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Abstract: The number of patients with type 2 diabetes mellitus (T2DM), which is mainly characterized
by insulin resistance and insulin secretion deficiency, has been soaring in recent years. Accompa-
nied by many other metabolic syndromes, such as cardiovascular diseases, T2DM represents a big
challenge to public health and economic development. Peroxisome proliferator-activated recep-
tor v (PPARYy), a ligand-activated nuclear receptor that is critical in regulating glucose and lipid
metabolism, has been developed as a powerful drug target for T2DM, such as thiazolidinediones
(TZDs). Despite thiazolidinediones (TZDs), a class of PPARYy agonists, having been proven to be
potent insulin sensitizers, their use is restricted in the treatment of diabetes for their adverse effects.
Post-translational modifications (PTMs) have shed light on the selective activation of PPARy, which
shows great potential to circumvent TZDs’ side effects while maintaining insulin sensitization. In
this review, we will focus on the potential effects of PTMs of PPARYy on treating T2DM in terms of
phosphorylation, acetylation, ubiquitination, SUMOylation, O-GlcNAcylation, and S-nitrosylation.
A better understanding of PTMs of PPARy will help to design a new generation of safer compounds
targeting PPARY to treat type 2 diabetes.
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1. Introduction

By 2021, there were over 537 million people with diabetes in the world, and in China,
the number had exceeded 140 million [1,2]. Diabetes (diabetes mellitus) is a metabolic
disorder caused by defective insulin secretion or insulin resistance, or both, resulting in
chronic hyperglycemia (elevated plasma glucose levels) with glucose, lipid, and protein
metabolic dysfunctions [3]. Type 2 diabetes mellitus (T2DM) accounts for over 90% of cases
of diabetes and is caused by compensatory secretion deficiency or insulin resistance, usually
accompanied by microvascular (retinopathy, nephropathy, neuropathy) and macrovascular
(stroke, myocardial infarction, amputation) complications [4]. Diabetes causes tremendous
psychological and physical suffering to patients and places a huge burden on the health
care system. The tremendous economic cost of diabetes is conservatively projected to make
up 2.2% of the global GDP by 2030 [5].

Treatment of T2DM requires alleviation of insulin resistance and correction of dyslipi-
demia while preserving pancreatic (3-cell function [4]. Peroxisome proliferator-activated
receptor v (PPARY) is a ligand-activated nuclear receptor, the activation of which can
heighten the sensitivity of peripheral tissues to insulin and therefore increase glucose
uptake and utilization in muscle, promote adipocyte remodeling, fatty acid decomposition,
and synthesis in adipose tissue while inhibiting gluconeogenesis in liver [6,7]. Thiazolidine-
diones (TZDs), PPARy agonists, are crucial to modulating glucose and lipid metabolic
homeostasis [8,9] and mainly act by increasing insulin sensitivity [10]. Moreover, it has been
found in clinical studies that pioglitazone has potential therapeutic efficacy in reducing the
risk of cerebrovascular disease in T2DM patients [9]. However, the use of TZDs has been
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prohibited in several countries due to their detriments, such as heart failure, weight gain,
and edema [11]. Ergo, it has become an unprecedented challenge to develop a new drug
targeting PPARy that could maintain TZD’s insulin-sensitizing effects while alleviating its
adverse effects.

PPARy expression and transcriptional activity can be regulated by post-translational
modifications (PTMs) [12], including phosphorylation, SUMOylation, ubiquitination, Glc-
NAcylation, and acetylation [13]. These PTMs differently modulate PPARY activity in
adipogenesis and insulin sensitivity, through which there is potential to treat T2DM with
fewer side effects than TZDs [14]. In this review, we elaborate on the various PTMs of
PPARYy and further summarize the biological effects of different modifications on PPARy
from the perspectives of modification sites, amino acid sequences, and related research
progress. The exploration of whether different PTMs can partially activate PPARy to
sharpen insulin sensitivity with fewer side effects may provide novel insight into the drug
design for treating T2DM.

2. Domain Structure of PPARYy

The three different family members of PPARs (PPAR«x, PPARB /8, and PPARY) play
different roles in glucose and lipid metabolism. Besides its anti-inflammatory function,
PPAR« is also crucial in the transport of lipoprotein [7]. PPARf/$ could stimulate AMP-
activated protein kinase (AMPK) to improve glucose metabolism, fatty acid oxidation,
endoplasmic reticulum stress, and inflammation [15].

The human PPARYy gene is located at position 3p25 on chromosome 3, within the
1.5 trillion enzymes (Mb) of D351263, a suitable polymorphism marker for lipid metabolism-
related diseases [16]. In mice, the PPARYy gene is located at position E3-F1 on chromosome
6 [17]. Both human and mouse PPARy genes have more than 100 kb of genomic DNA
and generate two isoforms, PPARy1 and PPARy2. The PPARy1 gene is encoded by eight
exons, including two y1-specific exons for the untranslated region at the 5’-end, Al and A2,
as well as six other exons coding identical sequences for these two isoforms. PPARYy2 is
encoded by seven exons, with the first exon B encoding additional N-terminal amino acids
specifically for PPARy2 [18-22].

From the perspective of molecular structure, the activity of PPARYy is mediated by
different ligands, with respective effects on its structural conformation and dynamic prop-
erties. Compared with PPARy1, PPARY2 contains 30 more amino acids in the N-terminal
activation domain and is mainly expressed in adipose tissue, while PPARy1 is more widely
expressed [23,24]. Insulin can enhance the activity of the PPARy N-terminal domain and
promote its transcriptional activity [24]. The activation function 1 domain (AF1) of PPARy
is a highly flexible one that cooperates with regulatory proteins, which binds to Lys33,
Lys37, Lys107, Thr54, Thr78, Cys139, and Cys168 residues of PPARy (Figure 1) [25]. The
AF2 domain is an activating functional region located at the C terminus. DNA binding
domain (DBD) is a functional region of transcriptional activator proteins that can identify
and bind DNA. The LBD domain is the major region in which PPAR is modified, such as
Lys268, Ser273, Lys293, and Lys462.

N-terminal

Cys139/168 Thr54/78 Ser273 Lys462
LY Z l |
AF1 DBD LBD AF2 | c-terminal
I | |
Lys33/77/107 Lys268 Lys293

Figure 1. Structural characteristics and species conservation of PPARy. Schematic diagram of the
PPARYy protein structure includes the activation function 1 and 2 domains (AF1 and AF2), DNA
binding domain (DBD), and ligand-binding domain (LBD).
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3. PPARY Agonists and T2DM

PPARYy synthetic agonists include members of the thiazolidinedione (TZD) class,
such as the total agonists rosiglitazone and pioglitazone, which are widely applied in the
treatment of T2DM due to their capability to enhance the sensitivity of target tissues to
insulin and improve glucose metabolism. Among the clinical antidiabetic drugs, thiazo-
lidinediones (TZDs) do not cause hypoglycemia like insulin or insulin secretagogues (i.e.,
sulfonylureas) and can be used in combination with other antidiabetic drugs to significantly
ameliorate insulin sensitivity and provide long-lasting glycemic control [11]. TZDs boost
the adipogenesis of peripheral adipocytes, mitigate the activity of visceral adipocytes, and
thus reduces triglycerides in the liver and periphery, which can explain the increase in
subcutaneous fat after TZDs therapy instead of visceral fat. Furthermore, TZDs can pro-
mote adiponectin secretion and reduce plasma free fatty acids, elevate plasma high-density
lipoprotein cholesterol, and transform high-density small LDL particles into buoyant LDL
particles, which significantly alleviates insulin resistance and metabolic syndrome, denting
the demand for insulin [26]. TZDs also exhibit vasodilatory effect, lower systolic and
diastolic blood pressure, decrease the production of adhesion molecules, as well as inhibit
the proliferation of vascular smooth muscle cells and intimal tissue hyperplasia after coro-
nary artery stenting in T2D patients. PPARy knockout mice, without any form of adipose
tissue, had a complex metabolic phenotype, such as increased lean body mass and organ
dysfunction, and developed severe T2D afterward [27]. PPARy was also involved in the
self-renewal of adipocytes since mouse mature adipocytes could only survive for only a few
days after selective ablation of PPARy [28-30]. In addition, PPARY is essential to controlling
the network of genes involved in glucose homeostasis, including increased expression
of glucose transporter type 4 (GLUT4) and C-CBL-associated proteins (CAP) [31]. Fully
activated PPARy by TZDs such as rosiglitazone could also lead to some adverse effects
such as edema, weight gain, and heart failure [8,32].

4. Post-Translational Modifications (PTMs) of PPARY in Diabetes

PPARYy activity and its critical role in modulating adipocyte development can be
emphasized by several covalent modifications [33]. PTMs of PPARY can increase the
functional diversity of this protein, such as protein spatial conformational changes, protein—
protein interactions, or affinity regulation between receptors and ligands, and then affect
the transcription of PPARy downstream target genes [34]. Diverse PTMs of PPARy have
been studied, including phosphorylation, ubiquitination, SUMOylation, acetylation and
deacetylation, O-GlcNAcylation, and S-nitrosylation. Here, this review will focus on the
potential role of PTMs in regulating the activity of PPARy from the perspective of molecular
structure. Several modification sites are marked on the ligand-binding domain (LBD) of
PPARYy (6L8B) (Figure 2a). A table of the six modification sites of PPARy mentioned in this
review and their function in diabetes are listed at the end of this section(Table 1).
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Figure 2. Specific distribution of partial modification sites in the LBD region of PPARYy. (a) Modifica-
tion sites in the LBD region of PPARy. This structure is a ligand-free structure of human PPARy LBD.
(PDB DOI: 10.2210/pdb6L8B/pdb. NDB: 6L8B) (Accessed on 16 September 2020. www.rcsb.org).
(b) Schematic diagram of experimental procedures for the detection of Phosphorylated PPARy. The
modification sites for PPARy phosphorylation are shown in the circle: Ser273. In addition to the site
Ser273, the other site where phosphorylation of PPARY occurs is Thr78, which is located within AF1.
(c,d) Schematic diagram of experimental procedures for the detection of Deacetylated PPARy. The
modification sites for PPARy phosphorylation are shown in the circle: Lys268, Lys293. (e) Schematic
diagram of experimental procedures for the detection of Ubiquitinated PPARy. The modification
sites for PPARYy ubiquitination are shown in the circle: Lys462.
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Table 1. PPARy modification site and function in diabetes.

Modification Type

Enzyme Domain Function in Diabetes Refs.

Phosphorylation

Ser273, Ser112,

Jinsulin sensitivity, obesity
Tinsulin resistance and
proinflammatory genes in adipose
tissue

MAPK N-A/B [35-40]

Acetylation

Lys268, Lys293

Jinsulin sensitivity, energy expenditure,
differentiation of preadipocytes into

C-LBD adipocytes [41-45]
Tfat accumulation, bone loss, edema,
and congestive heart failure

p300, CBP,
HDACs

Ubiquitination

Lys107, Lys462 FBXO9 N-AF1, C-LBD

Jglucose tolerance, adipocyte insulin
sensitivity, stability of endogenous and
exogenous PPARy,

Tinsulin resistance, blood glucose and
triglyceride levels, glucose and fatty
acid uptake diabetic cardiomyopathy

[46-51]

SUMOylation

Lys107, Lys33,

Tinsulin resistance, lipogenesis, obese,
adipose tissue accumulation,
inflammation, vascular endothelial
dysfunction,

E1l,E2, E3 N-AF1, C-LBD [52-59]

O-GlcNAcylation

1TPPARY transcriptional activity,
adipocyte differentiation,
hyperglycemia-induced transcriptional
activation of multiple genes

OGT, OGA N-AF1 [60,61]

S-nitrosylation

Jadiponectin expression,
transcriptional activity, protein stability,

Cysl168, Cys139 GSNOR N-AF1 insulin sensitivity, adipogenic [62-64]

differentiation of BMSCs
Tadipocyte generation

4.1. Phosphorylation

PPARYy can be phosphorylated, and its transcriptional activity, which can be ligand-
dependent or independent, is impacted by kinases and phosphatases, such as AMP kinase
(AMPK), mitogen-activated protein kinases (ERK- and P38-MAPK) [65].

Phosphorylation can be achieved by mitogen-activated protein kinases (MAPK) [66],
including extracellular signal-regulated kinase, p38, and c-Jun amino-terminal kinase [67].
MAPK can inhibit adipogenesis by mediating PPARy phosphorylation [68]. Mediated by
the cyclin-dependent kinase 5 (CDKS5), phosphorylation of PPARYy can significantly reduce
insulin sensitivity and induce obesity [35]. At the active site of CDK5, Ser273 of PPARy
(Figure 2b) is regulated by the transient unfolding of 3-strand (1) on the surface near the
consensus region. Rosiglitazone and Pioglitazone, two representatives of TZDs, can effec-
tively protect PPARy from phosphorylation at Ser273, inhibiting the activity of Cdk5, which
leads to increased fatty acid oxidation and the expression of mitochondrial proteins [35,36].
It has been widely acknowledged that reversing the obesity-related phosphorylation of
PPARYy at Serine 273 (Ser273) improved insulin sensitivity [35,37]. Genetically modified
mice encoding an allele of PPARy cannot be phosphorylated at Ser273 and could protect
from insulin resistance probably by inhibiting Gdf3 [37]. Meanwhile, direct stabiliza-
tion of the hydrophobic region between H3 and 1-34 blocks the phosphorylation of
PPARy [69]. Inhibitory Ser112 phosphorylation of PPARY in white adipose tissue is medi-
ated by PDGFRp signaling, and the PDGFR antagonist imatinib can promote adipocyte
proliferation and glucose tolerance [38]. UNIST HYUNDAI Compound 1 (UHC1), a new
PPARy ligand non-agonist, blocked CDK5-mediated phosphorylation of PPARYy stronger
than rosiglitazone. It does not block CDK5-mediated phosphorylation of Rb but inhibits the
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TNF-o-mediated phosphorylation of PPARY in adipocytes, suggesting that PPARy could
be selectively directed and significantly improved insulin sensitivity in high-fat-fed mice
without causing significant side effects, which means it could be a potential therapeutic
agent for T2D and related metabolic diseases [39]. It is also worth noting that c-Src kinase
was shown to directly phosphorylate PPARy at Tyr78, and inhibition of it may aggravate in-
sulin resistance and proinflammatory genes in adipose tissue [70]. Hence, phosphorylation
of PPARYy at different sites regulates its activity in different pathways and needs further
investigation to decipher these regulatory mechanisms.

4.2. Acetylation

Acetylation of PPARY also regulates its own activity. Histone acetyltransferases
include p300, CREB-binding protein (CBP), and four classes of HDACs. The four classes
of HDACs are similar in DNA sequence and function [71], including: class I: HDAC1
to HDAC3, HDACS; class II: HDAC4 to HDAC7, HDACY9, HDAC10; class III: SIRT1
to SIRT7; and class IV: HDAC11. Acetylation can occur on histones and non-histones
and can significantly affect their function [72]. Histone H3 acetylation in the promoter
region of PPARy regulates expression during adipogenesis, enabling the differentiation of
preadipocytes into adipocytes, and the degree of fat accumulation is closely related to the
degree of acetylation [73]. Studies of primary white adipose tissue cells and preadipocyte
3T3-L1 cell lines from mice showed that rosiglitazone could reduce the acetylation of
PPARy [73].

In contrast to acetylation, deacetylase SirT1, which triggers ligand-dependent regu-
lation of PPARy deacetylation, may be a regulatory switch for the conversion of white
adipose tissue to brown adipose tissue [41]. Deacetylation of PPARy at K268 and K293
(Figure 2¢,d) can set off a series of reactions, ranging from recruiting brown adipose tis-
sue program coactivators, promoting white fat browning to increasing thermogenesis,
exhibiting increased energy expenditure, significantly suppressing obesity and improving
insulin sensitivity (same as TZDs), to reducing fat accumulation, bone loss, edema, and
congestive heart failure [42]. The study of mice with deacetylation-mimetic PPARy muta-
tions K268R/K293R proved that PPARY deacetylation can selectively regulate target genes,
inhibit lipid oxidation genes with an anti-atherosclerotic effect in the treatment of diabetes,
and the improvement of endothelial function [43]. Furthermore, PPARYy deacetylation
prevents mice from aging-related atherosclerosis with anti-inflammatory function [46].

Thus, PPARy deacetylation appears to be able to highlight its metabolic advantages
by promoting brown fat remodeling decoupling side effects, making it possible to design
safer and more efficient PPARy agonists to treat diabetes.

4.3. Ubiquitination

FBXO9, an E3 ligase, is an important enzyme for regulating PPARy through ubiquiti-
nation, which can affect PPARYy stability and activity [46]. Ubiquitination, controlled by
enzymes E1, E2, and E3, can sequentially activate, bind, and link ubiquitin to substrate
proteins (mainly lysine residues), causing covalent linkage of ubiquitin. It also controls eu-
karyotic activities by promoting protein ubiquitination and degradation [74]. Ubiquitin E3
ligase mediates the transfer of ubiquitin from the E2 ubiquitin-binding enzyme to specific
substrate proteins [75]. PPARY is an E3 ubiquitin ligase, and its ligand domain can bind
to multiple protein structures and induce the ubiquitination and degradation of selenin
S (SelS) and SelK to promote adipocyte differentiation. Data from preadipocyte 3T3-L1
overexpression and knockout SelS or SelK experiments suggest that PPARy-mediated ubig-
uitination and degradation of SelS and SelK are essential for adipocyte differentiation [76].
Ubiquitination degradation of NFkb/p65 by Lys48-linked polyubiquitin, which is delivered
by ligand-binding domains, inhibits the proinflammatory response [77]. The key role of
Lys462 (Figure 2e) in ubiquitination on PPARy has been demonstrated by site-directed mu-
tagenesis [47]. Adipocyte-specific knock-down of CUL4B-RING E3 ligase (CRL4B), which
promotes polyubiquitination and proteasomal degradation of PPARy, can ameliorate high
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fat-induced glucose intolerance and insulin resistance, as well as enhance adipocyte insulin
sensitivity [78].

Overexpression of ubiquitin ligase F-box only protein 9 (FBXO9) and MKRNT1 induces
ubiquitination of PPARY, significantly reduces endogenous PPARYy activity, and inhibits
adipogenesis [46,48]. Neural progenitor cells express developmentally downregulated
protein 4 (NEDD4), an E3 ubiquitin ligase that interacts with the hinge and ligand-binding
domains of PPARy. PPARYy expression is positively correlated with NEDD4 expression in
obese adipose tissue. Knockout of NEDD4 in preadipocyte 3T3-L1 can decrease PPARy pro-
tein levels [49]. Muscle-specific ubiquitin ligase muscle ring finger-2 (MuRF2), a ubiquitin
ligase that regulates cardiac PPARx and PPARY1 activity, aggravates high-fat diet-induced
diabetic cardiomyopathy in mice [50].

Therefore, de-ubiquitination regulates the stability and activity of endogenous and
exogenous PPARy [47,51], increases glucose and fatty acids intake, decreases blood glucose
and triglyceride levels, and reduces lipid accumulation and degeneration in the organs,
which seems to be a very effective target for antidiabetic drug development.

4.4. SUMOylation

The SUMOylating of a protein is a reversible process, a cascade catalyzed by a series
of enzymes, including the activating (E1), conjugating (E2), and ligating (E3) enzymes.
It can be reversed by a series of sumo-specific proteases (SENPs) [79]. In the E3 ligase,
PIAS1 plays the most critical role [52]. The PIAS family includes PIAS1, PIAS3, PIASx«,
and PIASx[3, among which PIAS1 is a rate-limiting enzyme [53]. Similar to ubiquitination,
SUMOylation enhances protein—protein interactions by conjugation of peptide bonds to
lysine residues in target proteins in three sequential steps, including changes in cellular
localization, protein activity, or protein stability. Post-translational SUMOylation and
de-SUMOylation modifications are relatively mild compared to the complexity of the
ubiquitination/de-ubiquitination machinery [80]. Studies suggest that SUMOylation of
PPARYy occurs only within the N-terminal activating function 1 (AF1) domain (mainly at
lysine 33 and lysine 77) and inhibits both basal and ligand-induced activation of PPARY1.
Ligands that bind to the C-terminal ligand-binding domain (LBD) of PPARy1 can only
reduce SUMOylation at lys33 [81]. Blocking the SUMOylation of PPARY at Lys107 in mice
can achieve enhanced insulin sensitivity without causing excessive obesity [82].

Excessive SUMOylation of PPARy induces insulin resistance and vascular endothelial
dysfunction along with an endogenous cascade that intensifies that reaction [54]. SUMO-
specific protease 1 (SENP1) unblocks PPARY transcription and adipocyte differentiation,
enhancing adipogenesis. In contrast, adipocyte SENP2 knockout mice developed insulin
resistance and ectopic fat accumulation, resulting in reduced fat storage [55,56]. Fibroblast
growth factor 21 (FGF21) knockout (KO) mice exhibit defective PPARYy signaling, atten-
uated gene expression, impaired insulin secretion, plasma non-esterified fatty acid and
triglyceride concentrations, and increased hepatic triglycerides concentration. However,
rosiglitazone treatment in FGF21 KO mice was ineffective, which was consistent with
this significant increase in PPARy SUMOylation, and replenishment of FGF21 reversed
PPARy SUMOylation and restored activity [57]. It also showed that carbon monoxide
could inhibit lipopolysaccharide (LPS) proinflammatory responses in macrophages by
enhancing SUMOylation of PPARy through mitochondrial reactive oxygen species (ROS)
production [58]. Ligand-dependent SUMOylation of the LBD of PPARY, an inflammatory
gene promoter, prevents the recruitment of corresponding LPS signals and inhibits the
inflammatory response of macrophages [83].

The evidence above may suggest further exploration of the insulin signaling pathway
regulated by PPARy SUMOylation, and inhibition of PPARy SUMOylation is a potential
way to design novel anti-T2D vascular complications drugs.
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4.5. O-GIcNAcylation

O-GlcNAc is dynamically regulated by two highly conserved enzymes, namely, the
O-GIcNAc transferase (OGT)and the O-GlcNAcase (OGA). The OGT transfers the GlcNAc
from the UDP-GIcNAC to either an amino threonine residue or to a specific target protein fil-
ament [72]. O-GlcNAcylation adds the single monosaccharide (3-O-d-N-acetylglucosamine
(B-O-GIcNAc) to serine or threonine residues in the nucleus, cytoplasm, mitochondrial, and
almost every functional class of proteins [84]. O-GlcNAc modification acts as a nutritional
sensor and regulator of insulin signaling pathways. Elevated levels of O-GlcNAc stimulate
glucose uptake, which is directly related to insulin resistance and hyperglycemic-induced
glucose toxicity, and may be associated with the development of diabetes and diabetic
complications [85,86]. The primary modification site is threonine 54 in the N-terminal AF-1
domain of PPARy, where its modification can reduce lipid accumulation and surrounding
phospholipid-1 expression, and its specific O-GlcNAcase inhibitor can inhibit 30% PPARy
transcriptional activity and terminal adipocyte differentiation in preadipocyte 3T3-L1 [60].
The underlying mechanisms of O-GlcNAcylation and metabolism- and senescence-related
chronic diseases, such as diabetes, cancer, and neurodegeneration, have been reviewed
from many perspectives [87]. However, the few studies on its association with the T2D
target PPARy seem to be a promising research direction.

4.6. S-Nitrosylation

S-nitrosylation refers to the modification that part of the nitroso group (nitric oxide
group) is covalently linked to the sulthydryl residue of a specific cysteine residue in the pro-
tein to form S-nitroso, resulting in S-nitroso protein [88]. GSNOR is a highly evolutionarily
conserved S-nitrosylated glutathione (GSNO) reductase that regulates protein sulthydryl
nitrosylation by metabolizing GSNO [62]. In diabetic mice, proinflammatory macrophages
nitrosylate PPARy in adipocytes via inducible nitric oxide synthase. S-nitrosylation of
PPARYy results in impaired function, including inhibiting its transcriptional activity, reduc-
ing protein stability and adiponectin expression, which disrupts the balance of maintaining
insulin sensitivity [63]. The S-nitrosylated denitrotinase modification of PPARy also alters
the balance between adipogenic and osteogenic differentiation in bone marrow mesenchy-
mal stem cells, and the absence of this enzyme shows increased S-nitrogenation of PPARYy,
decreased binding to downstream target fatty acid-binding protein 4 (FABP4), exhibits
fat loss, and a wasting phenotype in mice [64]. The present study identified Cys 139 and
Cys168 of PPARY as S-nitrosylation sites. This may suggest that S-nitrosylation of PPARy
may be a “bad” modification in diabetes treatment, increases adipocyte production, and
impairs insulin sensitivity.

5. Discussion and Conclusions

With a deeper understanding of T2DM and its related clinical practice, precision
medicine in diabetes get more and more recognized in recent years, which purpose is
to develop personalized and progressive programs for patients with diabetes [89,90]. In
mechanistic studies of diabetes, as a well-established drug target for diabetes, PPARY has
been studied for decades. Full activation of PPARy through TZDs could improve insulin
sensitivity but with several adverse effects that impeded these compounds from wide use.
Selectively activated PPARy demonstrates the potential of maintaining insulin sensitivity
with less adverse effects. Post-translational modification of PPARy provides us with a great
opportunity to fulfill this goal.

In this review, in terms of molecular structure, the activity of PPARy can be regulated
by different ligands, which shows the specific distribution of some modification sites
through the LBD region of PPARy. Modification changes at different sites also affect the
activity of the PPARy gene and its key role in regulating glucose and lipid metabolism.
PTMs can increase the functional diversity of the protein. Here, we comprehensively
summarized six well-studied PTMs of PPARy and proposed that inhibition of PPARy
SUMOylation, phosphorylation, and acetylation, appears to be ways to un-couple the
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beneficial metabolic effects of antidiabetic drugs from their adverse effects in drug design
and development. De-phosphorylation, de-SUMOylation, de-ubiquitination, deacetylation,
as well as stabilization of O-GlcNAcylation, and reduction in S-nitrosylation may be
novel ways of treating T2D. However, there are few studies that focus on the interaction
between these post-translational modifications. Whether inhibition of one modification
has a “superposition” or “antagonism” effect on other modificational sites is still unknown.
How to carry out more refined modification and regulation to achieve the optimal safe
“anti-T2D” effect remains to be further investigated. In the near future, more and more
selective agonists of PPARy based on its PTMs may help with treating T2DM with less
adverse effects.

Author Contributions: Conceptualization, L.L.; investigation, X.J. and W.Z.; writing—original draft
preparation, X.J.; writing—review and editing, X.J., W.Z. and L.L.; visualization, L.Y., Z.S., ].L. and
L.C.; supervision, L.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Shanghai Frontiers Science Research Base of Exercise and
Metabolic Health, the research program of exercise and public health (0831) in Shanghai University
of Sport, Shanghai higher education young teachers training funding program (A2-0213-22-0058-5).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Chan, J.C.N.; Lim, L.-L.; Wareham, N.J.; Shaw, ].E.; Orchard, T.J.; Zhang, P; Lau, E.S5.H.; Eliasson, B.; Kong, A.P.S.; Ezzati, M.;
et al. The Lancet Commission on diabetes: Using data to transform diabetes care and patient lives. Lancet 2021, 396, 2019-2082.
[CrossRef]

Diabetes around the World in 2021; IDF Diabetes Atlas 10th Edition and other resources; International Diabetes Federation: Brussels,
Belgium, 2022.

AAmerican Diabetes Association. 2. Classification and Diagnosis of Diabetes: Standards of Medical Care in Diabetes-2020.
Diabetes Care 2020, 43 (Suppl. S1), S14-S31. [CrossRef]

Chatterjee, S.; Khunti, K.; Davies, M.]. Type 2 diabetes. Lancet 2017, 89, 2239-2251. [CrossRef] [PubMed]

Bommer, C.; Sagalova, V.; Heesemann, E.; Manne-Goehler, J.; Atun, R.; Barnighausen, T.; Davies, J.; Vollmer, S. Global Economic
Burden of Diabetes in Adults: Projections from 2015 to 2030. Diabetes Care 2018, 41, 963-970. [CrossRef] [PubMed]

Gao, J.; Gu, Z. The Role of Peroxisome Proliferator-Activated Receptors in Kidney Diseases. Front. Pharm. 2022, 13, 832732.
[CrossRef] [PubMed]

Bougarne, N.; Weyers, B.; Desmet, S.J.; Deckers, J.; Ray, D.W,; Staels, B.; de Bosscher, K. Molecular Actions of PPARalpha in Lipid
Metabolism and Inflammation. Endocr. Rev. 2018, 39, 760-802. [CrossRef]

RSoccio, E.; Chen, E.R.; Lazar, M.A. Thiazolidinediones and the promise of insulin sensitization in type 2 diabetes. Cell Metab.
2014, 20, 573-591.

Ha, J.; Choi, D.W.; Kim, K.Y.; Nam, C.M.; Kim, E. Pioglitazone use associated with reduced risk of the first attack of ischemic
stroke in patients with newly onset type 2 diabetes: A nationwide nested case-control study. Cardiovasc. Diabetol 2021, 20, 152.
[CrossRef]

Opazo-Rios, L.; Mas, S.; Marin-Royo, G.; Mezzano, S.; Gomez-Guerrero, C.; Moreno, J.A.; Egido, J. Lipotoxicity and Diabetic
Nephropathy: Novel Mechanistic Insights and Therapeutic Opportunities. Inf. J. Mol. Sci. 2020, 21, 2632. [CrossRef]

Liu, Y;; Hu, X.; Zheng, W.; Zhang, L.; Gui, L.; Liang, G.; Zhang, Y.; Hu, L.; Li, X.; Zhong, Y.; et al. Action mechanism of
hypoglycemic principle 9-(R)-HODE isolated from cortex lycii based on a metabolomics approach. Front. Pharmacol. 2022, 13,
1011608. [CrossRef]

Yin, L.; Wang, L.; Shi, Z.; Ji, X.; Liu, L. The Role of Peroxisome Proliferator-Activated Receptor Gamma and Atherosclerosis:
Post-translational Modification and Selective Modulators. Front. Physiol. 2022, 13, 826811. [CrossRef] [PubMed]

Meng, F; Liang, Z.; Zhao, K.; Luo, C. Drug design targeting active posttranslational modification protein isoforms. Med. Res. Rev.
2021, 41, 1701-1750. [CrossRef] [PubMed]

Choi, S.S.; Park, J.; Choi, J.H. Revisiting PPARgamma as a target for the treatment of metabolic disorders. BMB Rep. 2014, 47,
599-608. [CrossRef] [PubMed]

Aguilar-Recarte, D.; Barroso, E.; Guma, A.; Pizarro-Delgado, J.; Pena, L.; Ruart, M.; Palomer, X.; Wahli, W.; Vazquez-Carrera, M.
GDF15 mediates the metabolic effects of PPARbeta/delta by activating AMPK. Cell Rep. 2021, 36, 109501. [CrossRef] [PubMed]


http://doi.org/10.1016/S0140-6736(20)32374-6
http://doi.org/10.2337/dc20-S002
http://doi.org/10.1016/S0140-6736(17)30058-2
http://www.ncbi.nlm.nih.gov/pubmed/28190580
http://doi.org/10.2337/dc17-1962
http://www.ncbi.nlm.nih.gov/pubmed/29475843
http://doi.org/10.3389/fphar.2022.832732
http://www.ncbi.nlm.nih.gov/pubmed/35308207
http://doi.org/10.1210/er.2018-00064
http://doi.org/10.1186/s12933-021-01339-x
http://doi.org/10.3390/ijms21072632
http://doi.org/10.3389/fphar.2022.1011608
http://doi.org/10.3389/fphys.2022.826811
http://www.ncbi.nlm.nih.gov/pubmed/35309069
http://doi.org/10.1002/med.21774
http://www.ncbi.nlm.nih.gov/pubmed/33355944
http://doi.org/10.5483/BMBRep.2014.47.11.174
http://www.ncbi.nlm.nih.gov/pubmed/25154720
http://doi.org/10.1016/j.celrep.2021.109501
http://www.ncbi.nlm.nih.gov/pubmed/34380027

Biomolecules 2022, 12, 1832 10 of 12

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

Varga, T.; Czimmerer, Z.; Nagy, L. PPARs are a unique set of fatty acid regulated transcription factors controlling both lipid
metabolism and inflammation. Biochim. Et Biophys. Acta (BBA)-Mol. Basis Dis. 2011, 1812, 1007-1022. [CrossRef]

Liu, S.N.; Liu, Q.; Li, L.Y.; Huan, Y,; Sun, S.J.; Shen, Z.F. Long-term fenofibrate treatment impaired glucose-stimulated insulin
secretion and up-regulated pancreatic NF-kappa B and iNOS expression in monosodium glutamate-induced obese rats: Is that a
latent disadvantage? J. Transl. Med. 2011, 9, 176. [CrossRef]

Beamer, B.A.; Negri, C.; Yen, C.J.; Gavrilova, O.; Rumberger, ].M.; Durcan, M.].; Yarnall, D.P.; Hawkins, A.L.; Griffin, C.A;
Burns, D.K,; et al. Chromosomal localization and partial genomic structure of the human peroxisome proliferator activated
receptor-gamma (hPPAR gamma) gene. Biochem. Biophys. Res. Commun. 1997, 233, 756-759. [CrossRef]

Zhu, Y,; Qi, C.; Korenberg, J.R.; Chen, X.N.; Noya, D.; Rao, M.S.; Reddy, J.K. Structural organization of mouse peroxisome
proliferator-activated receptor gamma (mPPAR gamma) gene: Alternative promoter use and different splicing yield two mPPAR
gamma isoforms. Proc. Natl. Acad. Sci. USA 1995, 92, 7921-7925. [CrossRef]

Wyles, C.C.; Paradise, C.R.; Houdek, M.T; Slager, S.L.; Terzic, A.; Behfar, A.; van Wijnen, A.].; Sierra, R.]. CORR® ORS Richard
A. Brand Award: Disruption in Peroxisome Proliferator-Activated Receptor-y (PPARG) Increases Osteonecrosis Risk Through
Genetic Variance and Pharmacologic Modulation. Clin. Orthop. Relat. Res. 2019, 477, 1800-1812. [CrossRef]

Kokeny, G.; Calvier, L.; Hansmann, G. PPARgamma and TGFbeta-Major Regulators of Metabolism, Inflammation, and Fibrosis in
the Lungs and Kidneys. Int. J. Mol. Sci. 2021, 22, 12955. [CrossRef]

Gavin, KM,; Sullivan, T.M.; Maltzahn, ].K.; Jackman, M.R.; Libby, A.E.; MacLean, P.S.; Kohrt, W.M.; Majka, S.M.; Klemm, D.J.
Hematopoietic Stem Cell-Derived Adipocytes Modulate Adipose Tissue Cellularity, Leptin Production and Insulin Responsiveness
in Female Mice. Front. Endocrinol 2022, 13, 844877. [CrossRef] [PubMed]

Michalik, L.; Auwerx, J.; Berger, J.P.; Chatterjee, V.K.; Glass, C.K.; Gonzalez, F].; Grimaldi, P.A.; Kadowaki, T.; Lazar, M.A;
O'Rahilly, S,; et al. International Union of Pharmacology. LXI. Peroxisome proliferator-activated receptors. Pharmacol. Rev. 2006,
58,726-741. [CrossRef]

Hu, W,; Jiang, C.; Kim, M,; Xiao, Y.; Richter, HJ.; Guan, D.; Zhu, K.; Krusen, B.M.; Roberts, A.N.; Miller, ].; et al. Isoform-specific
functions of PPARgamma in gene regulation and metabolism. Genes Dev. 2022, 36, 300-312. [CrossRef] [PubMed]

Ahn, S.; Jang, D.M,; Park, S.C.; An, S.; Shin, J.; Han, B.W.; Noh, M. Cyclin-Dependent Kinase 5 Inhibitor Butyrolactone I Elicits a
Partial Agonist Activity of Peroxisome Proliferator-Activated Receptor gamma. Biomolecules 2020, 10, 275. [CrossRef]

Nyland, J.E.; Raja-Khan, N.T.; Bettermann, K.; Haouzi, P.A,; Leslie, D.L.; Kraschnewski, J.L.; Parent, L.J.; Grigson, P.S. Diabetes,
Drug Treatment, and Mortality in COVID-19: A Multinational Retrospective Cohort Study. Diabetes 2021, 70, 2903-2916. [CrossRef]
[PubMed]

Gilardi, F.; Winkler, C.; Quignodon, L.; Diserens, ].G.; Toffoli, B.; Schiffrin, M.; Sardella, C.; Preitner, F.; Desvergne, B. Systemic
PPARgamma deletion in mice provokes lipoatrophy, organomegaly, severe type 2 diabetes and metabolic inflexibility. Metabolism
2019, 95, 8-20. [CrossRef]

Tang, W.; Zeve, D.; Suh, ].M.; Bosnakovski, D.; Kyba, M.; Hammer, R.E.; Tallquist, M.D.; Graff, ]. M. White fat progenitor cells
reside in the adipose vasculature. Science 2008, 322, 583-586. [CrossRef]

Imai, T.; Takakuwa, R.; Marchand, S.; Dentz, E.; Bornert, ].M.; Messaddeq, N.; Wendling, O.; Mark, M.; Desvergne, B.; Wahli, W.;
et al. Peroxisome proliferator-activated receptor gamma is required in mature white and brown adipocytes for their survival in
the mouse. Proc. Natl. Acad. Sci. USA 2004, 101, 4543-4547. [CrossRef]

Guo, Z.; Ali, Q.; Abaidullah, M.; Gao, Z.; Diao, X.; Liu, B.; Wang, Z.; Zhu, X,; Cui, Y,; Li, D.; et al. High fat diet-induced
hyperlipidemia and tissue steatosis in rabbits through modulating ileal microbiota. Appl. Microbiol. Biotechnol. 2022, 106,
7187-7207. [CrossRef]

Olefsky, ].M.; Glass, C.K. Macrophages, inflammation, and insulin resistance. Annu. Rev. Physiol. 2010, 72, 219-246. [CrossRef]
Abbas, A ; Blandon, J.; Rude, J.; Elfar, A.; Mukherjee, D. PPAR- gamma agonist in treatment of diabetes: Cardiovascular safety
considerations. Cardiovasc. Hematol. Agents Med. Chem. 2012, 10, 124-134. [CrossRef]

de Sa, PM.; Richard, A.J.; Hang, H.; Stephens, ]. M. Transcriptional Regulation of Adipogenesis. Genes Dev. 2017, 7, 635-674.
Brunmeir, R.; Xu, F. Functional Regulation of PPARs through Post-Translational Modifications. Int. J. Mol. Sci. 2018, 19, 1738.
[CrossRef] [PubMed]

Choi, ].H.; Banks, A.S.; Estall, J.L.; Kajimura, S.; Bostrém, P.; Laznik, D.; Ruas, J.L.; Chalmers, M.].; Kamenecka, T.M.; Blither, M.;
et al. Anti-diabetic drugs inhibit obesity-linked phosphorylation of PPARgamma by Cdk5. Nature 2010, 466, 451-456. [CrossRef]
Kim, S.; Rabhi, N.; Blum, B.C.; Hekman, R.; Wynne, K.; Emili, A.; Farmer, S.; Schlezinger, J.J. Triphenyl phosphate is a selective
PPARgamma modulator that does not induce brite adipogenesis in vitro and in vivo. Arch. Toxicol. 2020, 94, 3087-3103. [CrossRef]
Hall, J.A.; Ramachandran, D.; Roh, H.C.; Di Spirito, J.R.; Belchior, T.; Zushin, P.H.; Palmer, C.; Hong, S.; Mina, A.L; Liu, B.; et al.
Obesity-Linked PPARgamma S273 Phosphorylation Promotes Insulin Resistance through Growth Differentiation Factor 3. Cell
Metab. 2020, 32, 665-675.e6. [CrossRef]

Shao, M.; Hepler, C.; Zhang, Q.; Shan, B.; Vishvanath, L.; Henry, G.H.; Zhao, S.; An, Y.A.,; Wu, Y,; Strand, D.W.; et al. Pathologic
HIFlalpha signaling drives adipose progenitor dysfunction in obesity. Cell Stem. Cell 2021, 28, 685-701.e7. [CrossRef]

Choi, S.S.; Kim, E.S.; Koh, M,; Lee, S.J.; Lim, D.; Yang, Y.R,; Jang, H.J.; Seo, K.A.; Min, S.H.; Lee, LH.; et al. A novel non-
agonist peroxisome proliferator-activated receptor gamma (PPARgamma) ligand UHC1 blocks PPARgamma phosphorylation by
cyclin-dependent kinase 5 (CDK5) and improves insulin sensitivity. J. Biol. Chem. 2014, 289, 26618-26629. [CrossRef]


http://doi.org/10.1016/j.bbadis.2011.02.014
http://doi.org/10.1186/1479-5876-9-176
http://doi.org/10.1006/bbrc.1997.6540
http://doi.org/10.1073/pnas.92.17.7921
http://doi.org/10.1097/CORR.0000000000000713
http://doi.org/10.3390/ijms221910431
http://doi.org/10.3389/fendo.2022.844877
http://www.ncbi.nlm.nih.gov/pubmed/35721743
http://doi.org/10.1124/pr.58.4.5
http://doi.org/10.1101/gad.349232.121
http://www.ncbi.nlm.nih.gov/pubmed/35273075
http://doi.org/10.3390/biom10020275
http://doi.org/10.2337/db21-0385
http://www.ncbi.nlm.nih.gov/pubmed/34580086
http://doi.org/10.1016/j.metabol.2019.03.003
http://doi.org/10.1126/science.1156232
http://doi.org/10.1073/pnas.0400356101
http://doi.org/10.1007/s00253-022-12203-7
http://doi.org/10.1146/annurev-physiol-021909-135846
http://doi.org/10.2174/187152512800388948
http://doi.org/10.3390/ijms19061738
http://www.ncbi.nlm.nih.gov/pubmed/29895749
http://doi.org/10.1038/nature09291
http://doi.org/10.1007/s00204-020-02815-1
http://doi.org/10.1016/j.cmet.2020.08.016
http://doi.org/10.1016/j.stem.2020.12.008
http://doi.org/10.1074/jbc.M114.566794

Biomolecules 2022, 12, 1832 11 of 12

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Camp, H.S,; Tafuri, S.R; Leff, T. c-Jun N-terminal kinase phosphorylates peroxisome proliferator-activated receptor-gammal and
negatively regulates its transcriptional activity. Endocrinology 1999, 140, 392-397. [CrossRef] [PubMed]

Qiang, L.; Wang, L.; Kon, N.; Zhao, W.; Lee, S.; Zhang, Y.; Rosenbaum, M.; Zhao, Y.; Gu, W.; Farmer, S.R.; et al. Brown remodeling
of white adipose tissue by SirT1-dependent deacetylation of Ppargamma. Cell 2012, 150, 620-632. [CrossRef]

Kraakman, M.J.; Liu, Q.; Postigo-Fernandez, | ; Ji, R.; Kon, N.; Larrea, D.; Namwanje, M.; Fan, L.; Chan, M.; Area-Gomez, E.; et al.
PPARgamma deacetylation dissociates thiazolidinedione’s metabolic benefits from its adverse effects. J. Clin. Investig. 2018, 128,
2600-2612. [CrossRef] [PubMed]

Liu, L.; Fan, L.; Chan, M.; Kraakman, M.].; Yang, J.; Fan, Y.; Aaron, N.; Wan, Q.; Carrillo-Sepulveda, M.A.; Tall, A.R;; et al.
PPARgamma Deacetylation Confers the Antiatherogenic Effect and Improves Endothelial Function in Diabetes Treatment.
Diabetes 2020, 69, 1793-1803. [CrossRef]

Norris, K.L.; Lee, J.Y.; Yao, T.P. Acetylation goes global: The emergence of acetylation biology. Sci. Signal. 2009, 2, pe76. [CrossRef]
[PubMed]

Spange, S.; Wagner, T.; Heinzel, T.; Kramer, O.H. Acetylation of non-histone proteins modulates cellular signalling at multiple
levels. Int. J. Biochem. Cell Biol. 2009, 41, 185-198. [CrossRef] [PubMed]

Lee, KW,; Kwak, S.H.; Koo, Y.D.; Cho, YK.; Lee, HM.; Jung, H.S.; Cho, Y.M,; Park, Y.J.; Chung, S.S.; Park, K.S. F-box only protein
9 is an E3 ubiquitin ligase of PPARgamma. Exp. Mol. Med. 2016, 48, e234. [CrossRef]

Lee, KW,; Cho, ].G.; Kim, C.M,; Kang, A.Y,; Kim, M.; Ahn, B.Y,; Chung, S.S.; Lim, K.H.; Baek, K.H.; Sung, J.H.; et al. Herpesvirus-
associated ubiquitin-specific protease (HAUSP) modulates peroxisome proliferator-activated receptor gamma (PPARgamma)
stability through its deubiquitinating activity. J. Biol. Chem. 2013, 288, 32886-32896. [CrossRef]

Kim, J.H.; Park, KW.; Lee, EW.,; Jang, W.S.; Seo, J.; Shin, S.; Hwang, K.A.; Song, J. Suppression of PPARgamma through
MKRN1-mediated ubiquitination and degradation prevents adipocyte differentiation. Cell Death Differ. 2014, 21, 594-603.
[CrossRef]

Li, J.J.; Wang, R.; Lama, R.; Wang, X.; Floyd, Z.E; Park, E.A_; Liao, EE. Ubiquitin Ligase NEDD4 Regulates PPARgamma Stability
and Adipocyte Differentiation in 3T3-L1 Cells. Sci. Rep. 2016, 6, 38550. [CrossRef]

He, J.; Quintana, M.T.; Sullivan, J.; Parry, T.; Grevengoed, T.; Schisler, J.C.; Hill, ].A.; Yates, C.C.; Mapanga, R.F.; Essop, M.E; et al.
MuRF?2 regulates PPARgammal activity to protect against diabetic cardiomyopathy and enhance weight gain induced by a high
fat diet. Cardiovasc. Diabetol. 2015, 14, 97. [CrossRef]

Peng, J.; Li, Y.; Wang, X.; Deng, S.; Holland, J.; Yates, E.; Chen, J.; Gu, H.; Essandoh, K.; Mu, X,; et al. An Hsp20-FBXO4 Axis
Regulates Adipocyte Function through Modulating PPARgamma Ubiquitination. Cell Rep. 2018, 23, 3607-3620. [CrossRef]
Flotho, A.; Melchior, F. Sumoylation: A regulatory protein modification in health and disease. Annu. Rev. Biochem. 2013, 82,
357-385. [CrossRef]

Rott, R.; Szargel, R.; Shani, V.; Hamza, H.; Savyon, M.; Elghani, F.A.; Bandopadhyay, R.; Engelender, S. SUMOylation and
ubiquitination reciprocally regulate alpha-synuclein degradation and pathological aggregation. Proc. Natl. Acad. Sci. USA 2017,
114, 13176-13181. [CrossRef] [PubMed]

Yuan, W.; Ma, C.; Zhou, Y.; Wang, M.; Zeng, G.; Huang, Q. Negative regulation of eNOS-NO signaling by over-SUMOylation of
PPARgamma contributes to insulin resistance and dysfunction of vascular endothelium in rats. Vasc. Pharmacol. 2019, 123, 106597.
[CrossRef] [PubMed]

Liu, B.; Wang, T.; Mei, W,; Li, D.; Cai, R.; Zuo, Y.; Cheng, ]J. Small ubiquitin-like modifier (SUMO) protein-specific protease
1 de-SUMOylates Sharp-1 protein and controls adipocyte differentiation. J. Biol. Chem. 2014, 289, 22358-22364. [CrossRef]
[PubMed]

Zheng, Q.; Cao, Y.; Chen, Y.; Wang, J.; Fan, Q.; Huang, X.; Wang, Y.; Wang, T.; Wang, X.; Ma, J.; et al. Senp2 regulates adipose lipid
storage by de-SUMOylation of Setdb1. J. Mol. Cell Biol. 2018, 10, 258-266. [CrossRef]

Dutchak, P.A.; Katafuchi, T.; Bookout, A.L.; Choi, ].H.; Yu, R.T.; Mangelsdorf, D.].; Kliewer, S. Fibroblast growth factor-21 regulates
PPARgamma activity and the antidiabetic actions of thiazolidinediones. Cell 2012, 148, 556-567. [CrossRef]

Haschemi, A.; Chin, B.Y; Jeitler, M.; Esterbauer, H.; Wagner, O.; Bilban, M.; Otterbein, L.E. Carbon monoxide induced PPARgamma
SUMOylation and UCP2 block inflammatory gene expression in macrophages. PLoS ONE 2011, 6, €26376. [CrossRef]

Pascual, G.; Fong, A.L.; Ogawa, S.; Gamliel, A.; Li, A.C.; Perissi, V.; Rose, D.W.; Willson, T.M.; Rosenfeld, M.G.; Glass, C.K. A
SUMOylation-dependent pathway mediates transrepression of inflammatory response genes by PPAR-gamma. Nature 2005, 437,
759-763. [CrossRef]

Ji, S.; Park, S.Y.; Roth, J.; Kim, H.S.; Cho, ].W. O-GlcNAc modification of PPARgamma reduces its transcriptional activity. Biochem.
Biophys. Res. Commun. 2012, 417, 1158-1163. [CrossRef]

Chung, S.S.; Kim, J.H.; Park, H.S.; Choi, H.H.; Lee, KW.; Cho, Y.M.; Lee, HK,; Park, K.S. Activation of PPARgamma negatively
regulates O-GlcNAcylation of Sp1. Biochem. Biophys. Res. Commun. 2008, 372, 713-718. [CrossRef]

Liu, Q.; Gu, T,; Su, L.Y;; Jiao, L.; Qiao, X.; Xu, M.; Xie, T; Yang, L.X.; Yu, D.; Xu, L.; et al. GSNOR facilitates antiviral innate
immunity by restricting TBK1 cysteine S-nitrosation. Redox. Biol. 2021, 47, 102172. [CrossRef]

Yin, R.; Fang, L.; Li, Y.; Xue, P; Li, Y;; Guan, Y.; Chang, Y.; Chen, C.; Wang, N. Pro-inflammatory Macrophages suppress
PPARgamma activity in Adipocytes via S-nitrosylation. Free. Radic. Biol. Med. 2015, 89, 895-905. [CrossRef] [PubMed]


http://doi.org/10.1210/endo.140.1.6457
http://www.ncbi.nlm.nih.gov/pubmed/9886850
http://doi.org/10.1016/j.cell.2012.06.027
http://doi.org/10.1172/JCI98709
http://www.ncbi.nlm.nih.gov/pubmed/29589839
http://doi.org/10.2337/db20-0217
http://doi.org/10.1126/scisignal.297pe76
http://www.ncbi.nlm.nih.gov/pubmed/19920250
http://doi.org/10.1016/j.biocel.2008.08.027
http://www.ncbi.nlm.nih.gov/pubmed/18804549
http://doi.org/10.1038/emm.2016.31
http://doi.org/10.1074/jbc.M113.496331
http://doi.org/10.1038/cdd.2013.181
http://doi.org/10.1038/srep38550
http://doi.org/10.1186/s12933-015-0252-x
http://doi.org/10.1016/j.celrep.2018.05.065
http://doi.org/10.1146/annurev-biochem-061909-093311
http://doi.org/10.1073/pnas.1704351114
http://www.ncbi.nlm.nih.gov/pubmed/29180403
http://doi.org/10.1016/j.vph.2019.106597
http://www.ncbi.nlm.nih.gov/pubmed/31479752
http://doi.org/10.1074/jbc.M114.571950
http://www.ncbi.nlm.nih.gov/pubmed/24942744
http://doi.org/10.1093/jmcb/mjx055
http://doi.org/10.1016/j.cell.2011.11.062
http://doi.org/10.1371/journal.pone.0026376
http://doi.org/10.1038/nature03988
http://doi.org/10.1016/j.bbrc.2011.12.086
http://doi.org/10.1016/j.bbrc.2008.05.096
http://doi.org/10.1016/j.redox.2021.102172
http://doi.org/10.1016/j.freeradbiomed.2015.10.406
http://www.ncbi.nlm.nih.gov/pubmed/26475041

Biomolecules 2022, 12, 1832 12 of 12

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

Cao, Y.; Gomes, S.A.; Rangel, E.B.; Paulino, E.C.; Fonseca, T.L.; Li, J.; Teixeira, M.B.; Gouveia, C.H.; Bianco, A.C.; Kapiloff, M.S;
et al. S-nitrosoglutathione reductase-dependent PPARgamma denitrosylation participates in MSC-derived adipogenesis and
osteogenesis. J. Clin. Investig. 2015, 125, 1679-1691. [CrossRef] [PubMed]

Burns, K.A.; Heuvel, ].P.V. Modulation of PPAR activity via phosphorylation. Biochim. Biophys. Acta (BBA)-Mol. Cell Biol. Lipids
2007, 1771, 952-960. [CrossRef]

Yang, N.; Wang, Y.; Tian, Q.; Wang, Q.; Lu, Y.; Sun, L.; Wang, S.; Bei, Y.; Ji, J.; Zhou, H.; et al. Blockage of PPARgamma T166
phosphorylation enhances the inducibility of beige adipocytes and improves metabolic dysfunctions. Cell Death Differ. 2022, 1-13.
[CrossRef]

Minakhina, S.; De Oliveira, V.; Kim, S.Y.; Zheng, H.; Wondisford, F.E. Thyroid hormone receptor phosphorylation regulates
acute fasting-induced suppression of the hypothalamic-pituitary-thyroid axis. Proc. Natl. Acad. Sci. USA 2021, 118, €2107943118.
[CrossRef]

Hu, E.; Kim, ].B.; Sarraf, P,; Spiegelman, B.M. Spiegelman, Inhibition of adipogenesis through MAP kinase-mediated phosphory-
lation of PPARgamma. Science 1996, 274, 2100-2103. [CrossRef]

Montanari, R.; Capelli, D.; Yamamoto, K.; Awaishima, H.; Nishikata, K.; Barendregt, A.; Heck, A.J.R.; Loiodice, F.; Altieri, F;
Paiardini, A.; et al. Insights into PPARgamma Phosphorylation and Its Inhibition Mechanism. J. Med. Chem. 2020, 63, 4811-4823.
[CrossRef]

Choi, S.; Jung, J.E.; Yang, Y.R,; Kim, E.S.; Jang, H.].; Kim, E.K,; Kim, 1.S.; Lee, ].Y.; Kim, ].K.; Seo, ] K ; et al. Novel phosphorylation
of PPARgamma ameliorates obesity-induced adipose tissue inflammation and improves insulin sensitivity. Cell. Signal. 2015, 27,
2488-2495. [CrossRef]

Peralta, G.M.; Serra, E.; Alonso, V.L. Update on the Biological Relevance of Lysine Acetylation as a Novel Drug Target in
Trypanosomatids. Curr. Med. Chem. 2022, 29, 3638-3659. [CrossRef]

Williams, R.V.; Huang, C.; McDermott, C.; Ahmed, T.; Columbus, L.; Moremen, K.W.; Prestegard, ].H.; Amster, L.]. Site-to-site
cross-talk in OST-B glycosylation of hCEACAM1-IgV. Proc. Natl. Acad. Sci. USA 2022, 119, €2202992119. [CrossRef] [PubMed]
Katz, L.S.; Geras-Raaka, E.; Gershengorn, M.C. Heritability of fat accumulation in white adipocytes. Am. |. Physiol.-Endocrinol.
Metab. 2014, 307, E335-E344. [CrossRef] [PubMed]

Song, L.; Luo, Z.Q. Post-translational regulation of ubiquitin signaling. J. Cell Biol. 2019, 218, 1776-1786. [CrossRef]

Zheng, N.; Shabek, N. Ubiquitin Ligases: Structure, Function, and Regulation. Annu. Rev. Biochem. 2017, 86, 129-157. [CrossRef]
Lee, ].H.; Jang, ] K.; Ko, K.Y,; Jin, Y.; Ham, M.; Kang, H.; Kim, I.Y. Degradation of selenoprotein S and selenoprotein K through
PPARgamma-mediated ubiquitination is required for adipocyte differentiation. Cell Death Differ. 2019, 26, 1007-1023. [CrossRef]
[PubMed]

Hou, Y.; Moreau, F.; Chadee, K. PPARgamma is an E3 ligase that induces the degradation of NFkappaB/p65. Nat. Commun. 2012,
3, 1300. [CrossRef]

Li, P; Song, Y.; Zan, W.; Qin, L.; Han, S.; Jiang, B.; Dou, H.; Shao, C.; Gong, Y. Lack of CUL4B in Adipocytes Promotes
PPARgamma-Mediated Adipose Tissue Expansion and Insulin Sensitivity. Diabetes 2017, 66, 300-313. [CrossRef] [PubMed]
MPotthoff, J.; Kliewer, S.A.; Mangelsdorf, D. Endocrine fibroblast growth factors 15/19 and 21: From feast to famine. Genes Dev.
2012, 26, 312-324. [CrossRef]

Chang, HM.; Yeh, E.T.H. SUMO: From Bench to Bedside. Physiol. Rev. 2020, 100, 1599-1619. [CrossRef]

Diezko, R.; Suske, G. Ligand binding reduces SUMOylation of the peroxisome proliferator-activated receptor gamma
(PPARgamma) activation function 1 (AF1) domain. PLoS ONE 2013, 8, e66947. [CrossRef]

Katafuchi, T.; Holland, W.L.; Kollipara, R.K; Kittler, R.; Mangelsdorf, D.J.; Kliewer, S.A. PPARgamma-K107 SUMOylation
regulates insulin sensitivity but not adiposity in mice. Proc. Natl. Acad. Sci. USA 2018, 115, 12102-12111. [CrossRef]

Leibler, C.; John, S.; Elsner, R.A.; Thomas, K.B.; Smita, S.; Joachim, S.; Levack, R.C.; Callahan, D.J.; Gordon, R.A.; Bastacky, S.; et al.
Genetic dissection of TLR9 reveals complex regulatory and cryptic proinflammatory roles in mouse lupus. Nat. Immunol. 2022,
23,1457-1469. [CrossRef]

Peterson, S.B.; Hart, G.W. New insights: A role for O-GlcNAcylation in diabetic complications. Crit. Rev. Biochem. Mol. Biol. 2016,
51,150-161. [CrossRef] [PubMed]

Ma, ].; Hart, G.W. Protein O-GlcNAcylation in diabetes and diabetic complications. Expert Rev. Proteom. 2013, 10, 365-380.
[CrossRef]

Saha, A.; Bello, D.; Fernandez-Tejada, A. Advances in chemical probing of protein O-GlcNAc glycosylation: Structural role and
molecular mechanisms. Chem. Soc. Rev. 2021, 50, 10451-10485. [CrossRef]

Bond, M.R.; Hanover, J.A. O-GlcNAc cycling: A link between metabolism and chronic disease. Annu. Rev. Nutr. 2013, 33, 205-229.
[CrossRef]

Gall, T.; Nagy, P,; Garai, D.; Potor, L.; Balla, G.J.; Balla, G.; Balla, ]. Overview on hydrogen sulfide-mediated suppression of vascular
calcification and hemoglobin/heme-mediated vascular damage in atherosclerosis. Redox. Biol. 2022, 57, 102504. [CrossRef]
Philipson, L.H. Harnessing heterogeneity in type 2 diabetes mellitus. Nat. Rev. Endocrinol. 2020, 16, 79-80. [CrossRef]

Chung, W.K,; Erion, K,; Florez, ].C.; Hattersley, A.T.; Hivert, M.E; Lee, C.G.; McCarthy, M.L; Nolan, J.J.; Norris, ].M.; Pearson, ER,;
et al. Precision Medicine in Diabetes: A Consensus Report From the American Diabetes Association (ADA) and the European
Association for the Study of Diabetes (EASD). Diabetes Care 2020, 43, 1617-1635. [CrossRef]


http://doi.org/10.1172/JCI73780
http://www.ncbi.nlm.nih.gov/pubmed/25798618
http://doi.org/10.1016/j.bbalip.2007.04.018
http://doi.org/10.1038/s41418-022-01077-x
http://doi.org/10.1073/pnas.2107943118
http://doi.org/10.1126/science.274.5295.2100
http://doi.org/10.1021/acs.jmedchem.0c00048
http://doi.org/10.1016/j.cellsig.2015.09.009
http://doi.org/10.2174/0929867328666211126145721
http://doi.org/10.1073/pnas.2202992119
http://www.ncbi.nlm.nih.gov/pubmed/36251991
http://doi.org/10.1152/ajpendo.00075.2014
http://www.ncbi.nlm.nih.gov/pubmed/24939735
http://doi.org/10.1083/jcb.201902074
http://doi.org/10.1146/annurev-biochem-060815-014922
http://doi.org/10.1038/s41418-018-0180-x
http://www.ncbi.nlm.nih.gov/pubmed/30082770
http://doi.org/10.1038/ncomms2270
http://doi.org/10.2337/db16-0743
http://www.ncbi.nlm.nih.gov/pubmed/27899484
http://doi.org/10.1101/gad.184788.111
http://doi.org/10.1152/physrev.00025.2019
http://doi.org/10.1371/journal.pone.0066947
http://doi.org/10.1073/pnas.1814522115
http://doi.org/10.1038/s41590-022-01310-2
http://doi.org/10.3109/10409238.2015.1135102
http://www.ncbi.nlm.nih.gov/pubmed/26806492
http://doi.org/10.1586/14789450.2013.820536
http://doi.org/10.1039/D0CS01275K
http://doi.org/10.1146/annurev-nutr-071812-161240
http://doi.org/10.1016/j.redox.2022.102504
http://doi.org/10.1038/s41574-019-0308-1
http://doi.org/10.2337/dci20-0022

	Introduction 
	Domain Structure of PPAR 
	PPAR Agonists and T2DM 
	Post-Translational Modifications (PTMs) of PPAR in Diabetes 
	Phosphorylation 
	Acetylation 
	Ubiquitination 
	SUMOylation 
	O-GlcNAcylation 
	S-Nitrosylation 

	Discussion and Conclusions 
	References

