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Abstract
Aging plays a significant role in the progression of vascular diseases and vascular dysfunction. Activation of the ADP-
ribosylation factor 6 and small GTPases by inflammatory signals may cause vascular permeability and endothelial leakage.
Pro-inflammatory molecules have a significant effect on smooth muscle cells (SMC). The migration and proliferation of SMC
can be promoted by tumor necrosis factor alpha (TNF-α). TNF-α can also increase oxidative stress in SMCs, which has been
identified to persuade DNA damage resulting in apoptosis and cellular senescence. Peroxisome proliferator-activated receptor
(PPAR) acts as a ligand-dependent transcription factor and a member of the nuclear receptor superfamily. They play key roles in a
wide range of biological processes, including cell differentiation and proliferation, bone formation, cell metabolism, tissue
remodeling, insulin sensitivity, and eicosanoid signaling. The PPARγ activation regulates inflammatory responses, which can
exert protective effects in the vasculature. In addition, loss of function of PPARγ enhances cardiovascular events and athero-
sclerosis in the vascular endothelium. This appraisal, therefore, discusses the critical linkage of PPARγ in the inflammatory
process and highlights a crucial defensive role for endothelial PPARγ in vascular dysfunction and disease, as well as therapy for
vascular aging.

Keywords PPARγ . Inflammation . Aging . Vascular dysfunction . Oxidative stress . ROCK

Introduction

Inflammation is regarded as the critical biological response of
body tissues to detrimental stimuli, including damaged cells,
irritants, and/or pathogens (Hossain et al. 2016). In addition,
inflammation is also part of a protective response involving
molecular mediators, immune cells, and blood vessels
(Ferrero-Miliani et al. 2007). The functions of inflammation

include the initiation of tissue repair, clearing necrotic cells
and tissues injured by the inflammatory process and the orig-
inal insult and elimination of the preliminary cause of cell
injury (Rispens et al. 2012). Rheumatoid arthritis, asthma,
inflammatory bowel disease (IBD), psoriasis, multiple sclero-
sis, and atherosclerosis are the commonly observed inflamma-
tory diseases. Over recent decades, it has been noticed that
there is a significant rise in the prevalence of atopic illness
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counting asthma (Bloomfield et al. 2006). It is believed that
diseases including ulcerative colitis and Crohn’s disease are
prevalent only in Western societies. However, in Asia, the
prevalence and incidence of these illnesses are rising
(Jacobsen et al. 2006; Goh and Xiao 2009; Konkel 2016; Ng
2016). Individuals with IBD are at greater risk of developing
colorectal carcinoma (Carter et al. 2009). Interestingly, lower
incidence of cancer was observed in the geographical regions
where diets are high in n-3 polyunsaturated fatty acids
(PUFAs) (Caygill and Hill 1995). It has been recommended
that various protective effects of dietary n-3 PUFAs might be
because of their peroxisome proliferator-activated receptor
(PPAR) activating and anti-inflammatory properties (Allred
et al. 2008).

The PPARs are a member of the subclass of the nuclear
receptor superfamily (Delerive et al. 1999). Cytoplasm is
the primary site where classical hormone-activated recep-
tors, including estrogen receptors, are commonly found.
Furthermore, after binding of the activating ligand, they
translocate to the nucleus. In contrast, PPARs are located
in the nucleus bound to deoxyribonucleic acid (DNA) re-
sponse elements (Glass and Rosenfeld 2000). Muscle, liv-
er, smooth muscle cells (SMCs), vascular endothelial cells,
bone, macrophages, heart, and adipose tissue are the main
sites where PPARγ is extensively expressed (Sigmund
2010). Treatment with therapeutic PPARγ agonists includ-
ing thiazolidinediones (TZDs) can lower blood pressure
and ameliorate glucose control in individuals with type 2
diabetes (Sharma and Staels 2007). Furthermore, PPARγ
agonists may also protect these individuals from the pro-
gression of atherosclerosis (Hodis et al. 2006; Mazzone
et al. 2006; Nissen et al. 2008). It has been observed that
TZDs can exhibit protective vascular and metabolic ef-
fects, which is compatible with genetic affirmation, sug-
gesting that hypertension and severe insulin resistance are
likely to be developed in the individuals who carry
dominant-negative PPARγ mutations (Barroso et al. 1999).

The vasculature is largely affected by aging. The prop-
erties of SMCs and endothelial cells (ECs) are severely
affected by vascular aging (i.e., cellular extrinsic and in-
trinsic changes), which can eventually result in poor vas-
cular function and can further lead to the advancement of
vascular disease (Mistriotis and Andreadis 2017). Blood
vessels are found to be constituted by the SMCs and
ECs. In addition, ECs have thromboresistant properties,
line the lumen of a vessel, are found to be permeable to
humoral factors and chemicals, and also offer a dynamic
barrier to the blood cells (Yazdani et al. 2010). Moreover,
via the translation of mechanical forces applied through the
pulsatile blood flow into biological signals, endothelium
can also act as a mechanosensor (Chiu and Chien 2011).

Increased reactive oxygen species (ROS) production is a
vital element of vascular aging (Oeseburg et al. 2010; Seals

et al. 2011). Moreover, uncoupled endothelial nitric oxide
synthase (eNOS), nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase, and mitochondria are the sources
of aging-linked increased ROS production in the endothe-
lium (Seals et al. 2011; Touyz and Briones 2011).
Irrespective of the source, increased ROS have been found
to be connected with the functional alterations in the endo-
thelium along with senescence, apoptosis, and EC inflam-
mation (Oeseburg et al. 2010; Touyz and Briones 2011).
Vascular cell senescence, DNA damage, environmental
factors (Csiszar 2009), genetic diseases (Olive et al.
2010), atherosclerosis, and hypertension are the notewor-
thy factors that can play a part in the proinflammatory
phenotype of aged vessels. Furthermore, these factors can
alter homeostasis and eventually result in the deterioration
of the vasculature. Milk fat globule-EGF factor VIII
(MFG-E8), intercellular adhesion molecule (ICAM),
interleukin-6 (IL-6), interferon gamma (IFNγ), interleukin
1 beta (IL-1β), tumor necrosis factor-alpha (TNF-α),
monocyte chemoattractant protein-1 (MCP-1), matrix me-
talloproteinase 2 (MMP2), angiotensin II (Ang II), and
calpain-1 are the pro-inflammatory signals that can in-
crease with age-related diseases and aging (Belmin et al.
1995; Donato et al. 2008; Lesniewski et al. 2011; Wang
et al. 2014b). Therefore, the aim of this review is to discuss
the mechanisms through which endothelial PPARγ con-
trols inflammatory responses and protects against vascular
dysfunction connected to aging.

PPARγ — a Family of Nuclear Hormone
Receptors

PPARs are members of nuclear hormone receptors and
there are three isoforms of PPARs, including PPARα,
PPARβ, and PPARγ (Tyagi et al. 2011). Inhibition of in-
flammatory signaling through nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB), promotion of
adipogenesis, glucose metabolism, and fatty acid synthesis
and storage are the biological roles of PPARγ (Corona and
Duchen 2016). There is a growing interest in recent years
regarding the role of PPARγ in inflammation. Dendritic
cells (DCs), lymphocytes, platelets, and numerous immune
cells (i.e., including macrophages/monocytes) are the com-
mon sites of PPARγ expression (Padilla et al. 2002;
Akbiyik et al. 2004; Asada et al. 2004). Usually, PPARγ
occurs as a heterodimer complexed with retinoid X recep-
tor alpha (RXRα), whereby these two molecules are nor-
mally bound to corepressors. The corepressor molecules
are dislocated by ligand stimulation; furthermore,
coactivators and ligand can form an active complex, bind-
ing to PPARγ response elements (PPRE). On the other
hand, PPARγ can bind with NF-κB target genes upon
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ligand stimulation, which ultimately suppress NF-κB tar-
get genes (Marcu et al. 2010).

For binding and activation of PPARγ, a number of
PPARγ ligands have been found. Several prostaglandins
such as prostaglandin D2 (PGD2) and its metabolite (i.e.,
15-deoxy- D12,14-prostaglandin J2 [15d-PGJ2]),
oleanolic acids, certain eicosanoids, and TZDs can act as
PPARγ ligands (Croasdell et al. 2015). It has been found
that potent anti-inflammatory effects can be achieved via
ligand-dependent activation of PPARγ. Furthermore, sev-
eral of these molecules have anti-inflammatory effects and
these effects are not reliant on PPARγ (Youssef and Badr
2004). Though the extent to which these ligands exert their
effects may vary in an independent way. For example,
TZDs act in a heavily PPARγ-dependent manner, prosta-
glandins exhibit independent/mixed dependent activity,
and ibuprofen acts largely independent of PPARγ. Most
of these ligands have been studied to assess their PPARγ-
independent effects (Kulkarni et al. 2012). Currently,
PPARγ studies have started emphasizing on the anti-
inflammatory effects and exploring the contribution of
PPARγ and its ligands in the resolution of inflammation.

Ligand-Dependent PPARγ-Facilitated Gene
Repression

It has been observed that PPARγ can affect gene expres-
sion either via direct promoter-binding and transcription-
al modulation of target genes called transactivation or via
indirect intervention with other transcription factor mech-
anisms leading in gene repression (Chinetti et al. 2003).
Ligand-dependent gene repression is the principal way
by which PPARγ exerts its anti-inflammatory effects. In
addition, for ligand-dependent gene repression via
PPARγ, there are several distinct mechanisms, all occur-
ring by the indirect regulatory effects of ligand binding.
The subsequent negative regulation of gene repression is
known as transrepression if PPARγ activity is not facil-
itated by its binding to PPRE target DNA sequences. In
this regard, ligand-dependent transrepression of inflam-
matory genes perhaps is the best characterized model.
As described by Li et al. (2000b), in the absence of
inflammatory signals, there is an inhibitory protein com-
plex bound to the promoter of inflammatory genes (i.e.,
inducible nitric oxide synthase 2 [iNOS2]) that can keep
these genes repressed.

There are few requirements that must need to be met for
effective expression of NOS2 upon lipopolysaccharide
(LPS)-triggered activation of toll-like receptor 4 (TLR4).
Firstly, from the promoter region, the inhibitory complex
must be separated. Only following this separation, the key
immune regulator NF-κB can activate expression of NOS2

(Varga et al. 2011). The ubiquitin-proteasome system is an
important pathway by which the displacement of the inhib-
itory complex normally takes place. A portion of the
liganded PPARγ will be SUMOylated on lysine K365 in
cells that receive concomitant LPS treatments and PPARγ
ligand. The SUMOylated PPARγ will not be capable to
bind its typical heterodimerization, retinoid X receptor
(RXR). Rather, SUMOylated PPARγ will bind to the re-
pressor complex, which is situated on the promoter of in-
flammatory genes (Varga et al. 2011). Blockage of
ubiquitination and subsequent effective removal of the re-
pressors will be achieved via binding of PPARγ to these
repressor complexes. Consequently, even in the presence
of active TLR4 signaling, ligand-bound PPARγ will main-
tain the repression on the promoter of inflammatory genes,
as for example iNOS2. In addition, other forms of
transrepression do also exist. NF-κB and activator protein
1 (AP-1) are the examples of other transcription factors to
which PPARγ was found to bind directly (Delerive et al.
1999; Chung et al. 2000) and interfere with the DNA bind-
ing ability of these transactivators. On the other hand, it
has been confirmed that the p38 mitogen-activated protein
(MAP) kinase activity can be modulated through the
ligand-activated PPARγ (Syrovets et al. 2002). Even
though the previously mentioned processes can elucidate
a subset of the anti-inflammatory effects of PPARγ, posi-
tive transcriptional regulation of inhibitory proteins play
crucial roles in ligand-induced repression instead of
transrepression of other transcription factors. In addition,
the significance of in vivo and the pathway by which these
suggested processes contribute to the decrease in gene ex-
pression are yet to be determined.

Phosphorylation can modulate the outcome of ligand-
mediated PPARγ activation. In this regard, the phosphoryla-
tion of PPARγ2 at serine-112 by MAP kinases was reported.
It was observed that the transcriptional activity of PPARγwas
reduced by this phosphorylation (Hu et al. 1996). Perhaps, as
observed by the increased PPARγ target gene expression, aP2
(i.e., FABP4), it was observed that, via the activity of MAP
kinases, insulin mediated the ligand-dependent activation of
PPARγ (Zhang et al. 1996). On the other hand, through epi-
dermal growth factor (EGF) and platelet-derived growth fac-
tor (PDGF), PPARγ1 might also be phosphorylated at serine-
82 (i.e., which correlates with serine-112 of PPARγ2) (Camp
and Tafuri 1997). Instead, the transcriptional action of the
ligand-bound PPARγ can be attenuated by this phosphoryla-
tion event. Choi et al. (2010) mentioned in their study that
adipocyte impairment in the expression of several
metabolism-related target genes took place due to cdk5 arbi-
trated phosphorylation at serine-273 of PPARγ2. Normalized
gene expression and this phosphorylation were hindered by
the treatment of adipocytes with the rosiglitazone (i.e., a
PPARγ agonist).
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PPARγ and Inflammation

Multiple sclerosis (MS) is a well-known autoimmune dis-
ease of the central nervous system (CNS). Genetic screen-
ing of individuals with MS, where the effect of PPARγ was
apparently evidenced on inflammatory diseases. A number
of genetic connections to immune genes have been identi-
fied for MS, particularly the receptors for IL-7 and IL-2
(Parnell and Booth 2017). In recent times, in the list of MS-
linked genes, a PPARγ polymorphism has been intro-
duced. In a study of 211 healthy age-matched controls
and 116 patients, the Ala/Ala genotype of the PPAR
Pro12Ala polymorphism was linked with a 10-year signif-
icant delay of the onset of disease in individuals with MS
(Klotz et al. 2009b). Remarkably, through research on ath-
erosclerosis, it has been found that Pro12Ala polymor-
phism mediated anti-inflammatory effects. The findings
of this study of males with coronary artery disease sug-
gested that the carriers of the Pro12Ala allele of PPARγ
have less prevalent atherosclerosis and are markedly se-
cured against 10-year vascular mortality and morbidity
(Regieli et al. 2009).

The contribution of natural PPAR ligands in regulating
inflammation was observed in the PPARγ knockout (KO)
mice. Alternatively, in a seminal experiment, colitis was
provoked in mice lacking in colonic PPARγ through two
distinct mechanisms, either via oral dextran sodium sulfate
treatment or through the transfer of CD4+CD45RBhi T-
cells (Itzkowitz and Yio 2004). It is noteworthy that in
the previous process colitis is facilitated by antigen-
mediated activation of TH1-cell, whereas in the latter men-
tioned method, colitis is reliant on activation of macro-
phage and is triggered by chemical irritation of the mucosa.
Interestingly, in both models, the colonic PPAR KO mice
were not responsive, while the wild-type mice were re-
sponsive to dietary conjugated linoleic acid through im-
provement of colitis (Bassaganya-Riera et al. 2004).

Interestingly, the anti-inflammatory properties of
PPARγ are found to be firmly related to its anti-diabetic
effects (Pascual et al. 2007). Instead, to resist a challenge
with Leishmania major, mice with a macrophage-specific
deletion of PPARγ were studied for their capability.
Remarkably, less susceptibility to Leishmania spp. infec-
tion was noticed with mice lacking macrophage PPAR.
Furthermore, as anticipated, the same animals exhibited
susceptibility to diabetic illness (Odegaard et al. 2007).
Reduced ability for the skeletal muscle to metabolize
sugars and fatty acids was caused by the selective KO of
macrophage PPARγ. Furthermore, the expression of co-
activator proteins and transcription factors, which are es-
sential for mitochondrial biogenesis, is also markedly less-
ened. Therefore, macrophage PPAR activation not only has
significant contributions to the metabolic status of the

whole mouse but also persuades the differentiation of mac-
rophages into the non-inflammatory, M2 type. In contrast,
a related exhibition of the significant physiological effect
of selective KO of the PPARγ gene, via selectively elimi-
nating the gene from ECs, caused entire trunk hair loss in
the offspring of the KO mice (Martin 2010). On the other
hand, targeted removal of PPARγ in mice caused genesis
of toxic milk having higher levels of inflammatory lipids
(Wan et al. 2007). Generation of these oxidized lipids took
place because of a marked surplus of lipoxygenase activity,
usually repressed by the endothelial PPARγ gene. In the
skin of the suckling mice, inflammation and succeeding
alopecia were caused due to the buildup of the inflamma-
tory lipid mediators. Alopecia was found to be caused by
skin inflammation. This inflammation was cured by the use
of topical aspirin and this treatment averted the hair loss
(Wan et al. 2007). Therefore, it is well understood from
these findings that systemic inflammation is the usual
physiological response, controlled by PPARγ under usual
circumstances.

Molecular Mechanisms of PPARγ
in Anti-inflammatory Processes

Previous studies recommended that the anti-inflammatory
effects of PPARγ can be exhibited by the number of mo-
lecular mechanisms (Fig. 1 and Fig. 2) (Varga et al. 2011).
As stated earlier, transactivation and transrepression are
the ways of gene regulation. It has been found that
PPAR can bind and sequester other distinct transcriptional
regulators or transcription factors, during transrepression.
Regulatory circuits controlled by the related transcription
factors are weakened, as a final outcome of this seques-
tration. In fact, when activated by ligand binding, PPARγ
was reported to transrepress other transcription factors
(Ricote and Glass 2007).

It is not well known how the molecular mechanisms of
PPARγ action are translated into anti-inflammatory ef-
fects. Possibly, PPARγ controls the expression of genes
(i.e., via transrepression, either indirectly or directly) that
have direct contributions in inflammation (Brunmeir and
Xu 2018). Instead, by altering lipid metabolism, it is also
likely that PPARs indirectly modulate inflammatory pro-
cesses (Varga et al. 2011). In fact, PPARs would directly
alter the intracellular and extracellular pool of lipid mole-
cules and this modified lipid environment would trigger
secondary regulatory processes in the body (Varga et al.
2011). A similar process was reported in human dendritic
cells (DCs), where activation of PPARγ can lead to the
formation of retinoic acid (Szatmari et al. 2006). In the
well-fed state, PPARγ is activated and can regulate the
production of fatty acids and associated lipids (Szatmari
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et al. 2006). Like PPARγ, it has been found that the other
PPAR subtypes (i.e., PPARβ/δ) also modify lipid metabo-
lism in markedly discrete ways and produce different cat-
egories of lipid molecules, which possess a similar anti-
inflammatory contribution in diseases. Consequently, the

regulatory circuits of PPARs in inflammation and metabo-
lism are partially diverse. It is also possible that the noticed
anti-inflammatory effects of PPARs are not completely ar-
bitrated by their ability to modify entire homeostasis of
body lipid. In addition, direct molecular regulatory

Fig. 2 Mechanisms of ligand-
dependent genetic regulation by
PPARγ binds with NF-κB to
repress NF-κB target genes and
exert anti-inflammatory effects.
L, Ligand; RXR, Retinoid X
receptor; NF-κB RE, Nuclear
factor kappa light chain enhancer
of activated B cells response
element

Fig. 1 Mechanisms of ligand-
dependent genetic regulation by
PPARγ cause displacement of
corepressors and recruit of co-
activators to promoters
comprising PPRE and
subsequently activate gene
expression to exert anti-
inflammatory effects. L, Ligand;
CA, Coactivator; CR,
Corepressor; RXR, Retinoid X
receptor; PPRE; Peroxisome
proliferator-activated receptor
gamma response element
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processes are moderately responsible for their anti-
inflammatory effects.

PPARγ and Inflammatory Diseases

Impact of PPARγ in Animal Studies

In several mouse models, the contribution of PPARγ in IBD
was studied. From these studies, generally, it was found that
PPARγ activity protected from IBD (Annese et al. 2012). In
both resident macrophages of the colonic mucosa and epithe-
lial cells, PPARγ is usually expressed. Henceforth, in both cell
types, disease progression can be potentially improved by the
PPARγ activity. In heterozygous PPARγmice, the chemically
stimulated inflammation model was used (Desreumaux et al.
2001); on the other hand, in colonic epithelium-specific mice
(Adachi et al. 2006), T cell–specific or macrophage-specific
(Shah et al. 2007) PPARγ knockout (Hontecillas and
Bassaganya-Riera 2007), while in wild-type mice, the treat-
ment of PPARγ ligand was subjected to modulate inflamma-
tion (Su et al. 1999). An augmented susceptibility to disease
was observed with PPARγ deficiency, in all of the
abovementioned animal models. On the other hand, even
without the presence of an exogenously administered
PPARγ ligand, animals lacking PPARγ exhibited more seri-
ous disease symptoms. These findings recommended that ei-
ther an endogenous ligand with a powerful PPARγ agonist
activity was generated in these animals, or instead, unliganded
PPARγ had an action that saved mice from the disease.
Furthermore, these findings raised the chance to improve hu-
man IBD by using PPARγ agonists.

In order to study the contribution of PPARγ in the modu-
lation of inflammation, an animal model of brain inflamma-
tion known as experimental autoimmune encephalomyelitis
(EAE) can be used. It has been noticed that EAE in rodents
coexist with demyelination. Due to the previously mentioned
phenomenon, for acute disseminated encephalomyelitis
(ADEM) and human MS, EAE can be used as a suitable
model. To improve experimentally stimulated EAE, studies
have confirmed that the TZD drugs (i.e., ciglitazone and
troglitazone) and the endogenous ligand 15d-PGJ2 were
found to be effective (Niino et al. 2001; Natarajan and
Bright 2002). It was also found that a reduction in TH1 cell
differentiation and IL-12 production lead to a reduction in
disease duration and severity. In accordance with the
abovementioned findings, in the same EAE model, PPARγ-
deficient heterozygous mice were found to develop an aggra-
vated disease than the wild-type littermates (Natarajan et al.
2003). Recently, a different study recommended that, through
the decrease in TH17 T cell differentiation, activation of
PPARγ inhibited CNS inflammation in the EAE model
(Klotz et al. 2009a, b). In wild-type mice, the previously

mentioned study also confirmed both the harmful actions of
the CD4 T cell–specific PPARγ deletion and the beneficial
effects of the PPARγ agonist treatment.

Dysregulation of lipid metabolism is responsible for ath-
erosclerosis and metabolic syndrome that play a role in the
inflammatory state. Since PPARγ has anti-inflammatory
effects and regulates lipid metabolism, thus it is a reasonable
target in associated studies that dissect inflammatory and lipid
metabolism resulting in components of the diseases. PPARγ is
vastly expressed in macrophage foam cells of atherosclerotic
lesions. In a study, Li et al. (2000a, b) reported that PPARγ-
specific agonist, rosiglitazone, inhibited the development of
atherosclerosis in low-density-lipoprotein (LDL) receptor KO
male mice. In another study, Collins et al. (2001) investigated
the doubt regarding whether the beneficial effects of PPARγ
was facilitated by the changed phenotype of cells involved in
the lesions or by the changed systemic lipid homeostasis. This
study confirmed that the beneficial effects of PPARγ on insu-
lin sensitivity and its anti-atherogenic effects were uncoupled.
The findings of Collins et al. (2001) recommend that PPARγ
improved atherosclerosis by affecting cells locally. Moreover,
it was also revealed that the consequence of atherosclerosis
was deteriorated by the bone marrow transplantation of
PPARγ−/− cells, this finding firmly signifying a contribution
of PPARγ in macrophages involved in lesion formation
(Chawla et al. 2001).

Unpredictably, in metabolic studies, insulin sensitivity was
found to be regulated by macrophage PPARγ (Hevener et al.
2007; Odegaard et al. 2007). Both human medical practice
and murine studies have confirmed the fact that ligand activa-
tion of PPARγ can improve the sensitivity of insulin. Initially,
it was presumed that, in one of the main target tissues of lipid
and glucose metabolism (i.e., for example, liver, muscle, or
fat), beneficial effects of ligand activation were facilitated by
PPARγ. Remarkably, insulin resistance was found to be
caused by the loss of PPARγ in hematopoietic cells. In the
mouse, it has been proposed that inflammation is a constituent
present in developing insulin resistance; furthermore, this in-
flammation was exacerbated by the macrophage PPARγ de-
letion. Nevertheless, conserved glucose tolerance in high-fat-
fed C57BL/6 mice transplanted with LXRα−/− (liver X recep-
tor alpha), PPARβ/δ−/− or PPARγ−/− hematopoietic cells was
also noticed in a similar study (Marathe et al. 2009). Indeed,
adipose tissue was found to be the major site of the insulin-
sensitizing action of ligand-activated PPARγ (Sugii et al.
2009). Due to these opposing findings, to elucidate the con-
tribution of macrophage PPARγ in the development of insulin
resistance, further studies are required.

Impact of PPARγ in Human Studies

Single nucleotide polymorphisms (SNPs) and mutations of
human PPARγ are linked with inflammatory and metabolic
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diseases. Conversely, in 85 distinct individuals with severe
insulin resistance, all the coding exons of PPARγ 1 and 2 were
examined by Barroso et al. (1999). Whereas, in three patients,
they found two heterozygous missense mutations of PPARγ
ligand-binding domain (i.e., V290M and P467L).
Hypertension and type 2 diabetes mellitus were observed in
all 3 patients, which further signifies the substantial contribu-
tion of PPARγ in the adjustment of blood pressure, glucose
homeostasis, and sensitivity of insulin. In a study conducted
by Agostini et al. (2006), it stated that in lipodystrophic
insulin–resistance patients, extra PPARγ mutations were ob-
served. These formerly mentioned mutations made PPARγ to
act in a dominant-negative fashion and also made unable to
bind DNA. It is known that the modulation of lipid and glu-
cose metabolism is considered as the canonical PPARγ func-
tion. Henceforth, there is a strong possibility that, in these
patients, these phenotypes were produced because of the
weakened metabolism, and increased inflammation in meta-
bolic disease was not contributing due to the loss of PPARγ.

A number of SNPs of PPARγ were recognized, among
them Pro12Ala is the most frequently studied SNP. It has been
firmly found that the metabolic status of patients is influenced
by Pro12Ala (Deeb et al. 1998). Moreover, growing evidence
propose that inflammatory diseases are also influenced by
SNPs of PPARγ. Oh et al. (2009) in their study exhibited that
the development of asthma was associated with the combina-
tion of the major allele of the non-synonymous Pro12Ala SNP
with the major allele of the synonymous His449His polymor-
phism. In the same study, they also found that when compared
to healthy controls, the occurrence of the major Pro12Ala
allele in combination with the minor His449His allele was
markedly lesser in individuals with asthma (Oh et al. 2009).

Interestingly, Penyige et al. (2010) exhibited in their study
that in chronic obstructive pulmonary disease (COPD), major
allele of the His447His polymorphisms had a safeguarding
role. Furthermore, they also noticed that minor His447His
allele was found to be linked with the development of
COPD (Penyige et al. 2010). Moreover, in the central
Chinese but not Dutch IBD population, the link of the minor
allele of the same SNP was observed (Shrestha et al. 2010). It
needs to be considered that genetic variations in PPARγ have
only a minor effect on the expression level/function of the
receptor, while these variations can have a statistically signif-
icant effect on a number of chronic inflammatory conditions.
In the near future, similar research in other inflammatory dis-
eases is estimated to arise.

PPARγ and Proinflammatory Cytokines

In many studies, it was noticed that the expression of proin-
flammatory cytokines is affected by PPARγ. Similarly, the
expression of TNF-α has also been found to be significantly

affected by the PPARγ. In terms of regulation of immune cell
function, TNF-α plays an important role. Furthermore,
TNF-α can stimulate other cytokines, promote apoptosis,
and also can induce fever (D’Elia et al. 2013). TNF-α also
plays a role as a neutrophil chemoattractant and macrophage.
Although normally this cytokine has significant contribution
in bacterial killing, overexpression can cause poor health ef-
fects (i.e., rapid weight loss) and promotion of chronic inflam-
mation. It is likely that in a feedback loop or compensatory
mechanism, TNF-α can increase protein PPARγ expression
and mRNA in human neutrophils (Reddy et al. 2008). In as-
sociation with this elevated expression, TNF-α expression can
be significantly reduced by the PPARγ ligands, notably TZDs
(Sharma et al. 2009). A reduction in the expression of TNF-α
was observed in LPS-exposed and pioglitazone-treated guinea
pigs and mice. Certainly, both rosiglitazone and pioglitazone
decreased TNF-α expression in a broad variety of inflamma-
tory models, including spinal trauma, gastric injury, colitis,
reperfusion/ischemia, and sepsis models (Cuzzocrea et al.
2003; Villegas et al. 2004; Akahori et al. 2007; Zhang et al.
2010; Celinski et al. 2011; Gao et al. 2015). Interestingly,
these observed effects were not dependent on the route of
administration. Furthermore, in mouse livers, the oral delivery
of pioglitazone to reduce TNF-α is specifically remarkable
from a therapeutic viewpoint (Collino et al. 2010). With the
decrease in TNF-α expression blocked by PPARγ antago-
nists, these effects were mostly found to be PPARγ-
dependent (Cuzzocrea et al. 2003; Zhang et al. 2010). Other
PPARγ ligands, counting oleanolic acid and 15d-PGJ2, can
also reduce the expression of TNF-α (Zingarelli et al. 2003;
Genovese et al. 2008; Reddy et al. 2013).

Some ILs, together with TNF-α, can be generated in re-
sponse to inflammatory stimuli. IL-6 is considered as a medi-
ator of fever and also as an element of the acute inflammatory
response. Local production of IL-6 in the lung, colon, liver,
and intestine was found to be decreased by ciglitazone,
rosiglitazone, and pioglitazone, respectively (Zingarelli et al.
2003; Celinski et al. 2011; Gao et al. 2015). In a similar man-
ner, bacteria-triggered upsurges in IL-6 can be reduced by the
PGD2 microspheres and 15d-PGJ2 (Zingarelli et al. 2003;
Pereira et al. 2015). On the other hand, for neutrophil traffick-
ing, IL-8 is known as an important chemokine. Generally,
expression of IL-8 can take place in a group of cell types
(i.e., macrophages) and this expression can be triggered by a
range of inflammatory stimuli.

IL-8 production, induction of leukotrienes, and tobacco
smoke–triggered decreases in PPARγ can be prevented by
rosiglitazone (Yin et al. 2014). Stimulation of acute inflamma-
tion can be promoted by the IL-1β; on the other hand, it can be
lessened by pioglitazone, 15d-PGJ2, and rosiglitazone in a
PPARγ-dependent manner (Cuzzocrea et al. 2003; Akahori
et al. 2007; Pisanu et al. 2014). Since the expression of
NF-κB has found to be decreased by PPARγ, the wide range
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of effects of PPARγ ligands on proinflammatory cytokines
perhaps due to effects on the NF-κB pathway (Cuzzocrea
et al. 2003; Villegas et al. 2004; Sánchez-Hidalgo et al.
2005; Celinski et al. 2011).

Debatably, pro-resolving and anti-inflammatory cytokines
are also produced by PPARγ. Alternatively, in both anti- and
pro-inflammatory conditions, IL-10 is produced (Jaudszus
et al. 2013). Macrophages can produce IL-10 to arbitrate
pro-resolving effects. Rosiglitazone can induce the production
of IL-10 in the experimental models for Parkinson’s disease
(PD) and colitis (Celinski et al. 2011; Pisanu et al. 2014).
However, IL-10 expression was found to be reduced by 15d-
PGJ2 and pioglitazone in a septic lung (Zingarelli et al. 2003;
Celinski et al. 2011). Further studies are required to elucidate
whether these variations are because of the differences in the
time points selected, PPARγ ligand-specific signaling, in in-
flammatory stimuli. In models of PD, the expression of anoth-
er pro-resolving cytokine, TGFβ, was found to be induced by
rosiglitazone in microglia (Pisanu et al. 2014). Rather than
suppression of all cytokine signaling, this change in the pro-
duction of cytokine associates that PPARγ is not merely act-
ing in an anti-inflammatory manner, nonetheless also in a pro-
resolving manner.

Anti-inflammatory Effects of PPARγ Ligands

PPARγ ligands can be categorized into a range of groups,
including reversible/covalent, exogenous/endogenous, or syn-
thetic/natural. Although for the treatment of diabetes, PPARγ
agonists particularly TZDs are normally used to treat diabetes;
nevertheless, their anti-inflammatory effects have also been
explored (Wang et al. 2014a, b). Interestingly, PPARγ protein
was recognized in the macrophages, monocytes, and antigen
presenting cells. Suppression of the inflammatory cytokine
production by these cells was noticed with the use of synthetic
PPARγ agonists such as rosiglitazone, troglitazone, and pio-
glitazone (Jiang et al. 1998; Ricote et al. 1998). Afterwards,
PPARγ was detected in DCs which are highly differentiated
and potent, specialized antigen-presenting cells. Furthermore,
DC secretion of IL12 (i.e., a potent TH1-type inflammatory
cytokine) was found to be decreased by the same
thiazolidinedione compounds (Faveeuw et al. 2000; Gosset
et al. 2001).

TZDs were also found to lessen the production of TH1-cell
but not TH2-cell-recruiting chemokines (Gosset et al. 2001).
The contribution of rosiglitazone through PPAR as a general
repressor of a wide variety of interferon and LPS-target genes
was demonstrated by an mRNA profiling study with mouse
macrophages. Collectively, these findings strongly suggest
that PPARγ exerts anti-inflammatory effects via its capability
to subdue production of TH1-type cytokine in DCs and mac-
rophages (Welch et al. 2003). Rosiglitazone as a PPARγ

activator was found to be beneficial to treat ulcerative colitis
in the clinical trials (Lewis et al. 2008; Liang and Ouyang
2008).

Role of PPARγ Ligands in Animal Studies

The PPARγ agonists have been studied in animal models of
inflammation. Atherosclerosis, renal disease, and production
of autoantibodies were reduced by rosiglitazone, in a mouse
model of systemic lupus erythematosus (Aprahamian et al.
2009). On the other hand, in a mouse model of renal fibrosis,
inflammation and renal scarring were reduced by the use of
PPARγ agonist, troglitazone (Kawai et al. 2009).
Rosiglitazone inhibited the expression of TNF-α and the cy-
tokine markers of inflammation (i.e., notably IL-1β) and also
weakened the activity of myeloperoxidase in a rat model of
postoperative brain inflammation (Hyong et al. 2008).
However, the crossing of the blood-brain barrier (BBB) by
rosiglitazone is poor, which may have an impact on its bene-
ficial effects. Probably, the effects of rosiglitazone are arbitrat-
ed outside the brain, possibly in the brain vasculature.

By activation of PPARγ, rosiglitazone barred gut coloni-
zation in a mouse model of gastrointestinal candidiasis (Coste
et al. 2008). It has been noticed that elevated mannose-
receptor expression on mucosal macrophages mediated the
previously mentioned effect. It was shown by means of a rat
model of pancreatitis that troglitazone and the PPAR agonists,
including 15d-PGJ2, both can reduce inflammation of the
pancreas, which was detected by low levels of the
transforming growth factor beta 1 (TGF-β1) and inflammato-
ry cytokines IL-6 and by lessened pancreatic weight (Yu et al.
2008). In the IBD treatment, 5-aminosalicylic acid (5-ASA) is
most commonly used (Williams et al. 2011). In a PPAR+/−

mouse model of colitis, the anti-inflammatory effects of 5-
ASA have been found to be reliant on the activation of
PPAR (Rousseaux et al. 2005).

Role of PPARγ Ligands in Human Studies

The systemic anti-inflammatory activity of PPARγ agonist
has been confirmed by preclinical and clinical trials. During
exposure of the cells to the inflammatory molecules, IL-1β
and LPS, the nutr i t ional PUFAs, PPAR ligands,
eicosapentaenoic acid, docosahexaenoic acid, and linolenic
acid were administered to treat the three different cells such
as human enterocyte cell line, Caco-2 and human DCs (Martin
2010). PUFAs enhanced PPARγ expression while reduced the
release of pro-inflammatory cytokines IL-6 and IL-8 (Marion-
Letellier et al. 2008). Interestingly, this anti-inflammatory ac-
tivity was blocked by GW 9662, a synthetic PPARγ antago-
nist, which revealed that the anti-inflammatory activity of
PUFAs was PPARγ-dependent. Recently, linseed oil sugges-
tively decreased the TNF-α expression but increased muscle
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mass in pigs (Huang et al. 2008). The main components (i.e.,
linoleic and linolenic acid) of linseed oil are PPAR agonists.
This study also showed that the concentration of PPARγ in the
muscle and spleen depressingly associated with serum
TNF-α.

The mechanism of PPARγ activation has been confirmed
by its X-ray crystallographic investigations with bound li-
gands. Based on crystal structures, the ligand-binding pocket
can accommodate two fatty acids concurrently. In fact, by a
Michael addition mechanism, oxo-fatty acid metabolites (Itoh
et al. 2008) and the anti-inflammatory 15d-PGJ2 (Waku et al.
2009) attached covalently to the sulfhydryl group at Cys285,
present in the binding domain of ligand. The ligands, those
that have properties for covalent binding, mainly serve as
PPARγ activators.

Vascular Endothelial Dysfunction and Aging

Studies point out that in humans, aging is responsible for
vascular endothelial dysfunction in the absence of clinical
cardiovascular disease (CVD) and foremost risk factors for
CVD (Seals et al . 2014). The impairment in the
endothelium-dependent dilation (EDD) decreased the func-
tion for fibrinolysis, but elevated leukocyte adhesion and/or
other indicators of endothelial dysfunction have been detected
in older as compared to younger adult humans, in addition to
rodents and primates those are non-human in nature (Brandes
et al. 2005; Yamamoto et al. 2005; Ungvari et al. 2010).

Endothelial dysfunction happens during aging as shown in
Fig. 3 (Rodríguez-Mañas et al. 2009; Faraci 2011; Martens
and Seals 2016). While the damage of endothelial function
increases with aging, the temporal pattern is contingent on

the species and the definite vessel (Brown et al. 2007;
Modrick et al. 2009; Rodríguez-Mañas et al. 2009). De Silva
et al. (2018) found a slight change in endothelial role in carotid
arteries at the ages considered, results dependable with earlier
investigations that used mice at about the same age in non-
transgenic mice (Didion et al. 2006; Modrick et al. 2012). In
the carotid artery and aorta of control mice, endothelial dys-
function becomes a manifest as the animals rise even older
(Brown et al. 2007; Fleenor et al. 2012). Considerable impair-
ment of endothelium-dependent vasodilation existed in old E-
V290M mice. All of the variations were specific for endothe-
lium because responses to an endothelium-independent vaso-
dilator were not suggestively changed in old E-V290M mice.

PPARγ Activation in the Vasculature

It was primarily supposed that PPARγ has a function within
adipocytes, but it is now clear that PPARγ can be active in
numerous cell types (Ketsawatsomkron et al. 2010). PPARγ is
expressed in endothelium such as in the carotid artery (Marx
et al. 1999; Ketsawatsomkron et al. 2010). In numerous por-
tions of the circulation, systemic TZD treatment affects the
vascular structure, as well as it has promising effects on vas-
cular permeability and vasomotor tone in the disease models
(Ketsawatsomkron et al. 2010; Faraci 2011). As per research
findings, PPARγ activation has defensive properties on vas-
cular cells (Ketsawatsomkron et al. 2010; Angulo et al. 2012).
Patients with dominant undesirable mutations in the domain
for ligand binding of PPARγ (i.e., V290M or P467L) show
early onset of hypertension and type 2 diabetes (Barroso et al.
1999). Using mice expressing these same mutations provides
a selective genetic tactic to study the influence of PPARγ,

Fig. 3 Aging triggers vascular
endothelial dysfunction and
causes a shifting of vasodilation,
anticoagulation, antiproliferation
and anti-inflammatory state to
vasoconstriction, procoagulation,
proliferation, and pro-
inflammatory state
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avoid off-target properties of TZDs, and gain insight into
PPARγ-mediated potential driven by ligands that are endog-
enous. Mice expressing the murine equal to the P467L muta-
tion in all cells share characteristics of human disease such as
irregular fat distribution, variations in circulating metabolites,
and increased blood pressure (Barroso et al. 1999; Tsai et al.
2004; Pendse et al. 2012). In contrast, upon targeting these
genetic manipulations to ECs, there are no substantial varia-
tions in body weight, distribution of fat, arterial pressure, the
glucose level in plasma, or cholesterol (Beyer et al. 2008;
Pelham et al. 2013; Hu et al. 2016).

The contribution of PPARγ in aging has been suggested by
a few studies. For example, a global reduction of its expres-
sion reduces the lifespan of mice (Argmann et al. 2009).
Treating the mesenteric arteries with a PPARγ agonist en-
hanced endothelial function in aging (Angulo et al. 2012).
Aging unmasked endothelial dysfunction in mice expressing
the P465L mutation in PPARγ in all cells has been confirmed
(Modrick et al. 2012). Such data make evidence for the idea
that PPARγ defends the vasculature but not supported insight
into the cell types or mechanisms which are involved.
Concerning a study described a direct indication that vascular
endothelium is a crucial cell type where PPARγ typically acts
to prevent mechanisms that help oxidative stress and vascular
aging (De Silva et al. 2018). Together, the results designate
that the protective role of PPARγ in aging, being functionally
significant in the absence of any pharmacological influence.

Oxidative Stress and Vascular Aging

Vascular aging is known as an outcome of ordinary fatigue
and physical stress that might be interpreted for the main
physical variations observed in aging such as stiffening (i.e.,
by transmission of stress to the more inflexible collagenous
constituent of the arterial wall) and dilation (i.e., after ruptur-
ing of load-bearing material) (Xu et al. 2017). However,
aging-connected variations on vascular functioning have been
measured a set up for diseases of the cardiovascular system
(CVS), but alterations on cardiac and central role could
sluggish down or quicken this set point. Therefore, it is
critical to know how aging and other pathophysiological
conditions disturb the interaction between the arterial system
and heart. In a study, Wojciechowska et al. (2012) stated on
the variations with age in central and peripheral systolic blood
pressure based on collected data from arbitrarily employed
European and Chinese participant’s subsidiary a vicious circle
between age-related arduousness, cardiovascular difficulties,
and elevated systolic blood pressure. Chantler and Lakatta
(2012) defined the perception of arterial-ventricular coupling
and suggested crucial evidence on how aging, in the presence
and absence of cardiovascular disease, disturbs the coupling

both at resting and exercising conditions and its pathophysio-
logical manifestations.

Vascular aging has been mainly connected to senescence of
the vascular endothelium (El Assar et al. 2012). Cau et al.
(2012) described that the influence of NOS isoform changes
on aging-connected vascular irregularities, addressing the pos-
sible inhibition by few agents that modify the NOS expres-
sion/activity. In another study, Blanco and Bernabéu (2012)
recapitulated data that supports the relationship between the
splicing factor SRSF1 and endothelial cell senescence and
recommend the availability of a common genetic program
concerning alternate splicing of a cluster of genes, which do-
nates to a senescent condition in the vessels. Nevertheless,
aging-connected damage to the endothelium may not only
be a consequence of the EC dysfunctioning but also as a con-
sequence of impaired maintenance repair systems caused by
endothelial progenitor cell. As stated by Williamson et al.
(2012), a weakening of endogenous endothelial progenitor
cell function in aging may terminate in a reduced capability
for neovascularization and/or decreased re-endothelialization
of vascular lesions, helping the progress, development, and
clinical sequelae of disease in the CVS.

ROS and oxidative stress play a crucial role in age-
dependent changes within the vasculature. For instance, both
pharmacological and genetic methods designate that oxidative
stress triggers damage of endothelium-mediated vasodilation,
a crucial factor of vascular aging (Brown et al. 2007; Mayhan
et al. 2008; Modrick et al. 2009; Faraci 2011). Indeed, inter-
actions between nitric oxide (NO) and superoxide cause loss
of NO-dependent signaling, which is the mechanistic source
for this dysfunction (Didion et al. 2006; Eisenach et al. 2014;
Toth et al. 2014).

Activation of phosphatidylinositol 3-kinase (PI3K)/Akt,
PDGF, and extracellular signal-regulated kinase (ERK) 1/2
can be triggered by oxidative stress, which can result in en-
hanced transcription of PPARs as a protective mechanism. On
the other hand, oxidized lipids can cause activation of PPARs
and transcription.Moreover, 5′-AMP–activated protein kinase
(AMPK) can be increased by oxidative stress which, in turn,
can cause phosphorylation of PPAR proteins and further sup-
press the transcription of PPARs (Fig. 4) (Kim 2013).
However, the activity against oxidative stress has been de-
scribed following the systemic treatment with TZDs or genetic
interference with PPARγ in all cells, but the cellular sites,
which mediate these effects, have not been identified and are
not easy to predict. For instance, genetic interference with
PPARγ in smooth muscle has profound effects on vascular
function without any apparent effect by oxidative stress
(Pelham et al. 2013).

NADPH oxidase is a major source of superoxide in vascu-
lar cells including endothelium (Park et al. 2007; Rodríguez-
Mañas et al. 2009; Faraci 2011). According to the various
evidence on cell lines, this enzyme complex acts a crucial role
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in vascular anomalies in models focusing on aging and in
arteries of elderly people (Park et al. 2007; Mayhan et al.
2008; Rodríguez-Mañas et al. 2009). In a study, a superoxide
scavenger or an NADPH oxidase inhibitor intensely returned
endothelial activity to typical levels in old E-V290Mmice that
supports oxidative stress as a vital contributor to this vascular
anomaly (De Silva et al. 2018). Besides the oxidative stress,
additional processes can possibly interrelate with ROS and
thus subsidize the changes with aging (Faraci 2011). While
initiation of a cyclooxygenase (COX)-mediated mechanism is
one such progression (Faraci 2011), the study of De Silva et al.
(2018) did not provide such a prospect in old E-V290Mmice.
These results in mice are dependable with data found in aged
humans where COX inhibition did not affect damaged endo-
thelium (Eisenach et al. 2014). Rather it appears that the NO-
component of the vasodilator is the crucial mechanism affect-
ed (Eisenach et al. 2014).

ROCK and Vascular Aging

Aging has been considered as the utmost risk aspect for vas-
cular disease and consequent clinical difficulties (Rothwell
et al. 2005; Wang et al. 2014a, b) but comparatively little is
known about the vascular aging biology (Faraci 2011;
Rodríguez-Mañas et al. 2009; Wang et al. 2014a, b).
Endothelial dysfunction is an autonomous interpreter of vas-
cular events in investigational models and humans. It has an
essential role in the initiation and progression of vascular dis-
ease (Emdin et al. 2018; Faraci 2011; Martens and Seals 2016;
Wang et al. 2014a, b). However, the loss of endothelial health
is serious in relation to vascular disease, but investigations
using endothelial specific models or manipulation along with

aging are rare. In the models utilizing human and animals,
(Rothwell et al. 2005) low-grade inflammation and oxidative
stress are common features of vascular disease throughout
aging (Park et al. 2007; Mayhan et al. 2008; Rodríguez-
Mañas et al. 2009; Wang et al. 2014b; Martens and Seals
2016).

Rho-kinase (ROCK) is a serine/threonine kinase and effec-
tor of RhoA, a small GTPase triggered by different stimuli
including ROS (Sawada and Liao 2014). Both ROCK with
RhoA exerts significant activity in the vasculature, but their
influence is cell-specific and differs regionally (Sawada and
Liao 2014). ROCK is the main basis of vascular tone in vas-
cular muscle due to the properties of calcium sensitivity and
the directing myosin light chain (Sawada and Liao 2014). The
different interaction between ROCK and eNOS/NO-mediated
signaling has been defined (Sawada and Liao 2014). ROCK
prevents eNOS expression and activity (i.e., via possessions
on mRNA stability and phosphorylation of protein) in ECs,
but similarly, Y27632 hinders ROCK isoforms efficiently (De
Silva et al. 2016).

Rao et al. (2017) described that in glomerular endothelial
cells, RhoA/ROCK-dependent pathway improves inflamma-
tory infiltration and adhesion caused by advanced glycation
end products (AGEs). According to the study, AGEs elevated
MCP-1 and ICAM-1 through the RhoA/ROCK pathway in
the ECs of the glomerulus. On the other hand, RhoA/ROCK
pathway inhibition ameliorated albuminuria, urinary albumin-
creatinine ratio, and enhanced adhesion and inflammatory cell
infiltration in the glomerulus.

As part of the effort to assess mechanisms in old E-V290M
mice, De Silva et al. (2018) assessed the role of ROCK. It has
been found that endothelial dysfunction in old E-V290Mmice
was inverted by this inhibitor. Though the data recommend

Fig. 4 Oxidative stress triggers
copious signaling pathways that
affect PPARγ transcription.
ERK1/2, Extracellular signal-
regulated kinase 1/2; PDGF,
Platelet-derived growth factor;
PI3K, phosphoinositide 3-kinase;
Akt, Protein kinase B; AMPK,
AMP-activated protein kinase
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the idea that ROCK has a significant contribution to vascular
aging, it does not show which isoform was involved.
However, recent experiments recommend that ROCK-2 has
a role in endothelial dysfunction caused by Ang II (De Silva
et al. 2016). As per De Silva et al. (2018), PPARγ in ECs
generally prevents the activation of RhoA/ROCK, thus
supporting the endothelium-dependent vasodilation. PPARγ-
induced chronic inhibition of ROCK is possibly important
because the action of ROCK is definitely connected to cardio-
vascular actions including stroke (Kajikawa et al. 2014).

Endothelial PPARγ in Vascular Protection

Vascular protection is the vascular endothelial growth factor
(VEGF)–triggered endothelial function improvement that fa-
cilitates the prevention of proliferation of vascular SMC, en-
hancement of endothelial cell survival, prevention of throm-
bosis, and effects against inflammation. By inducing VEGF,
the syntheses of NO and prostacyclin are both possible to be
crucial mediators of VEGF-mediated vascular defense
(Zachary et al. 2000).

In order to attain insight into the cell-specific effect of
PPARγ, De Silva et al. (2018) addressed the proposition that
genetic interference with endothelial PPARγ would augment
age-induced vascular dysfunction. In their study, they used
carotid arteries from both adult and old mice with
endothelial-specific expression of a human dominant negative
mutation in PPARγ regulated by the vascular cadherin pro-
moter (i.e., E-V290M), accompanied by age-matched,
nontransgenic littermates. Endothelial function in old E-
V290M mice was not changed by a COX inhibitor, but it
was restored to typical function by a superoxide scavenger,
an inhibitor of NADPH oxidase, or inhibiting the ROCK.
Vascular expression of IL-6, Nox-2, and CDKN2A (i.e., a
marker of senescence) was elevated in old E-V290M mice
compared with controls. The study concluded that age-
related vascular dysfunction, inflammation, and senescence
are enhanced following the interference with endothelial
PPARγ through the mechanisms concerning oxidative stress
and ROCK.

Mukohda et al. (2016) stated that endothelial PPAR-γ ex-
erts vascular defense against oxidative stress by IL-1β induc-
tion in transgenic mice with endothelium-specific overexpres-
sion of either dominant negative PPAR-γ (i.e., E-V290M) or
wild-type. In the aorta of NF-κB-LUC transgenic mice, IL-1β
improved luciferase activity and phospho-p65, but dose-
dependently reduced IκB-α. In addition, IL-1β decreased
endothelial-dependent relaxation by acetylcholine (ACh) in a
dose-dependent manner. The sensitivity was partly improved
by pretreatment with the PPARγ agonist, rosiglitazone or in
either wild-type. On the other hand, in the aorta of E-V290M
mice, IL-1β–induced endothelial dysfunction was

deteriorated. However, IL-1β elevated the expressions of
NF-κB target genes. However, endothelial dysfunction caused
by IL-1β was not treated by the inhibitor NF-κB p65. A su-
peroxide dismutase (SOD) mimetic, tempol, partly restored
ACh receptiveness in the IL-1β–treated aorta. Particularly,
tempol only modestly enhanced protection in the E-WTaorta.
Nonetheless, tempol had an improved defensive effect as
compared to the aorta from nontransgenic mice in the E-
V290M aorta. These aforementioned findings signifying that
PPAR-γ–mediated defense may be due to the involvement of
antioxidant effects. Therefore, IL-1β–induced ROS and re-
duced the ratio between phospho-endothelial nitric oxide syn-
thase (i.e., Ser1177) and eNOS in the nontransgenic aorta. In
the aorta with E-V290M, these activities were totally elimi-
nated in the aorta with endothelial overexpression of WT
PPAR-γ and were found deteriorated even in the absence of
IL-1β. Regarding the study conclusion, PPAR-γ defends
against IL-1β–mediated endothelial dysfunction via decreas-
ing the oxidative stress signaling.

Vascular thrombosis is known as a major impediment of
diseases of the CVS and is strongly accompanying with risk
influences including hypertension, metabolic syndrome, ath-
erosclerosis, and diabetes that are identified to be moderated
by PPARγ (Roach et al. 2013). However, it is not well under-
stood how PPARγ affects thrombotic vulnerability. Following
the cultured ECs studies, it was found that the activation of
PPARγmay defend against thrombosis by decreasing the pro-
inflammatory cell adhesion molecule expression, suppressing
the initiation of the transcription factor, NF-κB, and elevated
production of endothelial NO (Jackson et al. 1999;Wang et al.
2002; Calnek et al. 2003; Sasaki et al. 2005; Ricote and Glass
2007). In contrast, agonists for PPARγ have been known to
excite an elevated synthesis of procoagulant microparticles
from macrophages and monocytes (Neri et al. 2012). In addi-
tion, findings suggest that may help to elucidate the paradox-
ical elevate in risk of myocardial infarction observed in indi-
viduals with diabetes managed by certain TZDs (Nissen and
Wolski 2007). Therefore, via activities on numerous target
cells, PPARγ agonists might show contrasting properties on
thrombotic vulnerability. Evidently, a good understanding re-
garding the tissue-specific activities of PPARγ in modulating
antithrombotic ability is anticipated (Duan et al. 2008).

A study of Jin et al. (2015) employing a transgenic
mouse model expressing a PPARγ mutant (i.e., E-
V290M) selectively in endothelium, endothelial PPARγ
defends against vascular thrombosis. In E-V290M mice,
the time required for occlusive thrombosis of the carotid
artery was reduced as compared to the non-transgenic lit-
termates after either chemical-induced injury or photo-
chemical injury. In aortic endothelial cells in E-V290M
mice, gene set enrichment analysis reported a significant
elevation of NF-κB target genes, such as P-selectin.
Furthermore, P-selectin in plasma and carotid artery
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mRNA was significantly raised in E-V290M mice. In E-
V290M mice, P-selectin–dependent leukocytes rolling on
mesenteric venules were elevated as compared to non-
transgenic mice. The reduced time to arterial occlusion in
mice (E-V290M) was upturned by treatment of P-selectin
preventing antibodies or neutrophil-depleting antibodies
prior to injury caused by photochemical. Endothelial
PPARγ defends against thrombosis which comprises
downregulation of expression of P-selectin and lessened
P - s e l e c t i n – d e p e n d e n t l e u k o c y t e - e n d o t h e l i a l
communications.

The close relationship between aging and/or inflammation
and redox-regulated transcription factors has been revealed in
various studies (Kim et al. 2002), but the properties of age on
the changes in PPARs are yet to be explored. In order to clarify
the changes in PPARs throughout aging and their variation at
the molecular level, Sung et al. (2004) examined how age and
calorie restriction affect PPARs in kidneys attained from
Fischer 344 rats. Following the study, it was found that a
nuclear protein, the mRNA level, and DNA binding action
of PPARs decrease in an age-dependent manner, whereas cal-
orie restriction blunted the reduction. In addition, the results
were confirmed in distinct trails in which rats were injected
with LPS, with the outcome of enhanced vulnerability to in-
flammation (Sung et al. 2004). According to these aforemen-
tioned findings, the investigators decided that the changed
expression of PPARs perhaps due to an elevation of oxidative
stress with age and calorie restriction averts these reduce
through its action against oxidative stress.

Conclusion

Age-induced endothelial dysfunction is considered to be
mediated by the inflammatory and oxidative-dependent
mechanisms. PPARγ plays crucial roles in all phases of
inflammation. During aging, suppression of the increased
inflammatory processes is considered to take place partly
because of the prevention of the age-related decline in
PPARs. Following the intervention with endothelial
PPARγ, age-related senescence, inflammation, and vascu-
lar dysfunction were attenuated. Interestingly, systemic
inflammation is suppressed by the activation of PPARγ
in healthy individuals. Furthermore, endothelial PPARγ
has implications for therapeutic approaches for vascular
aging, as well as vascular pathophysiology. Molecular in-
sights into the calorie restriction’s capability to prevent
decreases in PPARs and the modulation of PPARs
throughout aging is obligatory to provide a better under-
standing of the impact of PPARγ in the mechanisms un-
derlying anti-inflammatory action of calorie restriction
and the role in the aging process.
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