1 associates with PPARγ and deacetylates two specific
lysines, K268 and K293. Importantly, the SirT1:PPARγ association was ligand dependent
as SirT1 failed to interact with a non-ligand binding mutant of PPARγ (P467L), and P467L
mutant PPARγ was hyperacetylated when expressed in adipocytes. These data suggest that
SirT1 acts as a ligand-dependent PPARγ deacetylase. This model was further supported
through demonstration of reduced PPARγ acetylation in vivo using three genetically distinct
models: a) mice overexpressing SirT1, b) mice lacking expression of a negative regulator of
SirT1 (Dbc1), and c) wild type mice treated with a SirT1 activator (resveratrol). Notably,
PPARγ acetylation was increased and association with SirT1 was decreased in the inguinal
WAT of mice fed a high fat diet, whereas, the acetylation of PPARγ was reduced in high fat
diet fed mice that were treated with a TZD (rosiglitazone) or in response to increased SirT1
expression and activity. Importantly, PPARγ acetylation was reduced in pieces of human
subcutaneous adipose tissue that were incubated with resveratrol. Therefore, SirT1-mediated
PPARγ deacetylation could represent a regulatory modification promoting insulin
sensitization in response to intrinsic (endogenous ligands) or extrinsic factors (such as
TZDs). It is notable that human subjects bearing the P467L mutation in PPARγ exhibit
early onset type II diabetes, insulin resistance and hypertension13 and mice carrying the
equivalent mutation are susceptible to both insulin resistance and hypertension.14, 15
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Whether this is due to hyperacetylation of the mutant (or wildtype) PPARγ remains to be
determined.

The physiological significance of PPARγ deacetylation was investigated with regard to the
browning effects on white adipocytes mediated by TZDs and SirT1 activity. Factors that
increased SirT1 activity and the deacetylation of PPARγ led to an increase in expression of
genes typical of BAT and a concomitant decrease in expression of genes characteristic of
WAT, whereas the converse was true of factors that reduced SirT1 activity. Importantly,
BAT development and function was not grossly altered in Sirt1−/− mice, suggesting that it
does not play a unique role in this tissue. Rather, SirT1-dependent deacetylation of PPARγ
correlated with a more brown-like phenotype of subcutaneous WAT induced by cold-
exposure in mice lacking Dbc1 or in mice over-expressing SirT1, essentially replicating the
browning effect that TZDs had previously been shown to induce in WAT.

That these SirT1-dependent effects were mediated through modification of PPARγ was
strikingly demonstrated using PPARγ mutants that could not be acetylated (2KR) or which
mimicked constitutive acetylation (KQ). Like the effects of reduced SirT1 activity, the
constitutive acetylation mutant suppressed expression of BAT genes, markedly blunted the
induction of BAT genes by rosiglitazone, and enhanced expression of WAT genes.
Conversely, the non-acetylated mutant caused enhanced expression of BAT-like genes with
greater potency than did wild type PPARγ. Thus, acetylated PPARγ enforces a white
adipocyte (energy storage) phenotype, whereas PPARγ in its deacetylated state promotes a
browning (energy utilization) effect on subcutaneous white adipocytes.

How does deacetylation of PPARγ affect its transcriptional activity? Ultimately, two
changes in PPARγ complex formation provide likely explanations. First, mutation of either
K268 or K293 disrupted association between PPARγ and its co-repressor, NCoR,
suggesting that deacetylation may contribute to a switch in PPARγ activity from
transcriptional repression toward transcriptional activation. Second, factors that reduced
PPARγ acetylation (including TZD treatment) increased PPARγ association with Prdm16, a
coactivator that was previously shown to promote browning in WAT.16 Indeed, the non-
acetylated PPARγ mutant associated with Prdm16 in the absence of the deacetylating
factors normally needed to promote Prdm16 association with wild type PPARγ. The authors
propose that deacetylation of PPARγ by SirT1 leads to the selective association of PPARγ
with PRDM16, thus promoting a brown-like profile of gene expression. Although the data
are consistent with this hypothesis, the authors did not directly test whether the brown-like
phenotype resulting from PPARγ deacetylation was PRDM16-dependent.

Another relevant question is how PPARγ acetylation relates to other mechanisms regulating
its function. A potential relationship between acetylation and S273 phosphorylation is
suggested by molecular modeling which places K268 and K298 proximal to the cleft
containing the CDK5 phosphorylation site at S273. Indeed, Qiang et al found that a K293Q
mutation enhanced S273 phosphorylation of PPARγ, suggesting that acetylation at this site
may favor increased phosphorylation at S273, thus reinforcing impaired PPARγ activity.
Despite this correlation and the observation that deacetylation and lack of S273
phosphorylation are both promoted by TZDs, it is presently unclear if there may be settings
were these sites are differently affected by their cognate regulators (SirT1 and CDK5,
respectively). However, some similarity in the outcome of these activities is suggested by
the observation that both the non-acetylated PPARγ mutant and the non-phosphorylated
S273A PPARγ mutant each promote increased adiponectin expression compared to wild
type PPARγ. By contrast, expression of several brown adipocyte genes enhanced by the
non-acetylated PPARγ mutant were not affected by the S273A mutation of PPARγ,
suggesting that at least in white adipocytes post-translational modification of these sites may
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have differential effects on PPARγ-mediated gene expression. Further studies will be
necessary to fully understand the range of post-translational modifications that control
insulin-sensitivity by PPARγ.

Since SirT1-mediated deacetylation of PPARγ is dependent on ligand binding, it is
reasonable to hypothesize that at least some effects of endogenous or exogenous (TZD)
ligands may derive from their ability to promote PPARγ deacetylation. But many questions
remain. Will the same effects on PPARγ acetylation be preserved with a new class of
PPARγ ligands such as SR1664 which retain many beneficial effects of TZDs?4 It will also
be important to determine if post-translational modifications of PPARγ regulate its activity
outside of adipose tissue. For example, TZDs exert beneficial effects, including improved
vascular function and lower arterial pressure, which appear to be at least partially
independent of improved glycemic control. In this regard, high fat diet-induced vascular
dysfunction and hypertension results from expression of PPARγ mutants like P467L
specifically in vascular endothelium or vascular smooth muscle.17–20 It will now be
important to determine if P467L PPARγ is hyperacetylated in vascular tissue as it is in
adipocytes, and whether the status of this and other post-translational modifications affect
PPARγ-dependent phenotypes in non-adipocytes.

Finally, TZDs are now recognized to produce rare but significant adverse effects, including
heart failure, bone fracture, and to a lesser degree, heart attack or bladder cancer.
Importantly, these unwanted effects are largely responsible for the decline in the rate of new
TZD prescriptions. This further establishes the need to define the spectrum of regulatory
activities, including post-translational modifications such as sumoylation, phosphorylation,
and acetylation that are affected by TZDs and the next generation of PPARγ ligands in the
hope that those governing their beneficial effects may be discretely targeted. Although there
is still much to be learned, these novel modes of PPARγ regulation clearly represent fertile
ground to explore in the effort to identify new antidiabetic drugs with improved safety
profiles.
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Figure.
Post-translational modified of PPARγ by acetylation impairs its transcriptional activity. In
the current report, acetylation promotes energy storage through maintenance of the white
adipocyte phenotype and gene expression program, and in response to high fat diets may
promote insulin resistance. TZDs increase the association of PPARγ with SirT1 thus
promoting deacetylation of PPARγ. Deacetylation of PPARγ by SirT1 or mutation of the
acetylated lysines in PPARγ promotes disassociation of the co-repressor NCoR and
association with PRDM16. This promotes browning of subcutaneous white adipocytes by
stimulating them to adopt a brown adipose tissue gene expression profile, resulting in
increased energy expenditure in WAT and insulin sensitivity. However, increased PPARγ
activity promoted by TZDs also causes unwanted side effects. It remains unclear if
endogenous ligands or new non-agonist PPARγ ligands can prevent PPARγ acetylation, or
if deacetylation of PPARγ contributes to side effects caused by TZDs.

Quelle and Sigmund Page 7

Circ Res. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


