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Targeting PPARγ provides hope 
for insulin sensitivity
Elevated insulin levels in the face of hyper-
glycemia, the sine qua non of insulin 
resistance and type 2 diabetes, have been 
recognized since Berson and Yalow first 
measured insulin in plasma of patients 
with maturity-onset diabetes (1). Hence, 
we have known for almost four decades 
that insulin therapy does not get at the 
root of the problem, yet the treatment of 
type 2 diabetes continues to rely largely on 
increasing insulin levels, for example, by 
stimulation of endogenous secretion with 
incretin therapy or by pharmacological 
dosing of insulin itself. Thus, the develop-
ment of thiazolidinediones (TZDs), drugs 
that improve insulin sensitivity, was her-
alded as a breakthrough in the early 1990s 
(2). Twenty-five years later, TZDs are much 
less widely prescribed than in their heyday 
due to bona fide as well as perceived toxici-
ties (3). In this issue of the JCI, Kraakman 
et al. provide hope that PPARγ, the main 
biological target of TZDs, can be targeted 
to sensitize patients to insulin while ame-
liorating toxicity of this class of drugs (4).

PPARγ is a member of the nuclear 
receptor superfamily of ligand-responsive 
transcription factors (5). The recognition 
that PPARγ is selectively expressed in fat 
cells (6, 7) and that TZDs stimulate adi-

pocyte differentiation (8) converged in 
the discovery that TZDs function as high-
affinity PPARγ ligands (9), establishing 
a link between PPARγ and insulin sensi-
tivity. Genetic linkage of PPARγ to type 
2 diabetes comes both from rare variants 
with powerful effects inherited in Men-
delian fashion (10) and from a common 
single nucleotide polymorphism with 
small and variable effects (11). By the late 
1990s, there was great optimism for con-
quering type 2 diabetes with TZD medi-
cations that bind to PPARγ, whose func-
tion as a nuclear receptor was reassuring, 
since many safe and effective drugs have 
related targets, including fibrates that act 
on PPARα (12).

Tarnished reputation of PPARγ
Unfortunately, a variety of factors drove 
PPAR from a promising therapeutic target 
of TZDs to one with a tarnished reputa-
tion. Some of the supposed side effects of 
TZDs were either overblown or idiosyn-
cratic, most notably a putative increase 
in cardiovascular mortality attributed to 
the TZD drug rosiglitazone that has been 
dismissed by the FDA in recent years (13). 
Moreover, two large trials published 11 
years apart demonstrate that pioglitazone 
significantly reduces cardiovascular mor-
tality (14, 15). However, reproducible side 

effects. such as edema and bone loss, are 
more problematic, and prescriptions for 
TZDs have plummeted in recent years (16).

The fact remains that no other class 
of drugs improves insulin sensitivity as 
TZDs do. Can these benefits be salvaged? 
The salutary effects of TZDs have a strong 
genetic influence that is in part related 
to single nucleotide polymorphisms that 
affect PPARγ binding to the genome 
(17). Indeed, not all patients have meta-
bolic improvement with TZDs, and only 
a minority of patients suffer from side 
effects, such as edema (3). Thus, a better 
understanding of the pharmacogenetics 
of TZD risks and benefits may allow a per-
sonalized approach to therapy.

Other nuclear receptors  
offer clues
Perhaps lessons can be learned from oth-
er prescription drugs that target nuclear 
receptors. In some cases, these medica-
tions are used to treat hormone deficien-
cies, such as hypothyroidism. Endocrinol-
ogists know that thyroid hormone must be 
carefully replaced, aiming for the normal 
physiological range, because the principle 
of “too much of a good thing” leads to 
hyperthyroid symptoms, including untow-
ard effects on heart, bone, and volume sta-
tus. Although the physiological ligand for 
PPARγ remains a mystery, perhaps apply-
ing this principle to TZD therapy would 
improve the therapeutic index of TZDs.

Another successful approach to tar-
geting other nuclear receptors has been 
to develop pharmaceuticals that bind in 
unique ways, leading to context-depen-
dent biological effects. This class includes 
selective estrogen receptor modulators 
(SERMs) that bind to different conforma-
tions of estrogen receptor (ER) and there-
by recruit coregulatory molecules that 
mediate tissue-specific regulation of gene 
expression (18). For example, tamoxifen 
acts as an ER antagonist in breast cancer, 
where it has beneficial antitumor activ-
ity, but functions as an ER agonist in bone 
where a full antagonist would lead to bone 
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was weight matched with a control group 
and found that the mutant mice responded 
as well or better to TZD.

Concluding remarks
The ability of PPARγ acetylation to shift the 
balance between the beneficial and adverse 
effects of TZDs raises new hope for target-
ing PPARγ in the clinic (Figure 1). Sirtuin 
activators are being developed for clinical 
use (28) and could in principle be combined 
with TZDs or with non-TZD PPARγ ligands 
that have an improved safety profile on their 
own. Moreover, the mechanism by which 
PPARγ becomes acetylated remains to be 
explored. If this is enzymatic, then it could 
be possible to develop selective acetylation 
inhibitors that improve the therapeutic index 
of PPARγ ligands. It is exciting to imagine 
harnessing the insulin-sensitizing power of 
PPARγ ligands without the accursed side 
effects that currently limit their clinical use.
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Prevention of PPARγ acetylation 
mitigates TZD side effects
The focus of the paper by Kraakman et al. is 
on the regulation of PPARγ activity by acety-
lation (4). This group previously reported 
that PPARγ is acetylated on lysine residues 
268 and 293 (K268/K293) and that sirtuin-
mediated deacetylation of these sites was 
associated with selective induction of brown 
adipocyte genes and repression of visceral 
white adipose genes, leading to insulin sensi-
tization (27). In the present work, the authors 
utilize the power of mouse genetics to gen-
erate an elegant knockin mouse model in 
which PPARγ residues K268 and K293 have 
been mutated to arginine, a related amino 
acid that is not subject to the reversible path-
ways that modulate lysine acetylation. These 
2KR mice were found to respond to rosigli-
tazone with the same beneficial metabolic 
effects seen in wild-type mice, including 
improvement of glucose tolerance, insulin 
resistance, and hepatic steatosis. Important-
ly, however, the 2KR mice were protected 
from clinically problematic side effects asso-
ciated with TZD treatment, including bone 
loss and fluid retention. One caveat of the 
study is that, in the absence of TZD treat-
ment, the 2KR mice exhibited browning of 
their white adipose tissue and resistance to 
diet-induced obesity compared with con-
trol mice, which made the study of TZD 
treatment difficult to control for potential 
confounding effects of differences in body 
weight. The authors did their best to control 
for this by studying a cohort of 2KR mice that 

loss (19). The success with SERMs has 
spurred attempts to develop analogous 
selective PPAR modulators (SPPARMs), 
which may or may not be chemically relat-
ed to TZDs and function, depending on 
gene and cell type, as full agonists, partial 
agonists, or antagonists (20).

The improved therapeutic index of 
some SPPARMs may derive from sub-
maximal agonism that results directly 
from relatively weak binding affinity for 
PPARγ (21). However, other SPPARMs 
with high affinity for PPARγ must work 
by other mechanisms. New light has been 
shed on this by recent advances in under-
standing posttranslational modifications 
(PTMs) of PPARγ. The first well-studied 
PPARγ PTM was its serine phosphoryla-
tion on residue 112 of fat-specific isoform 
PPARγ2 (S84 in the PPARγ1 isoform), 
which reduced PPARγ activity (22, 23). 
In addition, the binding of TZDs as well 
as non-TZD ligands has been shown to 
reduce phosphorylation of PPARγ on 
S273 (24). New chemical entities target-
ing this phosphorylation event activate a 
subset of genes associated with toxicity, 
while retaining insulin sensitization, and 
thus could be promising clinical candi-
dates (25). Another therapeutic strategy 
would be to selectively target the activity 
of kinases modulating PPARγ phosphory-
lation. PPARγ activity is also regulated 
by other PTMs, including sumoylation 
and ubiquitinylation, which have been 
reviewed elsewhere (26).

Figure 1. Shifting the balance of benefits and 
risks of TZD therapy. Kraakman et al. (4) show 
that mice with the PPARγ-2KR mutation that 
prevents acetylation maintain the benefit of 
TZD therapy with fewer risks. If this work trans-
lates to humans, it may lead to the resurgence 
of TZD therapy via drugs that deacetylate 
PPARγ. It also may be possible to develop 
SPPARMs that achieve this goal by stabilizing 
the conformation of deacetylated PPARγ.
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