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Ischemia-reperfusion injury (IRI) is a complex pathophysiological process that is often
characterized as a blood circulation disorder caused due to various factors (such as
traumatic shock, surgery, organ transplantation, burn, and thrombus). Severe metabolic
dysregulation and tissue structure destruction are observed upon restoration of blood flow
to the ischemic tissue. Theoretically, IRI can occur in various tissues and organs, including
the kidney, liver, myocardium, and brain, among others. The advances made in research
regarding restoring tissue perfusion in ischemic areas have been inadequate with regard to
decreasing the mortality and infarct size associated with IRI. Hence, the clinical treatment
of patients with severe IRI remains a thorny issue. Peroxisome proliferator-activated
receptor c (PPARγ) is a member of a superfamily of nuclear transcription factors
activated by agonists and is a promising therapeutic target for ameliorating IRI.
Therefore, this review focuses on the role of PPARγ in IRI. The protective effects of
PPARγ, such as attenuating oxidative stress, inhibiting inflammatory responses, and
antagonizing apoptosis, are described, envisaging certain therapeutic perspectives.
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INTRODUCTION

Good blood circulation in organs is the premise for their normal physiological function. Ischemic
diseases are common in clinical practice; however, they sometimes cause severe damage to organs if
not considered seriously. The development of ischemic diseases mainly consists of the following two
stages: ischemia and reperfusion. Blood circulation under normoxic conditions guarantees tissue
physiological function. Paradoxically, many studies have revealed that when the blood flow is
restored in ischemic tissue, it exhibits severe metabolic dysregulation and structural destruction. This
phenomenon is known as ischemia-reperfusion injury (IRI).

Complex molecular mechanisms and deterioration of cell microstructure are important factors
contributing to organ IRI, thereby damaging the body seriously. Since IRI is a multifactorial disease,
the divergent target organs undergoing damage pose a difficult challenge during clinical therapy.
With an increasing number of studies in this area, researchers have gradually found that the main
factor causing damage to the tissue is not ischemia itself, but rather the excessive free radicals
generated by cells after restoration of blood supply, which attack the part of the tissue that has
reacquired blood supply. The mechanisms of IRI are complicated and remain largely unclear. Many
studies have reported that the production of reactive oxygen species (ROS), apoptosis, necrosis, and
inflammatory cell infiltration are themain cellular responses in the pathophysiological process of IRI,
subsequently leading to tissue damage due to a series of continuous cell events (Friedewald and Rabb,
2004; Kieran and Rabb, 2004).
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The PPAR family consists of three isoforms, namely, PPARα,
PPARβ/δ, and PPARγ, which control gene expression in
downstream networks to participate in lipogenesis, lipid
metabolism, inflammation, and maintenance of metabolic
homeostasis. In addition, certain other effects of PPAR
activation, such as tumor-inhibitory effects, have been
identified in most experimental models of PPARs. The
mechanism may be related to the suppression of proliferation
as well as induction of differentiation and apoptosis (Evans et al.,
2004; Barish et al., 2006). The potential adverse consequences of
PPAR activation also need to be carefully considered. For
instance, GW501516 (a type of PPAR-δ synthetic agonist)
may accelerate the growth of small intestinal polyps in
adenomatous polyposis coli tumor suppressor gene-deficient
mice. The occurrence and size of colon polyps are augmented
by PPARγ agonists as well (Lefebvre et al., 1998; Gupta et al.,
2004).

Activation of PPARγ can lead to key consequences in
mitochondrial metabolisms of fatty acid (FA) and glucose.
Excess lipid accumulation is associated with decreased organ
function. It may be due to either toxic effect of intracellular lipids
or excessive fatty acid oxidation (FAO). PPARγ can overexpress
FAO genes, and greater FAO is associated with more ROS
production (Bhaumik et al., 2005). It can also deviate FA to
the toxic ceramide and DAG; however, despite increased DAG
and ceramide levels, research showed that partitioning of lipid to
storage and oxidation could reverse cardiolipotoxicity in PPARα-
deficiency mice, reflecting the intricate metabolic regulation of
PPARγ (Son et al., 2010).

PPARγ is subdivided into γ1 and γ2. PPARγ1 is expressed in a
wide range of tissues, such as the myocardium of mammals,
skeletal muscle, colon, small and large intestines, kidney,
pancreas, and spleen, while PPARγ2 is primarily expressed in
adipose tissue (Fajas et al., 1997), which confirms the subsequent
finding that PPARγ activation reduces IRI. Studies have shown
that PPARγ1 and 2 are involved in immune regulation, regulation
of lipid metabolism, and inflammation, and are thus associated
with the underlying molecular mechanism of IRI. It has been
reported to play an important role in the reduction of anti-
inflammatory cytokine biosynthesis (Haraguchi et al., 2008) and
in the improvement of cellular antioxidant systems (Shimazu
et al., 2005). The anti-inflammatory role of PPARγ in myeloid-
lineage cells has been reported to be important in controlling pro-
inflammatory cytokine synthesis, myeloid-derived suppressor cell
expansion, immunosuppression, and cancer development (Wu
et al., 2012). In addition, it has been revealed that PPARγ plays an
important role in organ IRI (Cuzzocrea, 2004). Protective effects
of PPARγ agonists have been reported in cerebral, cardiac,
kidney, and hepatic IRI. Activation of PPARγ mainly depends
on its natural ligand and synthetic ligand. Thiazolidinediones
(TZDs) such as rosiglitazone (RGZ) and pioglitazone (PIO),
which are synthetic ligands of PPARγ, have been reported to
exhibit significant improvements in antidiabetic therapy
(Murphy and Holder, 2000). In addition, the transcription of
target genes related to lipid metabolism, glucose homeostasis, cell
proliferation, and differentiation, as well as inflammation, has
been confirmed to be altered by TZDs (Chinetti et al., 2003).

Growing evidence indicates that the therapeutic effects of PPARγ
ligands may also be applied to other diseases.

THE POTENTIAL MOLECULAR
MECHANISMS OF
ISCHEMIA-REPERFUSION INJURY
The pathological mechanism of IRI is complex and involves many
biological processes. The mechanism of its occurrence has not
been fully elucidated. Importantly, it is currently believed that
increased free radical production, intracellular calcium overload,
and excessive activation of inflammatory response are essentially
involved in IRI. The microvascular and parenchymal organ
damage induced by ischemia tissue reperfusion is mainly
caused by reactive oxygen–free radicals and has been
demonstrated in many organs. The synthesis of antioxidant
enzymes that scavenge free radicals in ischemic tissue is then
impaired, thus exacerbating the damage caused by free radicals to
postischemic reperfusion tissue. Free radical scavenging by
superoxide dismutase (SOD) protects against IRI.

Clinicians are beginning to pay attention to the benefits of
using free radical scavengers such as antioxidants to reduce the
harmful effects of excessive free radicals while restoring blood and
oxygen supply to ischemic tissues. Here, we provide an overview
of the underlying molecular mechanism involved in promoting
these abovementioned effects that eventually result in IRI.

Free Radicals
Free radicals are important oxygen metabolites and are mainly
divided into two categories, namely, ROS and reactive nitrogen
species (RNS). Due to their active chemical properties, they
interact with antioxidants and are destroyed, while excessive
amounts will cause oxidative stress such as lipid peroxidation
in the body, destruction of protein and nucleic acid structure and
function, and tissue damage (Chouchani et al., 2014; Phull et al.,
2018). Two types of important chemical substances in the body
play protective roles, such as antioxidants (glutathione, vitamin
C, coenzyme Q, and so on) and antioxidant enzymes, such as
SOD, catalase, and glutathione peroxidase (GSH-Px), and can
remove free radicals in a timely manner and thereby maintain
normal physiological functions of the body.

During ischemia, tissue cells are hypoxic. As a result, partial
pressure of intracellular oxygen decreases, leading to
dysfunctional mitochondrial oxidative phosphorylation,
decreased ATP production, increased calcium entry into the
mitochondria, dysfunction of the cytochrome oxidase system,
and damage to the electron transport chain. The activity of
antioxidant enzymes such as catalase, GSH-Px, and SOD
decreases. When the tissue is restored with blood flow, the
oxygen entering the cells increases through the mitochondria
to form active oxygen species, which induces oxidative stress
(Inceoglu et al., 2017; Garcia et al., 2018; Yu et al., 2019).

Neutrophils play a vital role in maintaining homeostasis. The
oxygen consumption during phagocytosis is significantly
increased, and the formation of free radicals can kill
pathogenic microorganisms. Free radicals generated during
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ischemia act on cell membranes, and the production of
leukotrienes can attract a large number of neutrophils and
activate them. When the tissue regains oxygen, the neutrophils
consume a lot of oxygen and produce many free radicals, causing
tissue damage (Kalogeris et al., 2012).

Studies have shown that the metabolism of uric acid
mediated by xanthine oxidase and its precursor xanthine
dehydrogenase is closely related to the generation of free
radicals. ATP levels seldom affect uric acid metabolism
during hypoxia (Pelin et al., 2018). During reperfusion,
increased amount of dioxygen enters the ischemic tissue
with the blood, and the metabolism of uric acid is
restored. The accumulation of active oxygen generated
during metabolic restoration of uric acid is the precise
mechanism leading to tissue damage (Watanabe et al.,
2019). In addition, during ischemia-reperfusion, although
the sympathoadrenal medulla system can be stimulated to
produce catecholamines in response to stress, it is also
accompanied by the production of free radicals. An
imbalance between increased oxidative substances and
reduced antioxidant defense mechanisms leads to oxidative
stress–induced damage.

Calcium Overload
Under physiological conditions, there is a huge difference
between intracellular and extracellular calcium concentration.
This difference in concentration is sustained through a series of
transport mechanisms that maintain a dynamic balance so that
all kinds of biochemical reactions can be carried out normally.
Ischemia-reperfusion may cause abnormal calcium transport,
thereby increasing intracellular calcium content, which leads to
calcium overload, cell structure destruction, and metabolic
dysfunction. Calcium overload may aggravate body damage
through energy metabolism disorders, cell membrane and
structural protein breakdown, and aggravation of acidosis. In
particular, mitochondrial calcium overload is a crucial event in
determining the fate of cell survival and death (Ben-Ari et al.,
2009; Lee et al., 2018). However, the mechanism of calcium
overload caused by ischemia-reperfusion has not been fully
studied. Possible factors include abnormal Na+–Ca2+

exchange, protein kinase C (PKC) activation, and biofilm
damage.

Excessive Activation of Inflammation
It is acknowledged that ischemia-reperfusion can activate aseptic
inflammatory response in the body, mainly involving the
aggregation and activation of immune cells and activation of
the complement system. Among them, leukocyte aggregation and
activation-mediated microvascular injury play important roles in
organ IRI (Kurose et al., 1994). Activated neutrophils and
vascular endothelial cells release large amounts of active
substances, such as free radicals, proteases, and lysozymes,
resulting in damage to peripheral tissue cells. At the same
time, aggregated granulocytes adhere to vascular endothelial
cells and block microcirculation in vessels. Ischemic hypoxia
induces a series of cascade reactions that further aggravate
tissue hypoxia.

Ischemic injury stimulates the increased expression of
various adhesion molecules on the surface of vascular
endothelial cells, which mainly include integrins, selectins,
and intercellular adhesion molecules. Chemokines, selectins,
and integrins secreted by endothelial cells and leukocytes can
promote the exudation of neutrophils and macrophages, as well
as increase in cytokines such as leukotrienes (LTs), leukotriene
B4 (LTB4), and platelet activating factor (PAF). Moreover, other
factors released during inflammatory reaction can attract a large
number of white blood cells to adhere to the vascular
endothelium or exudate, thereby causing tissue damage
(Cannistra et al., 2016).

Other Important Biological Processes
The process of cell apoptosis has been implicated as an
eminent symptom of IRI; it can be roughly divided into the
following stages: receiving apoptotic signals, interactions
between apoptosis regulatory molecules, activation of
proteolytic enzymes (caspase), and the cascade reaction
process. After a proapoptotic stimulus signal, caspase
precursors of initiator caspases were activated as a result of
proteolytic processing. Once activated, initiator caspases could
activate other caspases in a cascade, leading to the activation of
effector caspases; a variety of proteins were subsequently
degraded, and apoptosis process was initiated
simultaneously (Fleisher, 1997).

By recycling damaged and toxic cytoplasmic material into
new cellular building blocks, autophagy supports anti-stress
responses and energy maintenance. The damaged proteins
and organelles were disposed of by autophagy as well, so it
plays an indispensable role in the face of starvation and other
kinds of stress (Glick et al., 2010). Published works showed
contradictory findings; both protective and detrimental roles
of autophagy were manifested. Autophagy was also
suggested to provoke cell death; it could be a double-
edged sword in terms of its role in cerebral, kidney, liver,
and myocardium reperfusion injury, although the
mechanisms behind it have been a matter of debate
(Rautou et al., 2010; Puyal et al., 2012; Decuypere et al.,
2015; Sciarretta et al., 2018).

N-methyl-D-aspartate (NMDA) is the excitatory
neurotransmitter involved in learning and memory. During
the ischemia period, glutamate accumulated rapidly at
synapses in the brain, resulting in extensive stimulation of its
N-methyl-D-aspartate receptors (NMDARs), which could be
toxic to neurons eventually (Simon et al., 1984; Rossi et al.,
2000). Excessive and prolonged activation of NMDARs induced
a large amount of Ca2+ influx through the cytomembrane.
Intracellular Ca2+ overloaded could subsequently trigger
several downstream lethal reactions including proteolysis of
key cellular proteins, resulting in irreversible cell death
(Lipton, 2006). Thus, NMDAR excitotoxicity results in the
severe cell metabolic disorder. NMDARs have long been
considered as a therapeutic target for IRI insults. Recently,
the role of NMDA was also discovered in peripheral organs
such as bones, cardiovascular, and kidneys (Bozic and
Valdivielso, 2015).
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ROLE OF PEROXISOME
PROLIFERATOR-ACTIVATED RECEPTOR γ
IN RENAL ISCHEMIA-REPERFUSION
INJURY

The kidney is a highly perfused organ that is sensitive to ischemia
and reperfusion injury, and the incidence of renal IRI has high
morbidity and mortality. Previous reports have attributed tissue
damage during IRI to be associated with ROS generation,
apoptosis, necrosis, infiltration of inflammatory cells, and
release of active mediators (Friedewald and Rabb, 2004; Kieran
and Rabb, 2004). Several studies have shown that apoptosis and
oxidative stress are important mechanisms involved in renal IRI.
Over the years, it is increasingly believed that the main form of
cell death during IRI is apoptosis, and it is worth noting that it can
even affect the outcome of cells in an inflammation-independent
manner (Ysebaert et al., 2004; Ballow et al., 2005; Docherty et al.,
2006). Although PPARγ is abundantly expressed in adipose
tissue, it is also expressed in vascular smooth muscle cells,
endothelial cells, monocytes, macrophages, and myocytes.
Indeed, ischemia induces cell apoptosis in various segments of
renal tubules (Okada et al., 1997; Xu et al., 2006). In our previous
studies, pretreatment of mice, subjected to ischemia-reperfusion,
with the PPARγ agonist pioglitazone resulted in mitigating IRI-
induced renal cell apoptosis, with an increase in Bcl-2 expression
and a decrease in Bax expression (Hu et al., 2012). As mentioned
above, the overproduction of ROS after tissue reperfusion has
long been recognized as one of the key mechanisms that trigger
cell apoptosis. Furthermore, we also indicated that the
renoprotective properties of pioglitazone might be attributable
in part to enhancing the antioxidant capacity of the kidney (Zou
et al., 2013); it may be recognized as one of the pivotal
mechanisms implicated in the anti-inflammatory effects of
PPARγ.

During IRI, cells induce autophagy (Ma et al., 2015).
Understanding the process of autophagy has been complicated
for a long time. It has been reported that when the autophagy-
related gene ATG5-deficient mice were used to establish an IRI
model, a dramatic increase in serum creatinine and urea nitrogen
was detected, together with an increased rate of apoptosis,
suggesting a significant protective effect of autophagy against
IRI (Kimura et al., 2011). Multiple signaling molecules, including
the mammalian target of rapamycin (mTOR), the major
inhibitory signal of autophagy, AMP-activated protein kinase
(AMPK), Bcl-2/beclin 1 complex, and p53, play a crucial part in
the regulation of autophagy. The class I phosphatidylinositol 3-
kinase (PI3K)/Akt and p70S6 kinase are linear substrates of
mTOR that may act to regulate mTOR activity, either by
inhibiting or enhancing it. AMPK is another sensor of cellular
bioenergetics, especially in response to energy stress (Yang and
Klionsky, 2010). In our subsequent study, a pivotal renoprotective
role of the AMPK–mTOR pathway in enhancing autophagy
induced by PIO was presented, by examining the total
upregulation of AMPK phosphorylation. However, this effect
was suppressed upon administration of the PPAR-γ inhibitor
GW9662 and autophagy inhibitor 3-MA (Chen et al., 2018). In

addition, it has been reported that PIO could significantly reduce
the rate of apoptosis (Reel et al., 2013). GW9662 and 3-MA
reversed this effect of PIO, thereby providing further evidence
that PIO reduces IRI-induced apoptosis.

Previously, it has been reported that in MCF-7 cells (human
breast cancer cells), PIO treatment could enhance PPARγ
transcriptional activity (Sato et al., 2013). A murine model of
intestinal IRI showed that PPARγ-deficient mice exhibited more
severe kidney damage; however, that adverse impact on tissues
could be abrogated by the activation of PPARγ (Nakajima et al.,
2001). Similarly, PPARγ-deficient mice that developed liver IR
showed worse liver function after IR than wild-type (Wt) mice.
However, PPARγ agonists reduced the levels of ALT and AST,
thereby reflecting alleviation of liver injury in Wt mice (Kuboki
et al., 2008). After IR, the expression of liver PPARγ was up-
regulated and several strong pro-inflammatory cytokines,
chemokines, and adhesion molecules were down-regulated by
PPARγ agonist administration, thereby inhibiting IRI (Akahori
et al., 2007). The specific targets of PIO involved in protecting
organ IRI still need further exploration. Further research is
required to understand the molecular mechanisms of PPARγ
activation involved in protecting against renal IRI.

The most widely studied cyclopentenone prostaglandin, 15-
deoxy-Δ12,14-prostaglandin J2 (15 days-PGJ2), is considered as
the first natural ligand of PPARγ, and exhibits anticancer, anti-
inflammatory (Bianchi et al., 2014), antioxidative (Ruiz-
Miyazawa et al., 2018), and protective effects during ischemia-
reperfusion in animal models (Chen K. et al., 2017). Whether its
anticancer and anti-inflammatory effects rely on the activation of
PPARγ remains to be investigated. It was first demonstrated that
the protective effects of 15 days-PGJ2 in acute severe hemorrhage
and resuscitation were primarily an outcome of PPARγ activation
(Abdelrahman et al., 2004). Several studies have been
implemented to investigate the effects of 15 days-PGJ2 on
tissue injury resulting from IR in vitro and in vivo. Hypoxia
diminished the expression and anti-inflammatory effects of
PPARγ in human proximal renal tubular epithelial cells
(HPTECs) (Li et al., 2007). Lin et al. reported that
upregulation of the protective heme oxygenase-1(HO-1)
combined with inhibition of COX-2 and other NF-
κB–dependent genes upon PPARγ activation were the primary
mechanisms by which 15 days-PGJ2 and rosiglitazone prevent
IR-induced neuronal necrosis and apoptosis, thereby limiting
infarction area expansion. The use of two kinds of PPARγ
inhibitors, including GW9662 and BADGE, further illustrated
that the protective effects of 15 days-PGJ2 were mediated by
PPARγ (Lin et al., 2006). In one experiment, the sensitivity of
15 days-PGJ2 to TNF-related ligand-induced apoptosis was not
completely blocked by GW9662, suggesting a partial PPARγ-
dependent influence of this ligand (Han et al., 2007). However,
the specific mechanism by which 15 days-PGJ2 regulates PPARγ
has not been fully elucidated. It may enhance PPARγ activity at
the transcriptional level, or alternatively, it might be involved at
the protein stability level. However, PPARγ ligands can alleviate
tissue damage to a certain extent, and PPARγ may be a potential
target for the clinical treatment of organ IRI. The protective
effects of PPARγ in renal IRI are summarized in Table 1.
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RELATIONSHIP BETWEEN PEROXISOME
PROLIFERATOR-ACTIVATED RECEPTOR γ
AND HEPATIC ISCHEMIA-REPERFUSION
INJURY

The occurrence of hepatic IRI may be due to network-type or
burst-type inflammation. Studies have shown that treatment with
PPARγ agonists such as 15 days-PGJ2 and rosiglitazone could
regulate the production of pro-inflammatory mediators by
Kupffer cells (Kuboki et al., 2008). Kupffer cells (KCs) are
macrophages which are mainly located in the sinusoids of the
liver. When activated, they can release various pro-inflammatory
cytokines, such as TNF-α and IL-1β, in addition to releasing
oxygen-free radicals. Accumulation of neutrophil granulocytes
damages liver tissues, and the application of Kupffer
cell–activating inhibitors can significantly reduce liver IRI
(Kobayashi et al., 2002). To further investigate the relationship
between PPARγ activation and KC polarization as well as IR liver
lesions, PPARγ agonists and antagonists were administered to a
nonlethal segmental (70%) hepatic warm ischemia mouse model.
Upon activation of PPARγ, the pro-inflammatory nitric oxide+

Kupffer cell population decreased and the anti-inflammatory
CD206+ Kupffer cell population increased in response to IRI;
hepatic IRI was ameliorated. However, the PPARγ antagonist
reversed this beneficial effect on liver lesions. Experimental

results showed that the rate of hepatocellular apoptosis as well
as the pro-inflammatory NO+ Kupffer cell population was
increased. They concluded that amelioration of liver IRI was
coupled with PPARγ activation and modification of tissue-
resident macrophage polarization (Linares et al., 2018).
Subsequently, another study also confirmed the protective
effects of PPARγ activation in the liver due to modification of
KC polarization. It has been reported that curcumin activates
PPARγ and improves the decreased liver function caused by
orthotopic liver transplantation by modifying the polarization of
Kupffer cells from pro-inflammatory polarization (M1 KCs) to
anti-inflammatory polarization (M2 KCs) (Liu et al., 2018). This
further indicates that curcumin can protect mice against IRI and
may be an important immune supplement therapy to improve
clinical liver IRI outcome.

The important role of PPARγ in hepatic IRI has been
acknowledged for a long time. However, the molecular
mechanism of its protective effect in liver IRI is still unclear,
thus making it an interesting research topic for several research
groups. It has been reported that by activating the PPARγ/NLRP3
inflammasome signaling pathway in mice, asiatic acid (AA)
dramatically alleviated hepatic damage post-IR (Xu et al.,
2017). In steatotic livers, inhibition of angiotensin II action
protects rats against IRI. By stimulating the production of
bradykinin (BK), the adverse effects of IRI could be reversed.

TABLE 1 | Summarization of the effects of drugs acting on PPARγ in renal IRI.

Drugs act on
PPARγ

IRI models Main effects Conclusion Reference

Pioglitazonea Male Wistar albino rats
(200–250 g)

Antioxidant effects and renoprotection NMDA receptor antagonism involves in pio-
mediated renoprotection

Singh et al.
(2016)

Pioglitazonea NRK-52e cells Inhibited oxidative stress and ERS Pioglitazone can inhibit oxidative stress and ERS in
RTECs under NG and HG conditions

Zou et al.
(2019)

Pioglitazonea Male Sprague–Dawley rats
(200–250 g)

Inhibited apoptosis and exhibiting an
antioxidant effect

Pioglitazone protects renal against IRI; AMPK and
autophagy-related signals are engaged in

Chen et al.
(2018)

Pioglitazonea NRK-52e cells Enhanced autophagy Pioglitazone enhances AMPK phosphorylation and
inhibits mTOR phosphorylation during IRI

Xi et al. (2019)

Rosiglitazonea Male Sprague–Dawley rats
(200–250 g)

Reduced inflammatory and apoptotic
markers

RGZ-induced renoprotection is linked to a reduction
of inflammatory and apoptotic markers, besides
reversing the eNOS mRNA and iNOS mRNA
expression

Betz et al.
(2012)

Rosiglitazone and
ciglitazonea

Wistar rats Reduced oxidative stress and anti-
inflammatory cytokines

Renoprotective effects of rosiglitazone and
ciglitazone may via ICAM-1and PMN-relevant
oxidative stress reduction

Sivarajah et al.
(2003)

15 days-PGJ2b Wistar rats weighing
215–305 g

Reduced pro-inflammatory gene
expression

15 days-PGJ2 protects the kidney by reducing pro-
inflammatory gene expression and inhibiting NF-κB
activation

Chatterjee et al.
(2004)

Cilostazolc Adult male Wistar rats
weighing 200–250 g

Modulated the oxidative stress, iNOS, NF-
kB, IL-18, caspase-1, NGAL, Kim-1, and
PPARγ level

Cilostazol purveys renoprotective effects may
partially via the upregulation of PPARγ

Ragab et al.
(2014)

Sildenafilc Male Wistar albino rats
weighing 200–250 g

Antioxidant and renoprotective effects Sildenafil protects against IR-induced AKI through
PPARγ agonism in rats

Mohey et al.
(2016)

Estradiolc Male Wistar albino rats
(16–20 weeks, 200–250 g)

Upregulation, antioxidant, and
antiapoptotic activity

Estradiol protects renal via PPAR-γ–stimulated
eNOS activation

Singh et al.
(2019)

NMDA, N-methyl-D-aspartic acid; RTECs, rat renal tubular epithelial cells; NG, normal glucose; HG, high glucose; ERS, endoplasmic reticulum stress; eNOS, endothelial NO synthase;
iNOS, inducible NO synthase; PMN, polymorphonuclear; NGAL, neutrophil gelatinase-associated lipocalin.
aPPARc synthetic ligand.
bPPARc natural ligand.
cPPARc agonist.
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See the summarization in Table 2. It was further shown that BK
exerts these protective effects on hepatic IRI through the PPARγ
pathway (Casillas-Ramirez et al., 2008). Koh et al. reported that
losartan could protect the hepatic cells from IR damage by
activating PPARγ, which subsequently inhibited the RAGE-
mediated signaling pathways, such as the MAPK and Egr-1
pathways. In addition to PPARγ, RAS inhibition or bradykinin
B2 receptor agonist may participate in the hepatoprotective
effects provided by losartan against IRI (Bonde et al., 2011;
Koh et al., 2013). Recently, Ji and colleagues administered
cafestol in mice before surgery-induced hepatic IRI and found
that it eventually attenuated liver IR-induced apoptosis and
autophagy by inhibiting the extracellular signal-regulated
kinase (ERK)/PPARγ pathway (Ji et al., 2020). As the natural
ligand of PPARγ, 15 days-PGJ2 has been demonstrated to inhibit
macrophage activation and aggregation in vivo and in vitro,
which might play a pivotal role in liver IRI (Han et al., 2012;
Liu et al., 2012). In another study, treatment of mice with 15 days-
PGJ2 reduced the serum expression levels of TNF-α, IL-1β, and
F4/80 (a major biomarker of KCs) compared to the control group
(Chen Z. et al., 2017). This may be due to the inhibitory effect on
KC activation resulting in a comparatively moderate
inflammatory response, including reduction in the elevated
serum ALT and AST levels. Further examination indicated
that hepatocyte necrosis and apoptosis were inhibited, thereby
alleviating tissue damage. Autophagy was also inhibited by the
activation of nuclear factor–erythroid related factor 2 (Nrf2),
thereby enhancing the clearance of ROS and consequently
suppressing HIF1α/BNIP3 and LC3 expression. However, their
results were surprising, since hepatic PPARγ activation may only
have weak inhibitory effects on the production of pro-
inflammatory cytokines induced by 15 days-PGJ2. Based on

this, it protected liver tissue against IRI, which was probably
only partially dependent on PPARγ. This conclusion is consistent
with that of a previous study by Kuboki et al., wherein they
established a PPARγ+/− mouse model with IR and demonstrated
that activation of PPARγ was reduced in mice, and interestingly,
after 8 h of reperfusion, they showed worse liver function than
their wild-type counterparts. In other words, PPARγ+/–mice
suffered more severe IRI (Kuboki et al., 2008). The partial
PPARγ-dependent protective effects of 15 days-PGJ2 on IRI
have also been observed in renal tissues. However, further
research is required to identify the specific protective
mechanism of PPARγ against liver IRI.

Interestingly, remote organ damage due to IR is also the major
cause of death in patients, and studies have shown that PPARγ
plays a pivotal role in this kind of disease in animal models.
Pioglitazone rescues liver damage induced by renal IRI, and in
addition, the decline in renal function due to IRI was also
improved in rats. Mangiferin has the ability to protect against
liver injury caused due to gut IR. In addition, the involvement of
downstream cascade of NF-κB p65 phosphorylation, and the
potential activation of PPARγ and 3β/β-catenin signaling
pathways should be noted. Both the protective effects in organ
IR-induced liver damage described above may partly be
attributed to the antioxidant, anti-inflammatory, and anti-
apoptotic effects of PPARγ (El-Sayyad et al., 2017; Elshazly
and Soliman, 2019). Notably, the first member of the sequence
similarity 3 (FAM3) gene family, FAM3A, has been identified as a
novel target gene of PPARγ. Studies have shown that it has a
protective effect against IRI. Previous studies have demonstrated
that in mouse models of liver IR, knockdown of hepatic FAM3A
significantly increased the risk of IRI. In addition, ATP
production, Akt activity, and anti-apoptotic gene expression
were all inhibited in the liver upon experimental examination.

TABLE 2 | Summarization of the effects of drugs acting on PPARγ in hepatic IRI.

Drugs act on
PPARγ

IRI models Main effects Conclusion Reference

15 daysPGJ2a Balb/c mice
(7 weeks, 22 ± 2 g)

Decreased serum TNF-α, IL-1β, F4/80, beclin-1,
LC3, apoptotic cells, and autophagosomes.
Upregulated Bcl-2/Bax ratio

15 days-PGJ2 protects liver IR injury via reducing
Kupffer cell activation and activating the Nrf2
pathway

Chen K. et al.
(2017)

15 days-PGJ2a Balb/c mice
(7 weeks, 22 ± 2 g)

Reduced serum TNF-a, IL-1b and ROS, inhibited
apoptosis, and autophagic cell death

15 days-PGJ2 alleviates liver injury by up-
regulating HO-1 and inhibiting hepatic cell
autophagy

Chen et al.
(2016)

Dexmedetomidineb C57BL/6 mice
(8 weeks)

Inhibited intrahepatic pro-inflammatory innate
immune activation

Dexmedetomidine attenuates liver IRI via PPARγ/
STAT3 pathway

Zhou et al.
(2020)

Losartanb C57BL/6 mice
(8–10 weeks)

Reduced ALT activity, TNF-α and IL-6 levels,
decreased in apoptosis

Losartan ameliorates liver IRI with PPARγ
involvement, and inhibits RAGE-mediated signaling
pathway

Koh et al. (2013)

Pioglitazonec Wistar rats
(200–250 g)

Reduced TNF-α, MDA, NADPH oxidase mRNA,
apoptotic cell death, and oxidative stress, and
increased Nrf2, PPARγ1, Hmox1, and TRx
expression

PPARγ is a potential target to protect liver in
patients with renal IRI

Elshazly and
Soliman. (2019)

Rosiglitazonec C57BL/6
(10–12 weeks)

Reduced apoptosis, necrosis, nitric oxide + Kupffer
cell population, and increased CD206 + Kupffer cell
population

PPARγ can be an essential tool to ameliorate liver
outcomes by reducing the pro-inflammatory
phenotype of KCs and IRI

Linares et al.
(2018)

Nrf2, nuclear factor erythroid-related factor 2; RAGE, receptor for advanced glycation end product; MDA, malondialdehyde; Hmox1, hepatic hemoxygenase-1; TRx, hepatic thioredoxin.
aPPARc natural ligand.
bPPARc agonist.
cPPARc synthetic ligand.
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However, pretreatment with RGZ notably protected hepatic cells
against IRI with the upregulation of FAM3A together with
increasing ATP production and Akt activity (Zhou et al., 2013;
Chen K. et al., 2017). To further investigate its explicit role,
FAM3A-deficient mice were used for experimentation. They
found that FAM3A-deficient mice exhibited more severe liver
damage than wild-type (Wt) mice, and hepatic ATP production
and Akt activity were markedly decreased in these mice.
Moreover, RGZ pretreatment failed to reverse these outcomes.
Therefore, they concluded that the molecular mechanism by
which RGZ pretreatment ameliorated liver damage in Wt mice
may be via the FAM3A-ATP-Akt pathway. Regarding the
inflammatory response and oxidative stress, FAM3A has been
shown to suppress NF-κB activity; hence, inflammation in mice
hepatic cells induced by IR was decreased, due to reduced pro-
inflammatory cytokine expression and inflammatory factor
production. After RGZ treatment, NF-κB activity and
oxidative stress were both significantly repressed in Wt mice
livers, but aggravated liver damage in FAM3A-deficient mice,
indicating that the hepatoprotective effects of FAM3A were
associated with the activation of the ATP-PI3K-Akt pathway
and suppression of NF-κB signaling, and hence alleviating
oxidative stress in hepatocytes. A recent study on the drug
that is widely used for sedation of patients undergoing surgery
with anesthesia, dexmedetomidine, has been reported to mitigate
liver damage after IR by facilitating macrophage M2 activation in
a PPARγ/STAT3-dependent manner. Therefore, this might be a
possible strategy to reduce the damage caused to the liver by IR
during the perioperative period before the occurrence of liver
surgery-induced IRI (Zhou et al., 2020).

THE ROLES OF PEROXISOME
PROLIFERATOR-ACTIVATED RECEPTOR γ
IN CEREBRAL ISCHEMIA-REPERFUSION
INJURY

To our knowledge, brain tissues and spinal cord are more
vulnerable to ischemic and hypoxic damage due to various
factors than other tissues such as the kidney or liver. Neurons
are sensitive to ischemia and hypoxia, and blocking the blood flow
to the brain for only 5 min may result in neurocellular death.
Inflammatory response, oxidative stress, blood–brain barrier (BBB)
destruction, mitochondria-mediated mechanisms, and leukocyte
infiltration are regarded as the various mechanisms involved in
the pathophysiology of IRI (Posada-Duque et al., 2014; Lin et al.,
2016). In this section, we review the role of PPARγ in cerebral IRI.

Similar to the protective roles in renal and hepatic IRI,
pretreatment of rat or human neurons with 15 days-PGJ2
prevented H2O2-induced cytotoxicity and neuronal apoptosis.
Upon intraventricular application, 15 days-PGJ2 has exhibited
caspase 3 activity inhibiting effects in the ischemic cortex,
thereby reducing cell apoptosis. In the ischemic cortex and
cultured neurons, this phenomenon is mainly attributed to
increased HO-1 expression, as well as suppressed COX-2
expression and NF-κB activation (Lin et al., 2006). The

thiazolidinedione PPARγ agonist pioglitazone inhibits Ras-
related C3 botulinum toxin substrate l (Rac1) activity, which
has been identified as a small GTPase protein that is an essential
subunit of NADPH oxidase for the generation of ROS.
Moreover, Rac1 activation leads to a series of oxidative stress
events in normal or diabetic brains, while inhibiting its activity
and providing notable neuroprotective effects. By inhibiting the
ischemia-induced cytoplasmic translocation of high-mobility,
group protein 1 (HMGB-1) and the expression of advanced
glycation end products (RAGE), pioglitazone triggered
neuroinflammation, and microglial activation with the
activation of the MAPK and NF-κB signaling pathways. In
the PPARγ irreversible antagonist GW9662 treatment group,
the neuroprotective effects in the in vitro IR model were
abrogated, and knockdown of Rac1 showed the opposite
neural outcomes of pioglitazone treatment compared to the
control group. This suggested that IR-induced cerebral
apoptosis was attenuated by pioglitazone via PPARγ and was
accompanied by the suppression of HMGB-1/RAGE and Rac1/
ROS activation (Zhang et al., 2009; Johanna et al., 2010; Raz
et al., 2010; Xia et al., 2018). Additionally, these potential
biological reactions account for BBB destruction, and
accumulating evidence suggests involvement of inflammation,
oxidative stress, toxic damage of excitotoxic amino acids, and
intracellular calcium overload to be the essential pathological
mechanisms of cerebral IRI (Rosenberg, 2012; Wu et al., 2015).
It has been revealed that post-intracerebral hemorrhage and the
administration of rosiglitazone could improve the BBB damage
in rabbits. Therefore, illustrating its potential anti-inflammatory
mechanism is not only beneficial for identifying methods to
maintain BBB stability but also helpful to guide clinicians in the
treatment of cerebral IRI. This is an interesting study topic for
many neurobiology researchers. In the mouse middle cerebral
artery occlusion and reperfusion (MCAO/R) model, following
IRI, increased levels of serum ICAM-1, VCAM-1, P-selectin,
L-selectin, and CD11b/CD18 were markedly improved by
D-allose infusion. Additionally, D-allose suppressed the
activation of NF-κB, a typical signaling pathway that
regulates inflammatory response, in the MCAO/R model, in
which the NF-κB-associated inflammatory effects were
influenced severely. By administering GW9662, PPARγ
expression was inhibited, and the expression of TNF-α and
NF-κB p65 was enhanced. However, the GW9662
preconditioned cerebral IR outcomes were reversed by
D-allose treatment. Taken together, it may exert an anti-
inflammatory function via a PPARγ-mediated pathway, and
BBB stability is a pivotal factor in preventing the progression of
IRI (Huang et al., 2016). Similarly, 1,25-D3 also exhibits a
protective anti-inflammatory role upon MCAO/R insult by
maintaining BBB integrity through the activation of the
PPARγ pathway accompanied by the upregulation of brain-
derived neurotrophic factor (BDNF) owing to PPARγ activation
(Guo et al., 2018).

Autophagy is a highly regulated process characterized by
the formation of autophagosomes. When autophagosomes
fuse with the lysosomes, autophagolysosomes are formed.
Degenerated and damaged organelles as well as cytoplasmic
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macromolecules in the cells can be degraded by the
autophagy–lysosomal system, which plays an important
role in maintaining cell homeostasis. The role of autophagy
in cerebral IRI is very complicated and has been reported to be
related to brain maturity, brain area, severity of injury, and
ischemic stage (Xu et al., 2012). Paradoxically, the role of
autophagy in IR-induced neuronal death is controversial, and
whether it is beneficial or harmful needs further research. The
protective role of autophagy against IRI has been previously
demonstrated (Liang et al., 1999). Further, extensive research
has been conducted to examine the role of autophagy in organ
IRI. It has been demonstrated that the PPARγ agonist 15 days-
PGJ2 exerted neuroprotection against cerebral I/R injury by
inhibiting neuronal autophagy (Xu et al., 2013). Another
study has reported that the neuroprotection provided by
15 days-PGJ2 may be partially through inhibition of
neuronal autophagy after oxygen–glucose deprivation/
reoxygenation injury (Qin et al., 2015). The

neuroprotective effect exerted by rosiglitazone may or may
not rely on inhibiting the process of neuroinflammation and
autophagic neuronal death, or may partially affect these
processes in IR-induced cerebral dysfunction. A short
period of ischemia followed by reperfusion applied to the
organ may activate endogenous defense mechanisms that
protect against a subsequent, sustained ischemic insult, a
phenomenon known as ischemic preconditioning (IPC)
(Bonventre, 2002). Interestingly, in focal ischemic
preconditioning (IPC) and/or permanent focal cerebral
ischemia (PFI) models that are induced by suture occlusion
technique, administration of 3-MA before the onset of IPC
showed that it attenuated the neuroprotective effects of
ischemic preconditioning (Sheng et al., 2010). Moreover,
rapamycin could mimic the neuroprotective effects of
ischemic preconditioning. They proved that in the process
of autophagy activation, cerebral IPC has significant tolerance
to the concomitant fatal ischemia, and autophagy activators

TABLE 3 | Summarization of the effects of drugs acting on PPARγ in cerebral IRI.

Drugs act on
PPARγ

IRI models Main effects Conclusion Reference

15 daysPGJ2a Male Long-Evans rats Suppressed apoptosis and necrosis, and
increased PPARγ, HO-1 expression

15 days-PGJ2 improves cerebral IRI insult,
and decreases apoptosis and necrosis via a
PPARγ-dependent way

Lin et al.
(2006)

15 days-PGJ2a Neuronal cells derived from the
neocortices of E15 embryos in
pregnant female C57BL/6 J mice

Protected neurons against cell death and
inhibited neuronal autophagy

15 days-PGJ2 protects neurons partially by
inhibiting autophagy via up-regulating Bcl-2
and inhibiting beclin1–Bcl2 heterodimer
dissociation

Qin et al.
(2015)

12-HETEb Adult male Sprague–Dawley rats
weighing 280–330 g

Suppressed iNOS expression, protected
cortical neurons, and activated PPARγ

12-HETE exerts neuroprotective effect
through PPARγ activation via the 12/15-lox
pathway

Han et al.
(2015)

Bexaroteneb Adult male Sprague–Dawley rats
(280–320 g)

Improved neurobehavioral deficits and
reduced brain edema, effects of microglia/
macrophage activation and neutrophil
infiltration

Bexarotene protects the brain at least in part
through PPARγ/SIRT6/FoxO3, a signaling
pathway

Zuo et al.
(2019)

D-alloseb Male BALB/c mice weighing 20–25 g Inhibited apoptosis, various inflammatory
cytokines, and inflammation-related
molecules

D-allose has therapeutic implication that may
involve in the PPARγ-dependent activation

Huang et al.
(2016)

Aleglitazarb Fetal C57BL/6 N mice (E15) cerebral
cortex

Anti-inflammation and reduction in NO
production, release of pro-inflammatory
cytokines, migration, and phagocytosis

Aleglitazar can be a clinical stroke therapy with
short-term treatment

Boujon et al.
(2019)

Icariin (ICA)b Sprague–Dawley rats (4 months,
250–280 g)

Decreased neurological deficit score,
diminished the infarct volume, and reduced
the levels of IL-1β and TGF-β1

ICA has neuroprotective effects by inhibiting
NF-κB, PPARα, and PPARγ mediate
inflammation

Xiong et al.
(2016)

Mifepristoneb Male Sprague–Dawley rats weighing
250–280 g

Reduced the levels of TNF-α, IL-1β, IL-6,
MMP-2, and MMP-9, and increased TIMP-1
protein

Mifepristone relieves cerebral IRI by restoring
the balance between MMPs and TIMPs and
inhibiting inflammatory cytokines by activating
PPARγ

Wu et al.
(2018)

Rosiglitazonec Female Sprague–Dawley rats weighing
250–300 g, aged 3 months

Reduced cerebral infarct volume, brain
edema, attenuated IL-1β, IL-6, TNF-α, LC3-
II/LC3-I and Beclin-1 level

Rosiglitazone may protect brain through
inhibiting neuroinflammation and autophagic
neuronal death

Shao and Liu
(2015)

Umbelliferoneb Male Sprague–Dawley rats weight
220–270 g

Reduced MDA, IL1β, and IL-18; increased
SOD, PPARγ level; suppressed the
expression of NLRP3 inflammasome and
TXNIP induction

Umbelliferone ameliorates cerebral IRI, may be
partly related with the inhibition of NLRP3
inflammasome in the brain, and upregulation
of PPARγ expression

Wang et al.
(2015)

HO-1, heme oxygenase-1; E15, embryonic day 15; iNOS, inducible NO synthase; 12-HETE, 12-hydroxyeicosatetraenoic acid; SIRT6P, the endogenous retinoid X receptor and sirtuin 6;
FoxO3a, forkhead box O3a; BBB, blood–brain barrier; MMP-2, , tissue inhibitor of metalloproteinase 1; TXNIP, thioredoxin interacting protein; MDA, malondialdehyde; NLRP3, nod-like
receptor family, pyrin domain containing 3.
aPPARc natural ligand.
bPPARc agonist.
cPPARc synthetic ligand.
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could stimulate the protective effects of IPC in cerebral
ischemia. The different experimental results described
above may indicate that autophagy plays a different role
during the diverse stages of cerebral ischemia. During
myocardial ischemia, autophagy may be beneficial in
attenuating cell death, while on the contrary, detrimental
aspects during reperfusion process have also been reported.
The expression of autophagy-related molecular markers was
strongly activated during reperfusion after cerebral ischemia,
which indicates the possibility of greater cell damage after
reperfusion. Moreover, the adverse effects of reperfusion were
improved after inhibition of autophagy, further clarifying a
detrimental role of autophagy during reperfusion (Matsui
et al., 2007; Puyal and Clarke, 2009). The different effects
of autophagy in IRI of different organs indicate the
multifunctional and complicated role of autophagy in
cerebral ischemia. Whether autophagy promotes cell
survival or exaggerates the infarct volume may depend on
the pathological situation. A better understanding of
autophagy may provide new therapeutic targets for treating
cerebral IRI. In addition, it is required that in studying the role
and molecular mechanism of autophagy during IRI, the
multilateral effects of autophagy should be taken into
consideration. More information please see Table 3.

THE ROLE OF PEROXISOME
PROLIFERATOR-ACTIVATED RECEPTOR γ
IN MYOCARDIAL
ISCHEMIA-REPERFUSION INJURY

Acute myocardial IRI (MIRI) is one of the clinically
important causes of death in patients. It can induce
irreversible pathological reactions in tissues, thus
aggravating tissue damage. It can be divided into three
types: myocardial stunning, reperfusion arrhythmia, and
myocardial necrosis, manifested by myocardial cell
necrosis, apoptosis, mitochondrial dysfunction, increased
lipid peroxides, massive generation of free radicals,
occurrence of malignant arrhythmia, weakened left
ventricular contractility, and decreased intraventricular
pressure (Baines, 2011; Kloner, 2013). During the
pathophysiological process of IRI, it has been observed
that tissues exhibit a certain antagonistic effect on IRI
insult facilitated by PPARγ activation. The role of PPARγ
in the heart remains to be fully elucidated. According to the
literature, PPARγ is undoubtedly very important because of
its remarkable insulin sensitivity and benefits. In this section,
we review the role of PPARγ in MIRI.

TABLE 4 | Summarization of the effects of drugs acting on PPARγ in myocardium IRI.

Drugs act on
PPARγ

IRI models Main effects Conclusion Refeference

Cilostazola Male C57BL6/J mice (35 ± 5 g) Reduced IL-1b, IL-6, TNF-α, Bax, caspase-
3, and Bcl-2

Cilostazol suppresses apoptosis and
pro-inflammatory reactions via pparγ/
jak2/stat3 pathway

Li et al. (2017)

Telmisartana Male Wistar albino rats (8–9 weeks,
200–250 g)

Ameliorated activities of antioxidants, CK-
MB, LDH, TNF-α, MDA, and Bax expression

Telmisartan has a beneficial effect in IRI
that may be partially dependent on
PPARγ

Goyal et al.
(2011)

Rosuvastatina New Zealand white rabbits (4.0–5.0 kg,
6 months)

Downregulated caspase-9 and cyt c
expression, and upregulated UCP2 and
PPARγ expression

Rosuvastatin mitigates myocardial IRI by
up-regulating PPARγ and UCP2

Wang et al.
(2018)

Danqi pilla SD rats in specific pathogen-free (SPF)
grade

Improved myocardial function. Upregulated
ACADL and SCP2

Danqi pill protects against myocardial IRI
through PPARγ-mediated lipid and
glucose metabolism regulation

Zhang et al.
(2018)

β-Sitosterola The rat cardiomyocyte cell line (H9c2) Reduced cell apoptosis, caspase-3 and 9,
NF-κB protein levels, and increased in Bcl-2,
PPARγ protein level

β-sitosterol may involve in the modulation
of pparγ/NF-κB signaling during
myocardial IRI

Lin et al. (2020)

Rosiglitazoneb Male FVB/NJ mice Decreased myocardial infarction and
improved postischemic recovery

Rosiglitazone can reduce heart ischemic
injury via regulation of AMPK, akt, and
JNK signaling pathways

Morrison et al.
(2011)

Aleglitazara Cardiomyocytes from PPARγ knockout or
wild-type mice; male db/db mice and their
wild-type nondiabetic

Increased cell viability, P-Akt/P-eNOS level,
and reduced apoptosis

The cardioprotective effects of aleglitazar
are dependent on activation of both
PPARα and PPARγ

Qian et al.
(2016)

Pioglitazoneb Adult male C57BL/6 J mice
(9–13 weeks old)

Reduced myocardial IRI; antagonized
monocyte/macrophage-mediated
inflammation and induced macrophage
polarization

Pioglitazone prevents the heart from IRI
and cardiac remodeling by antagonizing
acute inflammation

Tokutome et al.
(2019)

Simvastatin Male Sprague–Dawley rats (450–550 g) Decreased the tissue level of IL-6, TNF-α,
and MCP-1

The anti-inflammatory effects of
simvastatin may be partially dependent
on the activation of PPARγ

Shen et al.
(2010)

MDA, malondialdehyde; SCP2, sterol carrier protein 2; ACADL, long-chain acyl CoA dehydrogenase; UCP2, mitochondrial uncoupling protein 2; HCMs, human cardiomyocytes; AMI,
acute myocardial infarction; MCP-1, monocyte chemoattractant protein-1.
aPPARc agonist.
bPPARc synthetic ligand.
cPPARc natural ligand.
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As a class of highly active oxygen metabolites that interacts
with antioxidants and causes oxidative stress (OS), nitric oxide
(NO) is a contributing factor in the pathogenesis of many diseases,
including myocardial IRI. Traditional synthetic PPARγ ligand
pioglitazone could reduce myocardial infarct size and improve left
ventricle (LV) function. Upon pretreatment with GW9662,
wortmannin (PI3-kinase inhibitor), and nitric oxide synthase
(NOS) inhibitor L-NAME, the reduced infarct size and
improved LV function, due to pioglitazone, were abrogated by
activated PPARγ, PI3-kinase, Akt, and endothelial NOS (eNOS)
pathway in rabbits (Yasuda et al., 2009). In eNOS and inducible
NOS (iNOS) knockout mice, myocardial infarct size was reduced
in all the groups upon oral administration of pioglitazone. In
contrast, in the eNOS and iNOS knockout mice groups, the
myocardial protective effects of pioglitazone were obviously
decreased compared to the wild-type group, accompanied by
the upregulation and activation of cytosolic phospholipase (A2
(cPLA2), COX2, and PGI2 synthase; Ye et al., 2008). It has been
reported that in cells exposed to IR, treatment with GW9662 alone
or the COX2 inhibitor SC58125, had no effect on P-Akt levels,
whereas wortmannin significantly decreased P-Akt levels
(Birnbaum et al., 2011). PIO dramatically increased P-Akt
levels. Wortmannin could block this effect, but GW9662 and
SC58125 failed to alter the levels of these biomarkers. The cPLA2
level was slightly changed by GW9662, wortmannin, and SC58125
treatments, except for PIO. The increased cPLA2 level, due to PIO
administration, was not alleviated by the effects of GW9662,
wortmannin, and SC58125. Regarding COX2 levels, PIO
induced a similar effect as cPLA2, and this outcome was
blocked by SC58125 but not by GW9662 and wortmannin. In
summary, the P-Akt levels in cardiomyocytes exposed to PIOwere
comparable in cells with intact or knocked-out PPARγ. PIO also
significantly increased cPLA2 and COX-2 levels similarly in cells,
regardless of the PPARγ status. This suggests that PIO upregulates
the levels of Akt, cPLA2, and COX-2 in a PPARγ-independent
manner because in cardiomyocytes, the levels of these enzymes are
comparable with or without intact PPARγ. The difference in
results from the above studies needs further investigation in
order to verify whether the thiazolidinediones prevent
myocardial IRI in animals in a PPARγ, cPLA2, and COX2
dependent manner. Another study found that upregulation of
ERK and COX-2 induced by pioglitazone can abolish MIRI to a
great extent (Wang et al., 2012). Pretreatment with quercetin
suppressed H/R-induced NF-κB activation, thus attenuating the
increased expression of iNOS, which protects against myocardial
IRI by ameliorating OS. However, the inhibitory effect of the NF-
κB pathway by quercetin was attenuated when PPARγ siRNA was
used, which indicated that quercetin prevented NF-κB activation
and reversed these antioxidative effects via PPARγ in
cardiomyocytes with H/R (Liu et al., 2016). Notably, aleglitazar,
a dual PPARα/γ agonist, significantly improves microvascular
dysfunction and inhibits cell apoptosis, which is attributed to the
stimulation of both PPARα/AKT/eNOS and PPARγ/AKT/eNOS
signaling pathways (Qian et al., 2016).

Platelets are an important component of blood, and play an
important role in coagulation, inflammation, host defense, and
wound healing. Once activated, platelets can release inflammatory

mediators that can either promote or inhibit tissue damage
depending on the specific circumstance, growth factors, and
proteases. Inhibition of platelet activity can reduce ischemic
injury to the heart (Xu et al., 2006). One of the main causes of
acute myocardial ischemia in humans is the rupture of
atherosclerotic plaques, which induces circulating emboli
formation, blocks blood vessels, and platelets accumulate on
them, forming thrombi. Pioglitazone has been confirmed to
decrease platelet aggregation and delay arterial thrombus
formation in a mouse model, regardless of the dosage.
Moreover, inhibition of platelet aggregation and delay of
thrombosis may be associated with increased constitutive NOS
(cNOS) and thrombomodulin expression in the endothelium of rat
aorta (Li et al., 2005). Because of its ability to inhibit
phosphodiesterase, cilostazol is currently used to inhibit platelet
aggregation and dilate the arteries. In a mouse model of MIRI, PIO
could significantly reverse the increase in pro-inflammatory factors
(IL-1β, IL-6, and TNF-α) induced byMIRI, whereas cilostazol alone
could not. Such changes were also observed in apoptotic proteins
(Bax, caspase-3, and Bcl-2) when cilostazol was administered, and
the PPARγ/JAK2/STAT3 pathway was involved (Li et al., 2017).
The protective role of cilostazol in hippocampal neurons in brain IR
models has also been reported. By means of PI3K-Akt1/JNK3/
caspase-3–dependent mechanisms, it represents the advantages for
neuron integrity, improved learning/memory ability as well as
attenuated impairment of exercise/exploratory activities (Qi
et al., 2016). Another study found that in patients with AMI
undergoing coronary artery bypass grafting (CAGB), platelet
PPARγ expression tended to decrease gradually at the
reperfusion stage (Zhou et al., 2017). PPARγ deficiency
dramatically increased electron transport chain complex (ETC)
activity and mitochondrial oxidative phosphorylation via
induction of FUN14 domain containing 1 (FUNDC1)
dephosphorylation and subsequent mitophagy activation. This
augmented the production of platelet ATP and eventually
facilitated platelet aggregation and adhesion molecule expression,
thereby accelerating the formation of micro-thromboses. Platelet
overactivity is considered to be highly correlated with myocardial
and microvascular hypoxia/reoxygenation damages, and melatonin
can reverse PPARγ activation in mouse platelets under IR
conditions, thereby strongly inhibiting mitochondrial autophagy
required by FUNDC1. Upon melatonin treatment, abnormal
mitochondrial autophagy of platelets leads to platelet
accumulation and disorder, ultimately enhancing the duration of
tissue IRI. In summary, melatonin treatment suppresses platelet
activation and function against cardiac IRI, and the underlying
mechanism may involve PPARγ/FUNDC1/mitophagy activation
pathways.

The master transcription factor that is integral in inducing
endogenous antioxidant enzymes in response to OS is the nuclear
factor E2-associated factor 2 (Nrf2). It regulates cellular functions
in myocardial IRI, including apoptosis, endoplasmic reticulum
stress, mitochondrial function, inflammatory response, and
autophagy. The ligand 15 days-PGJ2 plays a key role in
augmenting the cellular antioxidant defense mechanism and
reducing inflammation by suppressing NF-κB and activating
PPARγ and Nrf2. Furthermore, coordinated activation of
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PPARγ and Nrf2 is a key signaling mechanism for chrysin to
inhibit the negative impact on IR-induced OS, inflammation, and
apoptosis. This finding was further validated by coadministering
a PPARγ antagonist, GW9662, in which serum oxidative product,
inflammatory cytokine, and apoptotic biomarker levels were
significantly increased by inhibiting PPARγ/Nrf2 expression
(Katsumata et al., 2014; Rani and Arya, 2020). More
information about the role of PPARγ in myocardial IRI is
summarized in Table 4 and the possible mechanisms of
PPARγ in Figure 1.

PEROXISOME
PROLIFERATOR-ACTIVATED RECEPTOR γ
IN THE OTHER TISSUES OF
ISCHEMIA-REPERFUSION INJURY

IRI not only emerges in the organs mentioned above but also
rarely reports about PPARγ in other types of IRI. Here, we review
the information on PPARγ in other types of IRI, their biological
characteristics, and therapeutic perspectives.

Cilostazol could suppress apoptosis and pro-inflammatory
reactions via the PPARγ/JAK2/STAT3 pathway in
myocardium IRI (Li et al., 2017). A new mechanistic study by
Gendy et al. (Gendy et al., 2021) disclosed that it could protect the
mesenteric IR-induced lung lesion by intensifying the PPARγ
expression and accompanied with the reducing content of NF-
қB-p65 and STAT3. Thereby, the antioxidant capacity as well as
the anti-inflammatory effect was intensifying; apoptotic cells were
confirmed to be decreasing by enhancing Bcl-2 content and
lessening caspase-3 level eventually.

Ovarian torsion is a dangerous gynecological emergency
condition. Complete or partial rotation of the adnexa may

induce ovarian IRI. By administering PIO orally before
ovarian IRI was induced in rats, the inflammatory, apoptosis
and oxidant stress were all alleviated by the biomarker detection.
In addition, the well-known PIO target HO-1 level was also

TABLE 5 | Main PPARγagonists and their therapeutic benefits vs. drawbacks.

PPARγagonists Main benefits Main drawbacks Reference

Pioglitizone Increases insulin sensitivity and antidiabetic activity Edema, weight gain, increased subcutaneous
sarcomas, and bladder cancer risks

Aronoff et al. (2000), Raskin et al.
(2000)

Guan et al. (2005), Zhang et al.
(2005),

Azoulay et al. (2012),
Pruimboom-Brees et al.

(2012)
Rosiglitazone Increases insulin sensitivity and antidiabetic activity.

Improves blood pressure. Attenuates systemic
inflammation

Edema, weight gain, increase in
cardiovascular incidence, and osteoporosis
risk

Rogue et al. (2010), Piche et al.
(2018)

Guan et al. (2005), Zhang et al.
(2005), Nissen

and Wolski. (2007)
Troglitazone Increases insulin sensitivity and antidiabetic activity.

Attenuates systemic inflammation
Severe liver injury and acute liver failure. Tumor
promoting and pro-angiogenic properties

Rogue et al. (2010)
Caballero et al. (2003), Chojkier

(2005)
RS5444(Inolitazone or
efatutazone)

Anticancer activity Not specified Shimazaki et al. (2008)

Farglitazar Lipid-altering and antidiabetic activity Significant edema Willson et al. (2000)
Henke et al. (1998)

S26948 Potent antidiabetic and antiatherogenic effects Not specified Sohn et al. (2009)
INT131 Lower plasma glucose without typical thiazolidinedione

side effects
Not specified Dunn et al. (2011)

FIGURE 1 |Overview of the possible mechanisms of PPARγ in the organ
IRI. The mechanism includes different effects of different PPARγ agonists.
NMDA, N-methyl-D-aspartic acid; eNOS, endothelial NO synthase; iNOS,
inducible NO synthase; Nrf2, nuclear factor-erythroid 2-related factor 2;
RAGE, receptor for advanced glycation end products; SIRT6P, the
endogenous retinoid X receptor and sirtuin 6; Fox03a; BBB, blood–brain
barrier; MMB, matrix metalloproteinase; TIMPs, tissue inhibitor of
metalloproteinase; TXNIP, thioredoxin interacting protein; NLRP3, nod-like
receptor family, pyrin domain containing 3; SCP2, sterol carrier protein 2;
ACADI, long-chain acyl CoA dehydrogenase; UCP2, mitochondrial
uncoupling protein 2.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 60061811

Huang et al. Overview of the Biology and Therapy

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


increased (Refaie and El-Hussieny, 2018). The anti-inflammatory
response of PPARγ was also certified in retinal ganglion cells IRI
via inhibiting NF-κB and p38 phosphorylation and the following
TLR4/NLRP3 inflammasome activation (Zhang et al., 2013;
Zhang et al., 2017).

What is more, protective effects of activating the PPARγ/NF-
κB pathway against IRI were common in intestinal IRI (Nakajima
et al., 2001; Liu et al., 2020). The involvement of the PPARγ/NF-
κB signaling pathway, together with the Nrf2/HO-1 signaling
pathways, by intervention of mangiferin was demonstrated to
mitigate gastric ulcer, may intimate protective mechanisms
partially, by modulation of oxidative stress, inflammation, and
apoptosis possibly (Mahmoud-Awny et al., 2015).

THE ADVERSE ROLES OF PEROXISOME
PROLIFERATOR-ACTIVATED RECEPTOR γ

Notably, despite the diverse functions of PPARγ in organ
protection, its adverse role deserves attention. Increased
subcutaneous adipose tissue or decreased visceral fat content
may lead to weight gain upon TZD treatment. Fluid retention
with associated edema is another serious adverse effect of TZDs,
which is caused by increased sodium and water reabsorption in
the kidney. It may also contribute to congestive heart failure.
However, knockout of PPARγ in the collecting ducts has been
shown to suppress the increase in plasma volume and body
weight caused by TZDs (Guan et al., 2005; Zhang et al., 2005).
Animal model studies have shown that TZDs cause bone loss by
simultaneously enhancing osteoclastogenesis and inhibiting
osteoblastogenesis, resulting in higher rate of fractures with
lower bone mineral density (Wei and Wan, 2011). Moreover,
PPARγ agonists have also been associated with an increased
incidence of subcutaneous sarcomas and elevated risk of bladder
cancer, and tumor promotion may rely on PPARγ activation
(Azoulay et al., 2012; Pruimboom-Brees et al., 2012). It has been
reported that PPARγ agonists can promote tumor development
by activating PPARγ, although they play no role in tumor
initiation (Vitale et al., 2016).

Paradoxically, PPARγ ligands have been reported to be
unsuccessful in attenuating organ IRI in some studies. It was
shown that RSG therapy had no obvious effect on reducing the
IR myocardial infarct size in pigs. This was speculated to be
attributable to moderate degree of myocardial ischemia,
suggesting that the cardioprotective effects of RSG may be
beneficial only during higher degree of ischemia (Xu et al.,
2005). They reported that acute preperfusion with a high dose
of troglitazone did not attenuate myocardial IRI in pigs.
However, the susceptibility of cardiomyocytes to ventricular
fibrillation was increased, which was associated with ion
channel dysfunction, possibly via a PPARγ-independent
mechanism (Xu et al., 2003). This finding was further
confirmed by Riess et al. They performed dose–response
experiments in hearts using rosiglitazone and found a
remarkable increase in mitochondrial oxidation induced by
rosiglitazone, as observed by reduced NADH and increased
FAD autofluorescence (Riess et al., 2020). Failure of GW9662

to abolish these events indicated that increase in mitochondrial
oxidation occurred in a PPARγ-independent manner. In vivo
and in vitro studies in mice (He et al., 2014) reported that
rosiglitazone boosts OS activity and mitochondrial dysfunction
after IR in a PPARγ-independent manner by inhibiting SOD
complexes I and IV, leading to mitochondrial dysfunction.
Neither the inherited PPARγ deletion nor administration of
PPARγ antagonist could reverse these adverse effects. Moreover,
during rosiglitazone administration, decreased ATP production
and deterioration of cardiac function were observed parallel to
the above findings. Recently, a study using heart tissue isolated
from rat suggested a dose-dependent and reversible
mitochondrial oxidation by two different TZDs independent
of PPARγ activation. Owing to the excessive oxidation of
mitochondria, the production of intracellular ATP was
decreased and the production of ROS was increased. These
cellular events can damage the myocardium or increase their
sensitivity to unexpected IRI. These findings may help explain
the reported increase in adverse cardiac events (Riess et al., 2020;
Table 5). Together, these studies reveal that PPARγ acts on
various types of tissues to confer cellular metabolism and cause
deleterious side effects. It seems that these side effects of PPARγ
agonists are not all PPARγ dependent. The development of
tissue-specific compounds that improve the differential
between beneficial and adverse events is of special significance
to translate the PPARγ biology into the clinic.

It is worth noting that the hypoglycemic drug aleglitazar is a
joint agonist with dual PPARα and PPARγ activation activity
(Qian et al., 2016). The familiar PPARα hypolipidemic drug
bezafibrate can stimulate three PPAR subtypes, which may
have the potential to directly improve insulin sensitivity
through PPARγ activation (Berger and Wagner, 2002). PPARα
and c stimulation play complementary roles in preventing
atherosclerosis. Therefore, for diabetic patients with
dyslipidemia, drugs with dual PPARα/PPARγ activity seem to
be suitable for treatment. Activation of PPARα could reflect a
compensatory response to the metabolic-shifted, apoptotic, and
hypertrophic status of the hypertensive-diabetic cardiomyopathy
(Ares-Carrasco et al., 2012). Fibrates have shown more selectivity
and high potency as PPARα agonists, and they have been used in
the treatment of atherogenic dyslipidemia and
hypercholesterolemia (Nissen et al., 2007). PPARβ/δ was
shown to be involved in lipid catabolism, glucose homeostasis,
inflammation, survival, proliferation, differentiation, as well as
mammalian regeneration of the skin, bone, and liver (Magadum
and Engel, 2018). Evidences showed the effects of pioglitazone
and fenofibrate in the expression of genes responsible for insulin
resistance, fatty acid synthesis, and fibrosis, and in adiponectin.
The activators of PPARα and PPARγ receptors can
simultaneously reduce atherogenic triglycerides, raise
cardioprotective HDL levels, and improve insulin resistance
(Plutzky, 2012). Hence, dual activation of PPARγ and PPARα
may be beneficial for cardiovascular disease risk reduction. Both
the interaction and independent in metabolic regulation means
considerable efforts are needed with a goal to design, synthesize,
and characterize new highly potent and efficacious single, dual,
and pan-PPARβ/δ or PPARγ agonists. The cross talk between
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clinical PPAR agonists suggests that it is necessary to conduct in-
depth research on these drugs, including their respective,
potential new therapeutic, as well as side effects, thereby
providing theoretical guidance for clinical treatment. At the
same time, their role in the pattern of multiple PPAR
activations during IRI should also be considered.

CONCLUSION

Considering their diverse actions on cell proliferation,
apoptosis, and autophagy, PPARγ and its modulators need
to undergo multiple experimental and clinical evaluations
before their formal application as prospective IRI
therapeutics. Natural ligands and their close derivatives are
promising candidates as target drugs against IR diseases in the
future. Even though the traditional PPARγ agonists have many
unwanted side effects, there are no substitute values for
treatment in cancer or IRI warrant identification. Once
manifested, PPARγ, especially dual or pan-PPAR agonists,
could be beneficial.

SUMMARY AND PERSPECTIVE

Recently, PPARγ and its agonists have attracted much attention as
a promising developed medical technology capable of treating
various organ IRI. Therefore, they have been extensively studied
as potential therapies for IRI. Through our review and previous
studies, we believe that the protective molecular mechanisms of

PPARγ in different types of IRI may be interacted mutually. They
can affect apoptosis, autophagy, inflammation, oxidation, etc. By
bioinformatic analysis and a dual-luciferase reporter assay, PPARγ
was identified as a target gene of miR-27a (Chi et al., 2019). For the
molecular mechanism of PPARγ signaling, microRNA, or other
noncoding RNA (circular RNA, long noncoding RNA, etc.), their
functions between PPARγ signaling and IRI merit further
discussion, if possible. We speculate that the discriminate
molecular mechanism of PPARγ’s protective effects on IRI in
different organs may be due to the specificity of tissues and
insufficient research, thus lots of researches are needed before
the role of PPARγ in IRI can be elucidated.
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