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The complexity of the pathogenetic mechanisms of the development of chronic inflammation in asthma determines its
heterogeneity and insufficient treatment effectiveness. Nuclear transcription factors, which include peroxisome proliferator-
activated receptors, that is, PPARs, play an important role in the regulation of initiation and resolution of the inflammatory
process. The ability of PPARs to modulate not only lipid homeostasis but also the activity of the inflammatory response makes
them an important pathogenetic target in asthma therapy. At present, special attention is focused on natural (polyunsaturated
fatty acids (PUFAs), endocannabinoids, and eicosanoids) and synthetic (fibrates, thiazolidinediones) PPAR ligands and the
study of signaling mechanisms involved in the implementation of their anti-inflammatory effects in asthma. This review
summarizes current views on the structure and function of PPARs, as well as their participation in the pathogenesis of chronic
inflammation in asthma. The potential use of PPAR ligands as therapeutic agents for treating asthma is under discussion.

1. Introduction

Asthma is a commonly occurring chronic inflammatory dis-
ease with high variability due to the influence of genetic and
environmental factors [1, 2]. The incidence of asthma in
industrialized countries is steadily growing, and more than
100 million people have been estimated to suffer from this
disease by 2025 [3]. Despite the effectiveness of traditional
methods of asthma treatment, a number of patients have
exacerbations and progressive deterioration of pulmonary
function. It can be accounted for by the heterogeneity of
the disease and the complexity of pathogenetic mechanisms.

The disorders of the immunoreactivity, fatty acid composi-
tion of cell membranes, and the imbalance between the sub-
strates for the synthesis of pro- and anti-inflammatory
mediators are important for the regulation of persistence and
resolution of inflammation in the bronchopulmonary system.

Therefore, the possibilities for the regulation of immune and
lipid metabolism disorders in asthma are being actively studied.
Various immune mechanisms involved in asthma pathogenesis
determine the type of inflammation and form the endotypes of
the disease. However, even the determination of asthma endo-
types, which is aimed at choosing effective therapeutic
approaches to reduce the symptoms of the disease and improve
the quality of life of patients, does not make it possible to sup-
press chronic inflammation in the bronchopulmonary system.
It indicates that there are subendotypes that include distur-
bances at different structural levels. For example, chronic
inflammation in asthma can be inhibited both by the intracellu-
lar signaling pathways and by the activity of inflammatory
genes [4]. The change in the activity of some receptors affects
the functioning of others and contributes to the development
of chronic inflammation. Thus, the correction of disorders in
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the signaling pathways involved in immune response and lipid
metabolism in asthma provides many opportunities to improve
the methods of the treatment of the disease.

Peroxisome proliferator-activated receptors (PPARs) are
involved in the regulation of inflammatory reactions and lipid
metabolism. The anti-inflammatory properties of PPARs are
mainly achieved by inhibiting nuclear factor-kappa B
(NF-κB) which, in turn, is the proinflammatory nuclear
transcription factor. The relationship between PPARs and
NF-κB is an important object of the current studies, since it
may serve as a target for development of strategies to control
the activity of the inflammatory process [5, 6]. The interactions
between PPARs, NF-κB, and toll-like receptors (TLRs) are of
great interest [7]. Alongwith the anti-inflammatorymechanism
of action of PPARs, the proinflammatory activity of some iso-
forms of PPARs is also being studied. For example, PPARγ is
considered a mediator of interactions between dendritic and T
cells in the development of type 2 (or T2) inflammation [8].

PPARs are key metabolic regulators of whole-body
energy metabolism as well. PPARs regulate the transcription
of eicosanoid genes and fatty acids (FAs) and are associated
with transcriptional activation of peroxisomal FA β-oxida-
tion. Some enzymes involved in carbohydrate and lipid
metabolism are directly regulated by PPARs through their
interaction with peculiar elements of response in their gene
promoters [9]. The anti-inflammatory effect of PPARs is
related to lipid metabolism.

The foregoing makes PPARs an extremely topical area
with many unresolved problems concerning the signaling
pathways of these receptors in asthma.

PPARs are stimulated by a wide range of natural and syn-
thetic activators resulting in the normalization of lipid
metabolism, as well as in the modulation of proinflammatory
response and the prevention of their excessive activation.
Close attention currently focuses on synthetic PPAR agonists
(fibrates and thiazolidinediones). The effectiveness of their
action in asthma is extensively studied and, according to
some authors, is much higher in combination with cortico-
steroids [10–13]. At the same time, negative reactions to
the application of synthetic PPAR agonists and their effect
on different PPAR isoforms should be taken into account.
In our opinion, the study of therapeutic efficiency of natural
PPAR agonists (polyunsaturated fatty acids (PUFAs), eicosa-
noids, endocannabinoids, and endogenous specialized prore-
solving mediators (SPMs)) with a lower number of side
effects than that of synthetic ones may be an incentive to
develop a new combined therapy of asthma.

Thus, the complexity of mechanisms that determine the
heterogeneity of asthma results in low effectiveness in treat-
ing the disease. This review summarizes modern views on
the structure and functions of PPARs, as well as their partic-
ipation in the pathogenesis of chronic inflammation in
asthma. The possibility to use PPARs as a therapeutic target
in asthma has been described.

2. Asthma

The pathogenesis and clinical manifestations of asthma are
characterized by heterogeneity, which is expressed by the

presence of various endotypes and phenotypes of the disease
[14]. The asthma phenotype combines a set of clinical and
physiological signs of the disease, as well as pathobiological
features associated with clinical manifestations, which make
it possible to isolate asthma phenotypes at the molecular level
[15]. An asthma endotype is characterized by the presence of
a specific pathobiological marker or mechanism (for exam-
ple, sIgE levels, the number of eosinophils in induced spu-
tum, and fractional expired nitric oxide (FeNO)), which
may be a target for pathogenetic therapy of the disease [15].
The term “asthma” is recognized as a diagnosis that com-
bines several endotypes and various phenotypes, each of
which being manifested by wheezing, coughing, shortness
of breath, chest tightness, decreased expiratory airflow,
hyperreactivity, airway remodeling, and mucus hyperpro-
duction [16]. It is known that even within the same endotype,
patients may have both different degrees of disease severity
and a response to the treatment [17]. Phenotypes of the dis-
ease can also change with time [18].

Stratification of patients by the inflammatory endotype
is recognized as the basis for developing asthma treatment
strategies [16]. Both innate and adaptive immunity play an
important role in the immunological mechanisms of
asthma. A number of patients with asthma have an imbal-
ance in the T lymphocyte system that is characterized by a
predominance of T helper 2 cell (Th2) response over T
helper 1 cell (Th1) one. This is the basis for the isolation
of the Th2-high (eosinophilic) asthma endotype. However,
the development of inflammation includes not only Th2 cells
and eosinophils but also type 2 innate lymphoid cells (ILC2),
IgE-secreting B cells, basophiles, and dendritic and mast cells.
Therefore, Th2-high inflammation is also referred to as type
2 (or T2) inflammation, to take into account the role of other
immune cells involved in Th2 airway inflammation [16].
Type 2- (T2-) high type of inflammation is asthma, charac-
terized by eosinophilic inflammation both with and without
the development of an allergic component (early-onset aller-
gic asthma, late-onset eosinophilic asthma, and aspirin-
exacerbated respiratory disease (AERD)). The main cells
associated with type 2- (T2-) high 2 asthma are eosinophils,
due to the participation in the formation of various inflam-
matory mediators: IL-13, IL-5, chemokines, and cysteinyl
leukotrienes, which are the powerful bronchoconstrictors.
The inflammation in the bronchial walls in patients with
asthma type 2- (T2-) high 2 results in an increase in the baso-
phile number. Basophile and mast cell activation promotes
the histamine and prostaglandin production, which causes
vasodilatation and increased vascular permeability [19].

An important role in the development of asthma belongs
to the activation of bronchial epithelial cells and the induc-
tion of cytokine production, such as IL-33, IL-25, and thymic
stromal lymphopoietin (TSLP). Alarmins (IL-33, IL-25, and
TSLP) activate ILC2, producing IL-5 and IL-13, and, accord-
ingly, enhance early type 2 immune response [20]. In addi-
tion, alarmins activate dendritic immune cells, which are
necessary for the absorption, transport, and recognition of
antigens to T cells.

At the same time, some patients without atopy and
allergy do not have Th2-type inflammation (non-T2-high
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(Th2-low) (noneosinophilic) endotype) [21]. This phenotype
combines clinical features such as obesity, smoking, and age.
Asthma in such patients is not induced by allergens, but it is
the etiological factors such as infections, cigarette smoke, and
environmental pollution that cause asthma. In the develop-
ment of the non-T2-high (T2-low) endotype, a significant
role belongs to the dysregulation of the innate immune
response, which causes neutrophilic inflammation. The
progress of the non-T2-high (T2-low) endotype is related
to L-17, which can stimulate the occurrence of neutrophilic
airway inflammation. CCR6-expressing CD4+ T cells (T
helper 17 cells (Th17)) produce IL-17A, IL-17F, IL-22, IL-8,
and IL-6, involved in the activation of neutrophils and mac-
rophages. Neutrophilic inflammation is associated with the
formation of hypersensitivity and remodeling of the respira-
tory tract in nonatopic asthma. This type of inflammation is
accompanied by a decrease in steroid sensitivity, and the
Th17 endotype is characteristic of steroid-resistant asthma.

Recently, a mixed Th2/Th17 endotype caused by differ-
entiation of Th2 cells into double-positive Th2/Th17 cells
has been described [22]. Thus, most of the asthma endotypes
corresponding to nonatopic asthma are related not only to
allergies [23].

The heterogeneity of asthma is based on the complex
immune mechanisms. The classifications of phenotypes and
endotypes of asthma still develop in connection with the
identification of new cells involved in the pathogenesis and
contributing to the clinical manifestations of the disease.

Along with immune imbalance, disorders in the fatty acid
composition of cell membranes and the synthesis of lipid
mediators involved in the resolution of inflammation also
promote chronic inflammation in the bronchopulmonary
system [24, 25]. The functions of immune cells (secretion,
chemotaxis, and microorganism sensitivity) depend on the
state of the lipid structure of the cell membrane [26]. The
effect of lipid metabolism disorders on the immunological
reactivity of the organism is currently being studied and is
characterized by contravention data indicating both the
development of metabolic immunosuppression and the acti-
vation of the immune system [27, 28]. For example, inhibi-
tion of stearoyl-coenzyme A desaturase (SCD) in mice
contributed to the development of airway hyperresponsive-
ness, while SCD1 gene expression was suppressed in bron-
chial epithelial cells in patients with asthma due to the
effects of IL-4 and IL-13 [29]. The participation of lipids in
the regulation of immunity and the inflammatory process
in asthma results from the ability of PUFAs to turn into pow-
erful inflammatory mediators. In particular, the release of
proinflammatory eicosanoids, such as leukotrienes (LTs)
and thromboxanes (Txs), which are lipoxygenase and cyclo-
oxygenase products, respectively, of the oxidation of arachi-
donic acid (AA), is observed at the stage of the acute
inflammatory process. Eicosanoids play a key role in the
inflammatory process. They initiate the acute inflammatory
process necessary to activate immune cells and the synthesis
of proinflammatory messengers. Cytosolic phospholipase A2
α (cPLA2α) is of importance for the production of eicosa-
noids and participates in the pathogenesis of asthma [30].
The importance of cysteine leukotrienes and prostaglandin

D2 in asthma pathogenesis has been established. They are
proinflammatory mediators and powerful bronchoconstric-
tors, causing hyperreactivity and bronchial swelling. The
classical inflammation is characterized by the transition from
the stage of acute inflammation to the stage of the resolution
of the inflammatory process. A key role in this process
belongs to proresolving lipid mediators (resolvins (Rvs),
lipoxins (LXs), protectins (PDs), and maresins (MaRs)).
They have anti-inflammatory and cytoprotective effects
resulting from the impact on t5he resolution of the
inflammatory response through the involvement of the
immune system [31, 32]. The result of their action is the
inhibition of chemotaxis and migration of macrophages
and neutrophils to the inflammatory area, the blockade of
lipid peroxidation processes, the activation of NF-κB, and
the inhibition of the synthesis of proinflammatory cytokines.

Thus, the heterogeneity of asthma consists of many com-
ponents, the most important of them being the immune
mechanisms. The immune reactivity of the body in asthma
is affected by lipid metabolism disorders and synthesis of
proinflammatory and proliferating lipid mediators. Intracel-
lular modulators of inflammatory reactions and lipid metab-
olism at the gene level are nuclear transcription factors,
among which an important role in the pathogenesis of
asthma belongs to peroxisome proliferator-activated recep-
tors. The discovery of new properties of PPARs and their
ligands will contribute to the development of modern
asthma treatments.

3. Peroxisome Proliferator-Activated Receptors

PPARs are members of the superfamily that includes 48 hor-
monal nuclear transcription factors responsible for metabo-
lism and energy homeostasis of the cell [33]. PPARs play an
important part in the regulation of energy homeostasis of
the body, cellular processes (differentiation, proliferation,
and apoptosis), and immune and inflammatory reactions.
Three isoforms of PPARs are known: PPARα (NR1C1),
PPARβ/δ (NR1C2), and PPARγ (NR1C3) (Figure 1).

All isoforms have approximately similar homology and
consist of a DNA-binding domain at the N-terminus and a
ligand-binding domain (LBD) at the C-terminus [34].

At the same time, the divergence of this LBD domain in
isoforms is 20%; thereby, isoforms are characterized by dif-
ferent reactions.

PPARα is expressed primarily in the liver, kidney, heart,
skeletal muscle, and brown adipose tissue, as well as in epi-
thelial cells, macrophages, lymphocytes, and dendritic cells
[35]. This isoform stimulates the expression of enzyme genes
involved in β-oxidation and regulates the metabolism of
lipids, carbohydrates, and amino acids [36]. PPARα reduces
triglycerides and increases the level of high-density lipopro-
teins in blood plasma. This receptor is activated by unsatu-
rated fatty acids, eicosanoids, and lipid-lowering drugs.
PPARα reduces the production of proinflammatory media-
tors (tumor necrosis factor-α (TNF-α), IL-1, IL-6, and IL-8)
and modulates the expression of adhesive and chemotactic
molecules. Activated PPARα can induce the production of
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anti-inflammatory agents (IL-10), and this fact confirms its
modulating effect on the inflammation activity.

PPARβ/δ (other names PPARδ, PPARβ, hNUC1, and
FAAR) is expressed in all organs and tissues. The highest
expression of PPARβ/δ is marked in the brain, liver, skin,
adipose tissue, and skeletal muscle. PPARβ/δ is involved in
the oxidation of fatty acids, normalizes plasma lipids, regu-
lates blood glucose, and increases cells’ sensitivity to insulin,
preventing the development of obesity [37]. PPARβ/δ activa-
tors have been put forward to treat metabolic diseases. In
addition, PPARβ/δ abundantly secreted by keratinocytes
are active in wound healing [38].

There are three types of PPARγ: PPARγ1, PPARγ2, and
PPARγ3. PPARγ1 is expressed in almost all tissues and cells,
PPARγ2 is expressed mainly in adipose tissue, and PPARγ3
is expressed in macrophages, the colon and spleen, and white
adipose tissue. This receptor is a significant regulator of cel-
lular homeostasis and energy metabolism [34, 39]. In adipose
tissue, PPARγ controls adipogenesis and lipid breakdown
and increases the cells’ sensitivity to insulin. PPARγ pro-
motes lipogenesis during anabolism by acting on the adipose
tissue. Besides, this receptor is a participant in inflammatory
reactions [4] and a regulator of the immune system in the
lungs [10, 40]. The binding of specific ligands to PPARγ reg-
ulates the transcription of target genes and inhibits the acti-
vation of immune cells and the expression of inflammatory
factors [8]. PPARγ and its ligands promote apoptosis of neu-
trophils and prevent the interaction of platelets and leuko-
cytes. This PPAR isoform activates M2 macrophages and
phagocytosis [41].

All PPAR isoforms are mainly expressed in the pulmo-
nary epithelium, endothelium, dendritic cells, eosinophils,

fibroblasts, and macrophages and have a dominating role in
the homeostasis of the bronchopulmonary system [42]. All
isoforms of PPARs are involved in the regulation of lipid
metabolism, with its violation being one of the most impor-
tant mechanisms in the asthma pathogenesis. Such wide
expression of PPARs in the bronchopulmonary system, their
anti-inflammatory properties, and their ability to regulate
lipid metabolism are of particular interest, because the recep-
tors may be a prospective therapeutic target for asthma treat-
ment [4, 10].

4. General Mechanisms of Action of Peroxisome
Proliferator-Activated Receptors

The mechanism of PPAR action is primarily characterized by
the anti-inflammatory effect. It can be accounted for by the
ability of PPARs to regulate the expression of inflammatory
genes, as well as the transrepression of proinflammatory
genes through the interaction with the p65 subunit of NF-
κB (Figure 2).

In interacting with agonists, PPARs translocate to the
nucleus and make a heterodimer with retinoid X receptor
α (RXRα) [43]. As a result, genes encoding insulin-1 and
insulin-2 receptors (IRS-1 and IRS-2), as well as TNF-α,
NF-κB, and activator protein-1 (AP-1), are expressed
[44]. PPARs inhibit many transcription factors possessing
a proinflammatory action: NF-κB, AP-1, protein C/EBP
(CCAAT/enhancer-binding protein), and signal transduc-
ers and activators of transcription (STAT). The relation-
ships between PPARs and NF-κB are of special interest
[5, 6, 37, 45, 46].
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Figure 1: Isoforms of PPARs and their biological effects.
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Members of the NF-κB family are RelA (p65), RelB, c-
Rel, p50/p105 (NF-κB1), and p52/p100 (NF-κB2). As one
of the most important messengers, NF-κB stimulates gene
expression in response to proinflammatory stimuli, includ-
ing the expression of mitochondrial genes [47]. An inac-
tive form of NF-κB is located in the cell protoplasm,
where it is associated with the NF-κB inhibitor protein
(IκB). NF-κB activation is regulated by tumor necrosis fac-
tor receptors (TNFR), an interleukin-1 receptor (IL-1R),
and TLRs. Besides, DNA damage and oxidative stress acti-
vate NF-κB. The heterodimeric IκB kinase (IKK) promotes
the degradation of IκB and the release of NF-κB. Moreover,
NF-κB translocates to the nucleus to coordinate the repro-
gramming of immune cells by stimulating the expression of
inflammatory molecules [48]. The impact of proinflamma-
tory factors on NF-κB is accompanied by the synthesis of
prostaglandins D2 and E2 (PGD2 and PGE2) activating
PPARα and PPARγ. C-Jun-NH2-terminal kinase (JNK)
and p38 mitogen-activated protein kinase (P38MAPK),
which are members of the signaling pathways of mitogen-
activated protein kinase (MAPK) cascades, are involved in
the regulation of PPAR expression [49, 50]. Activated PPARs
(all isoforms) inhibit NF-κB activity, leading to the suppres-
sion of inflammation.

Possible mechanisms of NF-κB inactivation include not
only direct binding of PPARs but also the indirect effect of
these receptors by stimulating the production of antioxidant
enzymes and by reducing the concentration of reactive oxy-
gen species involved in the pathogenesis of inflammation. It
has been demonstrated that the binding of PPARα and
PPARγ to NF-κB leads to the proteolytic degradation of
NF-κB [5, 6]. The activation of PPARβ/δ also promotes the

disruption of the function of NF-κB [46]. For example,
PPARβ/δ suppresses the binding of NF-κB to DNA resulting
in the inhibition of the transcription of NF-κB target genes
[37]. PPARα and PPARγ can inhibit the acetylation of NF-
κB [51]. It has been found that PPARα and PPARγ also
enhance the expression of IκBα, a protein of the IκB family
binding to NF-κB in inflammatory reactions [52]. In addi-
tion, PPARα activation increases the expression of sirtuin 1
(SIRT1), which inhibits NF-κB [53]. The effect of PPARα
on SIRT1 is dependent on AMP-activated protein kinase
(AMPK). AMPK activation leads to the phosphorylation of
P300 resulting in the reduction of its activity. However,
SIRT1 and AMPK activate each other as well. There is no
accurate data on whether PPARα activates SIRT1 directly
or through AMPK activation [54].

Thus, PPARs significantly exert their anti-inflammatory
effect through the inhibition of NF-κB. At the same time,
there are studies considering the proinflammatory role of
PPARγ, which consists in initiating the development of type
2 (or T2) inflammation [8]. PPARγ is able to control Th2
effector responses in T cells and induce Th2 immunity
through dendritic cells. Perhaps PPARγ only performs pro-
inflammatory functions by interacting with these cells. In
addition, PPARγ plays this role mainly in “pathogenic” Th2
cells. Thus, PPARG expression was increased only in
CRTh2+Th2 cells that produce IL-5, in contrast to CRTh2
−Th2. Inhibition of PPARγ in differentiated Th2 cells
decreased the secretion of type 2 cytokines. Thus, PPARγ
possess both anti-inflammatory and proinflammatory effects.
The relationships between PPARs, NF-κB, and TLRs play an
important role in the signaling mechanisms involved in the
development and the resolution of inflammation [55–57].

Toll-like receptors (TLR1–13) are localized on the surface
of cells of the immune system (macrophages, dendritic cells,
mast cells, neutrophils, basophils, natural killer cells, and B
and T cells) and nonimmune cells (fibroblasts, epithelial cells,
and keratinocytes). TLRs are divided into the membrane
(TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10) and endoso-
mal receptors (TLR3, TLR7, TLR8, and TLR9) [58, 59].

All TLRs (except TLR3) transmit a signal through the
TIR domain (toll/interleukin-1 receptor domain) to adapter
molecules initiating kinases that activate proinflammatory
factors, in particular, NF-κB [55]. These adapter molecules
include myeloid differentiation protein 88 (MyD88), TIR
domain-containing adapter (TIRAP), and TIR domain-
containing adapter-inducing interferon-β (TICAM/TRIF) 1
and 2. All TLRs exert their action through the Myd88, except
for TLR3, which transmits a signal through TRIF. TLR4 acti-
vates bothMyD88-dependent and TRIF-dependent signaling
pathways; therefore, the receptor recognizes a significant
number of ligands [60]. In addition to TLR4, TLR2 recog-
nizes a large number of ligands [61, 62].

It is of interest that there is sufficient evidence demon-
strating the two-way relationship between PPARs and TLRs
[63]. Activation of TLRs is accompanied by both the hyper-
expression of PPARβ/δ and the suppression of the activity
of PPARα and PPARγ [49]. A consequence of the low expres-
sion of PPARs is an increase in the level of proinflammatory
cytokines and the initiation of an inflammatory response

Pro-inflammatory factors

TLR4

PPAR𝛾NF-𝜅B

Anti-inflammatory
molecules

[IL-10,  HO-1]Pro-inflammatory
molecules

[NO, TNF-𝛼,  IL-6, MMPs]
: Activation
: Inhibition

Figure 2: Crosstalk between PPARs and TLRs and NF-κB.
HO-1: heme oxygenase 1; NO: nitric oxide; MMPs: matrix
metalloproteinases.
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[64]. These results reveal that the association between PPARs
and TLRs regulates the inflammatory response. The signaling
pathways of TLRs are involved in the activation of the proin-
flammatory factor NF-κB, while PPARs inhibit its activity.
The relationships between PPARs, NF-κB, and TLRs can be
the basis for the development of strategies to control the
activity of the inflammatory process in asthma.

Another important mechanism of PPAR action is its
ability to regulate lipid metabolism. The anti-inflammatory
effect of PPARs is also realized through the effect on the
metabolism of lipid mediators (by regulating the oxidative
degradation of fatty acids). PPARs are involved in the control
of genes responsible for oxidative lipid metabolism (carnitine
palmitoyltransferase I (CPT1), pyruvate dehydrogenase lipoa-
mide kinase isozyme 4 mitochondrial (PDK4), CYP4A, and
acyl-CoA oxidase 1 (ACOX1)) [65]. Therefore, PPARs are
regulators of mitochondrial and peroxisomal β-oxidation,
ketogenesis, and bile acid synthesis. However, all isoforms of
PPARs demonstrate functional differences [63]. PPARβ/δ
and PPARα increase energy dissipation, and PPARγ promotes
energy storage. PPARα activates lipid metabolism during
fasting, and PPARγ stimulates lipogenesis during anabo-
lism. PPARγ and PPARβ/δ along raise insulin sensitivity.

PPARs are able to modulate energy homeostasis through
a number of other mechanisms [66] as well. PPARγ and
PPARγ coactivator-1α (PGC-1α) participate in the oxidative
metabolism of mitochondria. Nuclear receptor-interacting
protein 1 (NRIP1) binds to PPAR and inhibits the gene
expression involved in energy consumption. Mediator com-
plex subunit 1 (MED1) plays a great role in energy homeosta-
sis by interacting with PPARs.

Thus, PPARs are able to correct lipid and immune
homeostasis that is impaired under the conditions of pathol-
ogy development. Therefore, these receptors can serve as
therapeutic targets for the various diseases, asthma in
particular.

5. PPAR-Dependent Mechanisms in Asthma

PPARs are involved in the regulation of inflammatory reac-
tions and lipid metabolism, which are important compo-
nents of asthma pathogenesis.

Association of genetic polymorphism of PPARs and risk
of asthma development was investigated, observed, and dem-
onstrated, but not established by Zhang et al. [54]. The corre-
lation between rs1805192, rs10865710, and levels of IL-4 and
IL-5 has been found. In addition, the parameters of the St.
George’s Respiratory Questionnaire (SGRQ) evaluating the
quality of life have been correlated with rs1805192 and
rs10865710. These results prove the importance of PPARs
in asthma pathogenesis.

The importance of PPARγ activation in the resolution
of pneumonia has been confirmed by experimental studies
[42, 67, 68]. A decrease in the proliferation of smooth
muscle cells of airways in rats upon the activation of
PPARγ was observed [69]. Lakshmi et al. have shown that
the PPARγ deficiency contributes to the development of
airway hyperresponsiveness, bronchial remodeling, and
the inhibition of MUC5AC activity [70]. However, inter-

pretation of PPARγ level in asthma requires particulars,
because this parameter can change depending on the stage
of inflammation (initiation or resolution) [4]. In response
to the action of the allergen, Th2 cells express PPARγ,
which promotes the synthesis of the IL-33 receptor on
the surface of Th2 cells. This fact allows us to consider
the PPARγ a factor that controls immune responses of
type 2 in allergy [71]. The PPARγ is able to control Th2
effector responses in T cells and through dendritic cells
induce Th2 immunity in pulmonary pathology [8].

PPARs inhibit the proinflammatory activity of NF-κB as
a major regulator of innate and adaptive immune responses
in asthma [72]. This factor plays an important role in the reg-
ulation of Th2 cytokine production, mucus hyperproduction,
and airway remodeling processes involved in asthma patho-
genesis [73]. Sun et al. have demonstrated that metformin,
which is used for the treatment of diabetes type 2, reduces
lipopolysaccharide-induced damage to bronchial epithelial
cells by suppressing NF-κB signaling [74]. The inhibition of
the NF-κB signaling pathway is associated with the anti-
inflammatory effect of Physalis peruvianaL., used in the
model of allergic asthma in animals [75]. It is apparent that
the study of NF-κB functions is necessary to search for new
therapeutic approaches in asthma.

If PPARs inhibit NF-κB, then TLRs are involved in its
activation and regulation of PPARs’ activity. TLRs are widely
expressed in cells of the respiratory tract and are on the first
line of defense of the mucous membrane thereby participat-
ing in the recognition and the elimination of pathogenic
microorganisms and air allergens [76]. TLRs control the syn-
thesis of proinflammatory cytokines and proallergic media-
tors (TSLP, IL-25, and IL-33) that enhance the Th2-
mediated response, and as a result, the processes of hyperre-
activity and remodeling of the respiratory tract occur [55, 77,
78]. It should be noted that the modulation of TLR signaling
can be aimed at both the activation and the resolution of air-
way inflammation [55, 79].

Mast cells express the majority of TLRs and are involved
in the cytokine induction secretion and the chemokine-
initiated Th2 immune response [80]. The activation of baso-
philic TLRs is accompanied by an increase in the production
of IL-4, IL-8, and IL-13 [60, 77]. The stimulation of TLRs on
eosinophils also leads to the release of cytokines involved in
the development of the Th2 immune response [81]. In addi-
tion, TLRs induce oxidative stress and stimulate the release of
growth factors and cytokines associated with airway remod-
eling [72].

Bacterial products facilitate the recruitment of regulatory
T cells (Tregs) into the respiratory tract and the activation of
dendritic cells via TLRs [82]. Some microbial agents activate
TLRs and may be involved in asthma progress [83]. A dis-
tinctive property of TLRs is their participation in the devel-
opment of the immune response to viral and bacterial
infections that cause asthma exacerbations.

Endosomal TLRs are related to the induction of asth-
matic inflammation and the development of asthma exacer-
bations in response to viral and bacterial infections [78].
The activation of TLR3 is a mechanism of enhancing airway
inflammation upon a viral infection [84]. TLR7/8 may be
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responsible for asthma exacerbation during the development
of viral infection [81]. The activation of TLR9 promotes the
development of Th1 immune response and a decrease in
the level of Th2-associated cytokines (IL-4, IL-5, IL-12, and
IL-1β). The enhancement of Th1 immune response is likely
to be the mechanism by which TLR9 inhibits the activation
of the Th2 type inflammation [85]. TLR9 is involved in
asthma exacerbation in viral infection [81].

The activation of receptors expressed on the cell mem-
brane (predominantly TLR2 and TLR4) by allergens is
accompanied by the formation of the Th2 immune
response and the development of allergic inflammation
[76]. The activation of TLR2 by agonists may lead to both
inhibition of [79] and contribution [86] to asthma devel-
opment. Despite the marked role of TLR4 in the induction
of airway hypersensitivity [87], MyD88 expression is
essential for asthma development [88].

It is important to understand the mechanism of relation-
ship between TLRs and PPARs on the inflammatory signal-
ing cascade for further investigation of alternative strategies
for the prevention and treatment of asthma.

The role of PPARs in the regulation of lipid metabolism is
well known. However, the mechanisms of the PPARs’ effect
on lipid homeostasis in asthma are currently being studied.
In spite of the confirmed fact of the involvement of many
inflammatory mediators in asthma pathogenesis, difficulties
in the development of new anti-inflammatory drugs to treat
this pathology still remain [89]. There are a sufficient number
of PPAR activators, but their effect on each isoform is very
specific and is associated with some side effects. The investi-
gation of signaling mechanisms involved in the implementa-
tion of the anti-inflammatory effects of these nuclear factors
should be done.

6. Natural and Synthetic Ligands of PPARs in
Asthma Therapy

In the process of inflammation, a wide range of metabolites
and synthetic activators stimulate PPARs, thereby modulat-
ing the proinflammatory response and preventing their
excessive activation [90, 91].

6.1. Natural Ligands for PPARs. Various proinflammatory
and proresolving lipid mediators are involved in the regula-
tion of inflammation. The most famous natural PPAR
ligands are presented in Table 1.

Natural ligands for all PPAR isoforms include eicosa-
noids (oxidized metabolites of FAs), PUFAs, and endocannabi-
noids; natural ligands for PPARγ are SPMs [22, 38, 41, 92–99].

6.1.1. Eicosanoids. Eicosanoids are proinflammatory lipid
mediators, including the prostanoid family: PG (PG12,
PGF2, PGD2, and PGE2), cyclopentenone PG (15d-PGJ2,
Δ12-PGJ2, PGJ2, PGC2, PGA1, and PGA2), and thrombox-
ane A2 (TxA2); the LT family (LTC4, LTD4, LTE4, LTF4,
LTD4, LTA4, and LTB4); and the eoxin family (A4, C4, D4,
and E4) [100]. Eicosanoids play a key role in the initiation
of the acute inflammatory process [101–110] (see Table 2).

PG synthesis is the result of the metabolism of arachi-
donic acid, and their action results from various G-protein-
related receptors that determine their immunological effects.
Therefore, the same PG can have the opposite effect depend-
ing on the activated signaling pathways [107]. Most PGs have
a proinflammatory effect (for example, PGE2 and PGD2),
but some of them, cyclopentenone PG (PGA2 and 15d-
PGJ2) in particular, are characterized by anti-inflammatory
and antioxidant properties and participate in the regulation
of glucose metabolism [92].

15-Deoxy-Δ-12,14-prostaglandin J2 (15d-PGJ2) is the
first discovered endogenous PPARγ ligand that exerts its
effect by developing a PPRE response [44]. Heterodimers
with RXRα receptors are formed after binding 15d-PGJ2
and PPARγ together. The association of this complex with
DNA results in the expression of genes encoding receptors
of glucose metabolism (IRS-1 and IRS-2) and factors of
inflammatory process (TNF-α, NF-κB, and AP-1) [43]. The
anti-inflammatory and antioxidant effect of 15d-PGJ2 in
lung pathology has been demonstrated in a number of exper-
imental studies and is considered to be a promising area for
further investigation [108, 109].

AA metabolites can modulate not only PPARγ (PGA2
and 15d-PGJ2) but also PPARα (LTB4 and hydroxyeicosate-
traenoic acids (HETEs): 5(S)-HETE, 8(S)-HETE, 15-HETE,
and 8S-HPETE) [41]. Besides, prostacyclin and 15-HETE
can activate PPARβ/δ [38]. However, 5(S)-HETE, 8(S)-
HETE, 15-HETE, and LTB4 are weaker activators [94]. It is
worth noting that the functioning of NK cells, which play a
key role in limiting allergic inflammation in asthma, is regu-
lated by eicosanoids including PGD2 and PGE2.

The production of PGE2 and PGD2 is known to increase
in the inflammation; they are transformed into anti-
inflammatory PGA2 and 15d-PGJ2 [94]. Besides, the resolu-
tion of acute inflammation is the process of switching the
synthesis of proinflammatory lipid mediators (PG, LT) to
the formation of endogenous SPMs [110]. The precursors
of SPMs are PUFAs.

6.1.2. PUFAs. PUFAs have been shown to exert an anti-
inflammatory effect through PPAR activation [38, 111]. All

Table 1: Natural ligands for PPARs.

Ligands PPARα PPARβ/δ PPARγ Reference

Eicosanoids (PG) LTB4, 8 (S)-HETE 8 (S)-HETE
8 (S)-HETE, 15-HETE, PGA1,

PGA2, PGD2, 15d-PGJ2
[41, 43, 44, 92]

PUFAs, SPM
АА, EPA, LDL,

DHA, 17-oxoDHA
АА, EPA, DHA

АА, EPA, DHA, 17-oxoDHA,
RvE1, PD1, LXA4

[38, 93, 94]

Endocannabinoids
Anandamide, 2-AG,

OEA, PEA
Anandamide

Anandamide, 2-AG,
15D-PGJ2-glycerol ether

[95–99]
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PPARs have a similar structure due to the presence of a
ligand-binding domain, which provides their activation by
FAs and FA derivatives consisting of 14 and more carbon
atoms [34].

The oxidized forms of docosahexaenoic (DHA) and
eicosapentaenoic acid (EPA) can also be considered a
new and effective PPAR ligand class. It has been proven
that oxidized forms of EPA and low-density lipoproteins
(LDL) activate PPARα more efficiently than nonoxidized
ЕРА and LDL, especially in endothelial cells. The investi-
gation in this field may be of importance in creating
new and effective PPARα agonists. The oxidized form of
DHA 17-oxodocosahexaenoic acid (17-oxoDHA) is a dual
PPARγ/PPARα agonist [93]. Oxidized DHA derivatives
are more effective in relation to PPARγ as compared to
synthetic PPAR ligands.

The role of nutritional fatty acids in the prevention and
treatment of asthma has been recently investigated [112].
The treatment of asthma by omega-3 fatty acids is more
effective than sublingual immunotherapy to reduce the level
of IL-17A. Both therapeutic methods have been shown to
effectively reduce the asthma control test (ACT), peak expira-
tory flow rate (PEFR), and forced expiratory volume in the
first second (FEV1) [113]. However, the lack of standardized
doses significantly limits the recommendations for their use
[114]. The question whether the dietary intake of fatty acids
protects against asthma still remains controversial. Despite
the favorable results of the use of omega-3 fatty acids for
the treatment of asthma, the European Prospective Investiga-
tion into Cancer and Nutrition (EPIC) Heidelberg cohort
study has not demonstrated a protective effect of alimentary
fatty acids in asthma [115]. In addition, fish and fatty acid
consumption during pregnancy is related to the development
of asthma in newborn children [112].

The violation of the FA composition of cell membranes
and the imbalance between substrates for the synthesis of

pro- and anti-inflammatory mediators are two of the major
factors for promoting the development and aggravation of
chronic respiratory diseases, including asthma [24, 25].

6.1.3. SPM. In both AA and DHA, EPA can act as precursors
for the production of SPMs involved in the resolution of
inflammation, which include Rvs (RvE (RvE1, RvE2), RvD
(RvD1, RvD2, RvD3, RvD4, RvD5, and RvD6), and RvT
(RvT1, RvT2, RvT3, and RvT4)), LXs (LXA4, LXВ4), PDs
(РD1), and MaRs (МaR1, MaR2) [110, 116]. Proresolving
lipid mediators and their lung functions are presented in
Table 3.

According to Muralikumar et al., the highest active
PPARγ agonists among FAs and their derivatives are RvE1,
PD1, DHA, EPA, and LXA4 (listed in descending order of
their activity) [34]. DHA and EPA as PPARγ agonists have
been reviewed above.

(1) Resolvins. Rvs are the main humoral factors contributing
to the resolution of inflammation [117]. Rvs of the E-series
(RvE1, RvE2) are formed from EPA, and Rvs of the D-
series (RvD1, RvD2, RvD3, RvD4, RvD5, and RvD6) are pro-
duced from DHA [116]. The anti-inflammatory properties of
RvE1 result from the interaction with PPARs and NF-κB
blocking. RvE1 receptors include leukotriene B4 receptor 1
(BLT1) and G protein-coupled receptor-chemerin receptor
23 (ChemR23). RvE1 has an antagonistic effect on BLT1 by
blocking the biological properties of proinflammatory LTs.
Nevertheless, RvE1 has a synergistic effect on ChemR23,
blocks NF-κB activation, and enhances phagocytosis. The
powerful protective action of RvE1 has been demonstrated
in the inflammation of the respiratory tract, namely, in
asthma. RvE1 has been shown to reduce airway hyperreactiv-
ity in mice [118]. RvE2 has a biological effect that is similar to
that of RvE1; it regulates neutrophil chemotaxis and activates
phagocytosis and synthesis of anti-inflammatory cytokines.

Table 2: Proinflammatory lipid mediators and their functions.

Mediator Function Reference

LT family

LTC4 Bronchoconstriction

[101–104]

LTD4 Bronchoconstriction

LТЕ4 Bronchoconstriction

LTF4 —

LTA4 —

LTB4
Mediates chemotaxis, plasma exudation,

reduction of lung parenchyma

Prostanoid family

PGI2
Vasodilation, inhibitory effect

on platelet aggregation

[43, 44, 92, 94, 105–107, 109, 110]

PGE2
Bronchoconstriction, bronchodilation,

activation of autonomic neurotransmitter
pyrogenic hyperalgesia

РGF2 Bronchoconstriction

PGD2 Bronchoconstriction

15d-PGJ2 Antioxidant effect

TxA2 Vasoconstriction

Eoxin family A4, C4, D4, E4 The development of allergy
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The anti-inflammatory mechanism of RvD action in
bronchopulmonary pathology is under study [119, 120].
Lipoxin A4 receptor (ALX) and G protein-coupled recep-
tor 32 (GPR32) have been identified as receptors for
RvD1. The experiments have revealed the ability of RvD1
to reduce the production of proinflammatory cytokines
and airway hyperreactivity [119, 121].

(2) Protectins. PDs formed from DHA are synthesized by a
number of cells, including brain cells, monocytes, and CD4
+ lymphocytes [122]. PD1 (the key member of the PD fam-
ily) has an anti-inflammatory and neuroprotective effect.
The action of this mediator is realized by blocking NF-κB
and decreasing COX-2 expression and PG synthesis. The
ability of PD1 to inhibit 15-lipoxygenase (15-LOX) expres-
sion and thereby LT biosynthesis has been shown [123].
PD1 is a regulator of the synthesis of proteins of the B cell
lymphoma 2 (BCL2) family, which have a pronounced anti-
apoptotic effect [116]. The decrease in PD1 has been found
in severe and uncontrolled asthma [124]. Recently, PD1 has
been identified in the exhaled condensate of asthma patients
during exacerbation. In addition, PD1 reduces the level of
PGD2 involved in the development of airway hyperrespon-
siveness. It has been established that intravenous injection
of PD1 into allergen-sensitive mice before the administration
of an aerosol allergen protects animals from the development
of airway hyperreactivity, as well as eosinophilic and T cell-
mediated inflammation [123].

(3) Lipoxins. LXs, powerful anti-inflammatory bioregulators
suppressing the inflammatory process and activating resolu-
tion and recovery processes, are PPAR agonists [125]. LXA4
protects cells from damage by activating the p38 MAPK/P-
PARγ/nuclear factor E2-related factor 2-antioxidant-
responsive element/heme oxygenase 1 pathway [126].
Impaired LX production is associated with asthma patho-
genesis [127]. LXA4 is an endogenous mediator of inflam-
mation of the mucous membrane, and it reduces the
severity of allergic and asthmatic reactions. The decrease in
the LXA4 level in exhaled condensate correlates with lung
function impairment. The investigation by Larsson et al.

has revealed differences in the level of LXs in bronchial wash
fluid and bronchoalveolar lavage fluid [128]. LX concentra-
tion in bronchial wash fluid was higher in the group of
asthma patients compared to the control group, and its level
in bronchoalveolar lavage fluid did not differ between these
groups. The revealed violations of LX production in asthma
suggest that these mediators can be of significant interest as
a therapeutic target in the disease.

The study of proresolving lipid mediators, which are
PPAR agonists, opens up new ways for the development of
an effective strategy for asthma treatment by correcting the
processes of the inflammation resolution [110, 129].

6.1.4. Endocannabinoids. The endocannabinoid system is a
universal signaling system performing important functions,
such as the regulation of energy balance, metabolism of
carbohydrates and lipids, the participation in the develop-
ment of immune response, and the suppression of inflam-
matory processes by inducing Treg apoptosis and inhibiting
cell proliferation and production of proinflammatory
mediators [130]. The system includes endocannabinoids
(N-arachidonoylethanolamide (AEA or anandamide) and
2-arachidonoylglycerol (2-AG)), cannabinoid receptors
(CB1 and CB2 receptors), and enzymatic systems involved in
their synthesis, transport, metabolism, and degradation [131].

Endocannabinoids interact primarily with cannabinoid
receptors CB1 and CB2. The CB1 receptor has been found
in the central and peripheral nervous system, lungs, kid-
neys, and liver; the CB2 receptor is expressed by immune
and hematopoietic cells. Recent evidence points out that
endocannabinoids interact with not only these receptors but also
G protein-coupled receptor 55 (GPR55) and all PPAR isoforms
[96, 132, 133]. For example, it has been shown that endocanna-
binoids can serve as double agonists of PPARγ and CB2 and
neutralize chronic inflammation [95]. It has been observed
that endocannabinoids and cannabinoid-like molecules and
some of their metabolites activate PPARs [97]. Thus, endocan-
nabinoid AEA, as well as endocannabinoid-like compounds,
such as N-docosahexaenoylethanolamine (DHEA), N-
eicosapentaenoylethanolamine (EPEA), N-oleoylethanolamine

Table 3: Proresolving lipid mediators and their lung functions.

Mediator Function Reference

MaRs МaR1
Reduces expression of IL-5 and IL-13,

decreases lung neutrophils, tissue hypoxia
[117]

Rvs
RvE1

Decreases in airway hyperresponsiveness,
regulation of neutrophil chemotaxis,

activation of phagocytosis, and synthesis
of anti-inflammatory cytokines [117–121]

RvD1
Reduces synthesis of proinflammatory

mediators and eosinophilia

РDs РD1 Decreases airway hyperresponsiveness [116, 122–124]

LXs LXA4

Slows down chemotaxis and migration
to the area of inflammation of macrophages
and neutrophils, blocks lipid peroxidation,

activates NF-κB, and inhibits the
synthesis of proinflammatory cytokines

[117, 125–128]
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(OEA), N-palmitoylethanolamine (PEA), and N-
stearoylethanolamine (SEA), activate PPARα [97]. Further-
more, 15D-PGJ2-glycerol ester (a metabolite of 2-AG) exerts
an anti-inflammatory effect through PPARγ activation [98].
Anandamide and PEA are involved in the physiological
mechanisms of vascular regulation through PPARα activation
[97]. The effect of endocannabinoids on PPARβ/δ has been
described in certain studies. Yu et al. have shown that anan-
damide initiates PPARβ/δ activation [99]. There is little
research on synthetic cannabinoids activating PPARs. There
is evidence that WIN55 212-2, andarachidonyl-2′-chlor-
oethylamide, CP55940, HU331, and JWH015 have impact
on PPARα and PPARγ activity [134].

Endocannabinoid receptors, like PPARs, are expressed by
alveolar macrophages, eosinophils, monocytes, and dendritic
cells [42, 135]. The receptors PPARα, CB1, and CB2 that
directly interact with endocannabinoids [132] are located in
the bronchi of mice [136]. The endocannabinoid 2-AG and
its receptor CB2 play an important role in the inhibition of
mast cells (MC), as well as in the migration of eosinophils
to the respiratory tract [137]. Endocannabinoids inhibit cyto-
kine production by lung NK cells through the interaction
with CB2 receptors. Ferrini et al. suggest that NK cells limit
ILC2 responses during allergic airway inflammation [138].
Mature ILC2 is known to produce Th2-type cytokines
(IL-4, IL-5, IL-9, and IL-13) involved in the initiation of
an adaptive immune response in asthma. Mast cells and
eosinophils express the majority of TLRs and induce the
secretion of cytokines and chemokines initiating Th2
immune response [80, 81]. TLR ligands stimulate macro-
phages and affect their production of endocannabinoids,
whose function is to suppress TLR-mediated inflammatory
response [139, 140]. The effect of cannabinoids on macro-
phage function is a consequence of NF-κB inhibition [141].
Thus, endocannabinoids act through cannabinoid receptors
and PPARs regulating the activity of TLRs and NF-κB [142].

The role of the endocannabinoid system in lung patho-
physiology may be of interest compared to studying the
anti-inflammatory function of synthetic cannabinoids in
asthma. A number of studies have shown that oral or aerosol
administration of cannabinoids leads to a bronchodilating
effect in asthma patients. Recently, selective agonists and
antagonists for the CB1 and CB2 receptors have been devel-
oped, and their effectiveness has been demonstrated in the
experimental model of asthma [143]. The data obtained
reveal the therapeutic potential of cannabinoids as PPAR
agonists in asthma and promote further studies in this field.
Though the effectiveness of synthetic cannabinoids has been
established, their therapeutic significance is worth discussing

[139, 144]. The limitation of clinical use of cannabinoids in a
pain treatment has side effects (drowsiness, dizziness, speech
impairment, memory impairment, and mental confusion)
caused by therapeutically active doses of the agent. The con-
flicting effects observed in clinical trials of synthetic cannabi-
noids are likely to be related to the heterogeneity of their
receptors and the complexity of cannabinoid signaling. Can-
nabinoid derivatives that target mainly CB2 receptors may be
the most promising drugs due to the lack of central side
effects [143].

6.2. Synthetic Ligands for PPARs. The most famous synthetic
PPAR ligands are presented in Table 4.

Synthetic ligands for PPARα are fibrates used in treating
hypertriglyceridemia (the effectiveness of the use of fibrates is
rather low for other PPAR isoforms); PPARβ/δ synthetic
ligands are GW501516, GW0742, and L-165041; PPARγ
synthetic ligands are thiazolidinediones widely used for the
treatment of diabetes and having pronounced anti-
inflammatory properties [33, 37, 38, 46, 89, 145]. There is evi-
dence of the effectiveness of using thiazolidinediones as
ligands for other PPAR isoforms [90, 146].

6.2.1. Fibrates. Fibrates are synthetic ligands for PPARs and
are used in the treatment of hypertriglyceridemia. It is known
that PPARs regulate the concentration of lipids, lipoproteins,
and glucose in blood. They participate in the pathogenesis of
obesity as well. Fibrates are synthetic ligands mainly for
PPARα (clofibrate, fenofibrate, bezafibrate, and pemafibrate),
while bezafibrate activates other PPAR isoforms, but with
lower efficiency [33]. Fibrates, like PUFAs, stimulate the
metabolism of dietary FAs and affect the metabolism of tri-
glycerides via PPARα [145]. Synthetic ligands for PPARγ
are fibrates such as clofibrate, fenofibrate, gemfibrozil, and
ciprofibrate [145]. Fibrate metabolites (clofibric and fenofib-
ric acids) are dual activators of PPARa/γ. Fibrate therapy,
however, can cause a number of adverse effects, for example,
an increase in serum creatinine levels. Possible side effects of
these compounds require further studying.

The combined use of fenofibrate and dexamethasone
leads to the suppression of the production of IL-23 and IL-
1 in rats with asthma. This is evidence of the effectiveness
of the combined therapeutic regimens in asthma [12]. The
opportunity of using fenofibrate both in therapy and the pre-
vention of bronchial remodeling in asthma has been shown
[147]. Fibrates as therapeutic agents in asthma are currently
being studied. As is known, they are much used for the treat-
ment of obesity, so fibrates can be also applied to the therapy

Table 4: Synthetic ligands for PPARs.

Ligands PPARα PPARβ/δ PPARγ Reference

Fibrates
Bezafibrate, clofibrate,
fenofibrate, pemafibrate

Bezafibrate
Clofibrate, fenofibrate,
gemfibrozil, ciprofibrate

[33, 145]

Thiazolidinediones Lobeglitazone sulfate

Rosiglitazone, siglitazone, pioglitazone,
4-hydroxy-12-(4-hydroxyphenethyl)
isoindoline-1,3-dione, troglitazone,

lobeglitazone sulfate

[33, 37, 38, 46, 89, 90, 145, 146]
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of asthma related to obesity [148]. This field needs further
investigation.

6.2.2. Thiazolidinediones. Thiazolidinediones are synthetic
ligands mainly for PPARγ, and yet there is evidence of their
effectiveness as ligands for other PPAR isoforms (for exam-
ple, lobeglitazone sulfate is a dual PPARα/γ agonist) [146].
Recent experimental data confirm the clinical advantages of
thiazolidinediones in asthma treatment [89]. In addition to
improving lung function, these drugs reduce the risk of
asthma exacerbation and the need for oral administration
of steroids [13]. However, the use of thiazolidinediones for
asthma treatment is accompanied by side effects. This prob-
lem is to be studied more thoroughly.

The experimental study has shown that the rosiglitazone
reduces the hyperreactivity of the respiratory tract [149]. The
authors of the study have established that rosiglitazone
inhibits the secretion of Th2 cytokines, which are involved
in the inflammatory response of the respiratory tract in
asthma. Its significant efficiency in asthma has been estab-
lished in course placebo-controlled randomized trials
(asthma patients received rosiglitazone for 4 weeks) [150].
In addition, the use of rosiglitazone is accompanied by an
increase in body weight and edema.

Troglitazone demonstrates anti-inflammatory properties
in asthma that are the result of inhibition of the synthesis of
LTC4, one of the proinflammatory lipid mediators causing
bronchoconstriction, hyperreactivity, and edema of the bron-
chi [151]. However, troglitazone is associated with hepato-
toxicity, so its clinical trials have been terminated.

Pioglitazone reduces the inflammation and bronchial
hyperreactivity in asthma [129]. It is effective in patients
who do not receive the modern combination of corticoste-
roids and β2-agonists [10]. Nevertheless, Kaler et al. have
highlighted that the use of pioglitazone for severe asthma
therapy is unsafe since 14% of patients had serious side
effects caused by the discontinuation of the drug [152].
Anderson et al. did not find any signs of improvement
in the cause of the disease after a 12-week treatment with
pioglitazone [68]. Besides, the use of pioglitazone is
accompanied by an increase in body weight and the risk
of fractures, which, in turn, is the sign to continuous
studying of this drug.

Ciglitazone (synthetic PPARγ agonist) suppresses the
development of bronchial remodeling, airway hyperrespon-
siveness, and mucus hypersecretion [153]. Ciglitazone has
been shown to be able to modulate the expression of the
intercellular adhesion molecule 1 (ICAM-1) gene in smooth
muscle cells of the respiratory tract, and this gene initiates
the production of proinflammatory cytokines (TNFα). It is
known that proinflammatory cytokines regulate the function
of smooth muscle cells of the respiratory tract and thereby
contribute to the development of bronchial hyperreactivity
in asthma.

Another PPAR agonist, namely, 4-hydroxy-12-(4-hydro-
xyphenethyl) isoindoline-1,3-dione, is a promising agent in
asthma treatment. The experiment has revealed a decrease
in the severity of inflammation and mucin secretion in the
lungs of mice treated with this agonist [154].

PPAR agonists exhibit an anti-inflammatory effect by
acting on proinflammatory mediators and cells related to
asthma pathophysiology [4]. Maslanka et al. have reported
that PPARγ agonists are not able to exert a direct inhibitory
effect on the production of IL-4, IL-10, and IL-17 by T helper
cells (CD4+ cells) in asthma treatment. In addition, Tregs are
not involved in the realization of the antiasthmatic effect of
PPARγ agonists [155].

Thus, a wide range of metabolites and agents can activate
PPARs during the development of inflammatory response,
but their effect on each of the isoforms is very specific. The
association between PPAR isoforms and lipid metabolism
as well as their high affinity for PUFAs, endocannabinoids,
and eicosanoids, has been established [156]. Moreover,
PUFAs are precursors for the formation of endogenous spe-
cialized proresolving lipid mediators (RvE1, PD1, and
LXA4), which are highly active PPARγ agonists. Fibrates
are synthetic ligands for all PPAR isoforms with weakly pro-
nounced activity for PPARβ/δ and PPARγ. PPARγ exhibits
high affinity for thiazolidinediones.

Therefore, we can conclude that the investigation of
PPARs is an extremely promising area. There are many unre-
solved issues in the investigation of anti-inflammatory sig-
naling pathways.

7. Conclusion

Asthma is a chronic, heterogeneous inflammatory disease
with complex etiopathogenesis and a progressive course that
is related to type 2 inflammation. In response to the action of
allergens, early type 2 immune response enhances, which, in
turn, results in the activation of bronchial epithelial cells and
the production of IL-33, IL-25, and TSLP.

Modulators of the inflammation activity and lipid
homeostasis are PPARs, which are important components
of asthma pathogenesis. The present-day understanding of
PPARs primarily indicates the anti-inflammatory potential
of this receptor, which exerts its anti-inflammatory effect
through the inhibition of NF-κB. At the same time, TLR sig-
naling pathways activate NF-κB. The crosstalk between
PPARs, TLRs, and NF-κB is of great importance in the path-
ogenesis of the inflammatory process in asthma. The pre-
dominance of proinflammatory signaling with TLRs and
NF-κB contributes to chronic inflammation and asthma
impairment. Therefore, special attention is focused on the
activation of anti-inflammatory PPAR signaling.

Studies that examine the proinflammatory role of PPARs,
in particular PPARγ, are limited. PPARγ is taken as a medi-
ator of interactions between dendritic and T cells in type 2 (or
T2) inflammation, thereby initiating the development of type
2 (or T2) inflammation. In addition, PPARγ plays this role
mainly in “pathogenic” Th2 cells. Thus, PPARγ expression
was increased only in CRTh2+Th2 cells that produce IL-5,
in contrast to CRTh2−Th2. Inhibition of PPARγ in differen-
tiated Th2 cells decreased the secretion of type 2 cytokines.
The ambiguity of the signaling mechanisms of PPAR iso-
forms requires further in-depth study.

There are a sufficient number of activators of PPARs, but
their effect on each of the isoforms of these receptors is very
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specific. PPARs have a high affinity for PUFAs, endocannabi-
noids, and eicosanoids. Synthetic ligands for PPARs are
fibrates, but their activity is less pronounced for PPARβ/δ
and PPARγ. Thiazolidinediones are synthetic ligands primar-
ily for PPARγ. PUFAs are precursors for the formation of
endogenous specialized proresolving lipid mediators (RvE1,
PD1, and LXA4), which are highly active PPARγ agonists.

Further studies of the mechanisms of influence and the
combined use of natural and synthetic ligands of PPARs have
great potential. Regulation of PPARs will help control the
process of chronic inflammation by inhibiting the signaling
mechanisms of NF-κB and TLRs. The ultimate goal of future
research is to obtain new fundamental knowledge about the
molecular mechanisms of PPAR activation, promoting the
prevention and treatment of asthma.
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GPR55: G protein-coupled receptor 55
HETEs: Hydroxyeicosatetraenoic acids
HO-1: Heme oxygenase 1
IKK: Heterodimeric IκB kinase
IκB: NF-κB inhibitor protein
IL: Interleukin
IL-1R: Interleukin-1 receptor
ILC2: Type 2 innate lymphoid cells
iNOS: Inducible nitric oxide synthase
ICAM-1: Intercellular adhesion molecule 1
IRS-1, IRS-2: Insulin-1 and insulin-2 receptors
LBD: Ligand-binding domain
LDL: Low-density lipoproteins
LT: Leukotriene
LXs: Lipoxins
MAPK: Mitogen-activated protein kinase
MaRs: Maresins
MC: Mast cells
MED1: Mediator complex subunit 1

MMPs: Matrix metalloproteinases
MyD88: Myeloid differentiation protein 88
NF-κB: Nuclear factor kappa-light-chain-enhancer

of activated B cells
NK cells: Natural killer cells
NO: Nitric oxide
NRIP1: Nuclear receptor-interacting protein 1
OEA: N-Oleoylethanolamine
PDs: Protectins
PDK4: Pyruvate dehydrogenase lipoamide kinase

isozyme 4 mitochondrial
PEA: N-Palmitoylethanolamine
PEFR: Peak expiratory flow rate
PG: Prostaglandin
PGC-1α: PPARγ coactivator-1α
P38MAPK: p38 mitogen-activated protein kinase
PPARs: Peroxisome proliferator-activated receptors
PUFAs: Polyunsaturated fatty acids
RXRα: Retinoid X receptor α
Rvs: Resolvins
SEA: N-Stearoylethanolamine
SGRQ: St George’s Respiratory Questionnaire
SIRT1: Sirtuin 1
SPMs: Endogenous specialized proresolving

mediators
STAT: Signal transducers and activators of

transcription
TICAM/TRIF: TIR domain-containing adapter-inducing

interferon-β
TIRAP: TIR domain-containing adapter
Th1: T helper 1 cells
Th2: T helper 2 cells
Th17: T helper 17 cells
TLRs: Toll-like receptors
TNFR: Tumor necrosis factor receptors
TNFα: Tumor necrosis factor α
Tregs: Regulatory T cells
TSLP: Thymic stromal lymphopoietin
Тх: Thromboxane
TxA2: Thromboxane A2
2-AG: 2-Arachidonoylglycerol
15d-PGJ2: 15-Deoxy-Δ-12,14-prostaglandin J2
15-LOX: 15-Lipoxygenase
17-oxoDHA: 17-Oxodocosahexaenoic acid.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

The study was funded by the Ministry of Education and
Science of the Russian Federation.

References

[1] Global Strategy for Asthma Management and Prevention,
Global Initiative for Asthma (GINA), 2018.

12 PPAR Research



[2] O. Y. Kytikova, T. A. Gvozdenko, and M. V. Antonyuk,
“MODERN aspects of prevalence of chronic bronchopul-
monary diseases,” Bulletin Physiology and Pathology of Respi-
ration, vol. 1, no. 64, pp. 94–100, 2017.

[3] S. Tsabouri, A. Mavroudi, G. Feketea, and G. V. Guibas,
“Corrigendum: Subcutaneous and sublingual immunother-
apy in allergic asthma in children,” Frontiers in Pediatrics,
vol. 5, p. 8, 2017.

[4] A. Banno, A. T. Reddy, S. P. Lakshmi, and R. C. Reddy,
“PPARs: key regulators of airway inflammation and potential
therapeutic targets in asthma,” Nuclear Receptor Research,
vol. 5, article 101306, 2018.

[5] D. Huang, Q. Zhao, H. Liu, Y. Guo, and H. Xu, “PPAR-α ago-
nist WY-14643 inhibits LPS-induced inflammation in syno-
vial fibroblasts via NF-kB pathway,” Journal of Molecular
Neuroscience, vol. 59, no. 4, pp. 544–553, 2016.

[6] Y. Hou, F. Moreau, and K. Chadee, “PPARγ is an E3 ligase
that induces the degradation of NFκB/p65,” Nature Commu-
nications, vol. 3, no. 1, article 1300, 2012.

[7] Y. Cheng, S. Li, M. Wang, C. Cheng, and R. Liu, “Peroxisome
proliferator activated receptor gamma (PPARγ) agonist rosi-
glitazone ameliorate airway inflammation by inhibiting toll-
like receptor 2 (TLR2)/nod-like receptor with pyrin domain
containing 3 (NLRP3) inflammatory corpuscle activation in
asthmatic mice,” Medical Science Monitor, vol. 24,
pp. 9045–9053, 2018.

[8] S. P. Nobs, S. Natali, L. Pohlmeier et al., “PPARγ in dendritic
cells and T cells drives pathogenic type-2 effector responses in
lung inflammation,” The Journal of Experimental Medicine,
vol. 214, no. 10, pp. 3015–3035, 2017.

[9] S. Lamichane, B. D. Lamichane, and S.-M. Kwon, “Pivotal
roles of peroxisome proliferator-activated receptors (PPARs)
and their signal cascade for cellular and whole-body energy
homeostasis,” International Journal of Molecular Sciences,
vol. 19, no. 4, p. 949, 2018.

[10] R. C. Reddy, V. K. Rehan, J. Roman, and P. J. Sime, “PPARs:
regulators and translational targets in the lung,” PPAR
Research, vol. 2012, Article ID 342924, 2 pages, 2012.

[11] P. R. Tirgar, P. K. Kapupara, H. N. Patel, K. V. Sheladia, and
T. R. Desai, “Investigation into therapeutic role of peroxi-
some proliferator-activated receptor gamma (PPAR-γ)
selective agonist-pioglitazon in asthma,” Journal of Pharma-
ceutical Research & Clinical Practice, vol. 1, no. 2, pp. 30–35,
2011.

[12] S. M. Elaidy, S. S. Essawy, M. A. Hussain, M. K. El-Kherbe-
tawy, and E. R. Hamed, “Modulation of the IL-23/IL-17 axis
by fenofibrate ameliorates the ovalbumin/lipopolysacchar-
ide-induced airway inflammation and bronchial asthma in
rats,” Naunyn-Schmiedeberg's Archives of Pharmacology,
vol. 391, no. 3, pp. 309–321, 2018.

[13] S. T. Rinne, L. C. Feemster, B. F. Collins et al., “Thiazolidine-
diones and the risk of asthma exacerbation among patients
with diabetes: a cohort study,” Allergy, Asthma and Clinical
Immunology, vol. 10, no. 1, p. 34, 2014.

[14] M. Deliu, T. S. Yavuz, M. Sperrin et al., “Features of asthma
which provide meaningful insights for understanding the dis-
ease heterogeneity,” Clinical and Experimental Allergy,
vol. 48, no. 1, pp. 39–47, 2018.

[15] I. Agache and C. A. Akdis, “Endotypes of allergic diseases and
asthma: an important step in building blocks for the future of
precision medicine,” Allergology International, vol. 65, no. 3,
pp. 243–252, 2016.

[16] M. E. Кuruvilla, “Understanding asthma phenotypes, endo-
types, and mechanisms of disease,” Clinical Reviews in Allergy
and Immunology, vol. 56, no. 2, pp. 219–233, 2019.

[17] T. Boonpiyathad, Z. C. Sözener, P. Satitsuksanoa, and C. A.
Akdis, “Immunologic mechanisms in asthma,” Seminars in
Immunology, vol. 46, article 101333, 2019.

[18] T. Guiddir, P. Saint-Pierre, E. Purenne-Denis et al., “Neutro-
philic Steroid-Refractory RecurrentWheeze and Eosinophilic
Steroid- Refractory Asthma in Children,” The Journal of
Allergy and Clinical Immunology: In Practice, vol. 5, no. 5,
pp. 1351–1361.e2, 2017.

[19] L. B. Fanning and J. A. Boyce, “Lipid mediators and allergic
diseases,” Annals of Allergy, Asthma & Immunology,
vol. 111, no. 3, pp. 155–162, 2013.

[20] Q. Yang, Q. GeM, B. Kokalari et al., “Group 2 innate lym-
phoid cells mediate ozone-induced airway inflammation
and hyperresponsiveness in mice,” Journal of Allergy and
Clinical Immunology, vol. 137, no. 2, pp. 571–578, 2016.

[21] J. V. Fahy, “Type 2 inflammation in asthma—present in
most, absent in many,” Nature Reviews Immunology,
vol. 15, no. 1, pp. 57–65, 2015.

[22] L. Dejager, K. Dendoncker, M. Eggermont et al., “Neutraliz-
ing TNFα restores glucocorticoid sensitivity in a mouse
model of neutrophilic airway inflammation,”Mucosal Immu-
nology, vol. 8, no. 6, pp. 1212–1225, 2015.

[23] Т. Hasegawa, Н. Uga, А. Mori, and Н. Kurata, “Increased
serum IL-17A and Th2 cytokine levels in patients with severe
uncontrolled asthma,” European Cytokine Network, vol. 28,
no. 1, pp. 8–18, 2017.

[24] T. P. Novgorodtseva, Y. K. Denisenko, N. V. Zhukova, M. V.
Antonyuk, V. V. Knyshova, and T. A. Gvozdenko, “Modifica-
tion of the fatty acid composition of the erythrocyte mem-
brane in patients with chronic respiratory diseases,” Lipids
in Health and Disease, vol. 12, p. 117, 2013.

[25] O. Y. Kytikova, T. P. Novgorodtseva, M. V. Antonyuk, Y. K.
Denisenko, and Т. A. Gvozdenko, “Molecular targets of fatty
acid ethanolamides in asthma,”Medicine, vol. 55, no. 4, p. 87,
2019.

[26] S. H. Shahoei and E. R. Nelson, “Nuclear receptors, choles-
terol homeostasis and the immune system,” The Journal of
Steroid Biochemistry and Molecular Biology, vol. 191, article
105364, 2019.

[27] R. Ferstl, R. Frei, W. Barcik et al., “Histamine receptor 2 mod-
ifies iNKT cell activity within the inflamed lung,” Allergy,
vol. 72, no. 12, pp. 1925–1935, 2017.

[28] M. Sokolowska, L.-Y. Chen, Y. Liu et al., “Dysregulation of lipi-
domic profile and antiviral immunity in response to hyaluro-
nan in patients with severe asthma,” Journal of Allergy and
Clinical Immunology, vol. 139, no. 4, pp. 1379–1383, 2017.

[29] N. Rodriguez-Perez, E. Schiavi, R. Frei et al., “Altered fatty acid
metabolism and reduced stearoyl-coenzyme a desaturase activ-
ity in asthma,” Allergy, vol. 72, no. 11, pp. 1744–1752, 2017.

[30] M. Sokolowska, J. Stefanska, K. Wodz-Naskiewicz,
M. Cieslak, and R. Pawliczak, “Cytosolic phospholipase A2
group IVA is overexpressed in patients with persistent
asthma and regulated by the promoter microsatellites,” Jour-
nal of Allergy and Clinical Immunology, vol. 125, no. 6,
pp. 1393–1395, 2010.

[31] P. C. Calder, “Omega-3 fatty acids and inflammatory pro-
cesses: frommolecules to man,” Biochemical Society Transac-
tions, vol. 45, no. 5, pp. 1105–1115, 2017.

13PPAR Research



[32] A. Vik, J. Dalli, and T. V. Hansen, “Recent advances in the
chemistry and biology of anti-inflammatory and specialized
pro-resolving mediators biosynthesized from n-3 docosapen-
taenoic acid,” Bioorganic & Medicinal Chemistry Letters,
vol. 27, no. 11, pp. 2259–2266, 2018.

[33] G. Derosa, A. Sahebkar, and Р. Maffioli, “The role of various
peroxisome proliferator-activated receptors and their ligands
in clinical practice,” Journal of Cellular Physiology, vol. 233,
no. 1, pp. 153–161, 2018.

[34] S. Muralikumar, U. Vetrivel, A. Narayanasamy, and U. N.
Das, “Probing the intermolecular interactions of PPARγ-
LBD with polyunsaturated fatty acids and their anti-
inflammatory metabolites to infer most potential binding
moieties,” Lipids in Health and Disease, vol. 16, no. 1, article
404, p. 17, 2017.

[35] B. Patel, G. E. Mann, and S. J. Chapple, “Concerted redox
modulation by sulforaphane alleviates diabetes and cardio-
metabolic syndrome,” Free Radical Biology & Medicine,
vol. 122, pp. 150–160, 2018.

[36] A. V. Contreras, N. Torres, and A. R. Tovar, “PPAR-α as a
key nutritional and environmental sensor for metabolic
adaptation,” Advances in Nutrition, vol. 4, no. 4, pp. 439–
452, 2013.

[37] J. G. Neels and P. A. Grimaldi, “Physiological functions of
peroxisome proliferator-activated receptor β,” Physiological
Reviews, vol. 94, no. 3, pp. 795–858, 2014.

[38] A. Magadum and F. B. Engel, “PPARβ/δ: linking metabolism
to regeneration,” International Journal of Molecular Sciences,
vol. 19, no. 7, article E2013, p. 2013, 2018.

[39] Q. Wang, M. Umar Imam, Z. Yida, and F. Wang, “Sequential
Activation of Two Pathogen-Sensing Pathways Required for
Type I Interferon Expression and Resistance to an Acute
DNA Virus Infection,” Current Pharmaceutical Design,
vol. 43, no. 6, pp. 1148–1159, 2017.

[40] S. P. Nobs andM. Kopf, “PPAR-γ in innate and adaptive lung
immunity,” Journal of Leukocyte Biology, vol. 104, no. 4,
pp. 737–741, 2018.

[41] A. Croasdell, P. F. Duffney, N. Kim, S. H. Lacy, P. J. Sime, and
R. P. Phipps, “PPAR γ and the Innate Immune SystemMedi-
ate the Resolution of Inflammation,” PPAR Research,
vol. 2015, no. 2, 20 pages, 2015.

[42] V. K. Rehan and J. S. Torday, “PPAR γ SignalingMediates the
Evolution, Development, Homeostasis, and Repair of the
Lung,” PPAR Research, vol. 2012, Article ID 289867, 8 pages,
2012.

[43] K. W. Ruiz-Miyazawa, L. Staurengo-Ferrari, F. A. Pinho-
Ribeiro et al., “15d-PGJ2-loaded nanocapsules ameliorate
experimental gout arthritis by reducing pain and inflamma-
tion in a PPAR-gamma-sensitive manner in mice,” Scientific
Reports, vol. 8, no. 1, 2018.

[44] J. Li, C. Guo, and J. Wu, “15-Deoxy-Δ-12,14-Prostaglandin J2
(15d-PGJ2), an Endogenous Ligand of PPAR-γ: Function
and Mechanism,” PPAR Research, vol. 2019, Article ID
7242030, 10 pages, 2019.

[45] Z. Ju, M. Su, D. Li et al., “An algal metabolite-based PPAR-γ
agonist displayed anti-inflammatory effect via inhibition of the
NF-κB pathway,” Marine Drugs, vol. 17, no. 6, p. 321, 2019.

[46] X. Su, G. Zhou, Y. Wang et al., “The PPARβ/δ agonist
GW501516 attenuates peritonitis in peritoneal fibrosis via
inhibition of TAK1-NFκB pathway in rats,” Inflammation,
vol. 37, no. 3, pp. 729–737, 2014.

[47] B. C. Albensi, “What is nuclear factor kappa B (NF-κB) doing
in and to the mitochondrion?,” Frontiers in Cell and Develop-
ment Biology, vol. 7, p. 154, 2019.

[48] M. Schuliga, “NF-kappaB signaling in chronic inflammatory
airway disease,” Biomolecules, vol. 5, no. 3, pp. 1266–1283,
2015.

[49] D. V. Chistyakov, S. E. Aleshin, A. A. Astakhova,M.G. Sergeeva,
and G. Reiser, “Regulation of peroxisome proliferator-
activated receptors (PPAR) α and -γ of rat brain astrocytes in
the course of activation by toll-like receptor agonists,” Journal
of Neurochemistry, vol. 134, no. 1, pp. 113–124, 2015.

[50] G. S. Harmon, M. T. Lam, and C. K. Glass, “PPARs and lipid
ligands in inflammation and metabolism,” Chemical Reviews,
vol. 111, no. 10, pp. 6321–6340, 2011.

[51] G. Diamant and R. Dikstein, “Transcriptional control by NF-
κB: elongation in focus,” Biochimica et Biophysica Acta,
vol. 1829, no. 9, pp. 937–945, 1829.

[52] R. Scirpo, R. Fiorotto, A. Villani, M. Amenduni, C. Spirli, and
M. Strazzabosco, “Stimulation of nuclear receptor peroxi-
some proliferator-activated receptor-γ limits NF-κB-depen-
dent inflammation in mouse cystic fibrosis biliary
epithelium,” Hepatology, vol. 62, no. 5, pp. 1551–1562, 2015.

[53] W.Wang, L. Bai, H. Qiao et al., “The protective effect of feno-
fibrate against TNF-α-induced CD40 expression through
SIRT1-mediated deacetylation of NF-κB in endothelial cells,”
Inflammation, vol. 37, no. 1, pp. 177–185, 2014.

[54] J. Zhang, Y. Zhang, F. Xiao et al., “The peroxisome
proliferator-activated receptor γ agonist pioglitazone pre-
vents NF-κB activation in cisplatin nephrotoxicity through
the reduction of p65 acetylation via the AMPK-SIRT1/p300
pathway,” Biochemical Pharmacology, vol. 101, pp. 100–111,
2016.

[55] A. Zakeri and M. Russo, “Dual role of toll-like receptors in
human and experimental asthma models,” Frontiers in
Immunology, vol. 9, article 1027, 2018.

[56] F. Sallustio, C. Curci, A. Stasi et al., “Role of toll-like receptors
in actuating stem/progenitor cell repair mechanisms: differ-
ent functions in different cells,” Stem Cells International,
vol. 2019, Article ID 6795845, 12 pages, 2019.

[57] Y. Li, S. L. Deng, Z. X. Lian, and K. Yu, “Roles of toll-like
receptors in nitroxidative stress in mammals,” Cells, vol. 8,
no. 6, article E576, p. 576, 2019.

[58] D. De Nardo, “Toll-like receptors: activation, signalling and
transcriptional modulation,” Cytokine, vol. 74, no. 2,
pp. 181–189, 2015.

[59] L. Schaefer, “Complexity of danger: the diverse nature of
damage-associated molecular patterns,” The Journal of Bio-
logical Chemistry, vol. 289, no. 51, pp. 35237–35245, 2014.

[60] L. Mirotti, R. W. Alberca Custodio, E. Gomes et al., “CpG-
ODN shapes alum adjuvant activity signaling via MyD88
and IL-10,” Frontiers in Immunology, vol. 8, p. 47, 2017.

[61] T. Gong, Y. Yang, T. Jin, W. Jiang, and R. Zhou, “Orchestra-
tion of NLRP3 inflammasome activation by ion fluxes,”
Trends in Immunology, vol. 39, no. 5, pp. 393–406, 2018.

[62] M. Koppenol-Raab, V. Sjoelund, N. P. Manes et al., “Prote-
ome and secretome analysis reveals differential post-
transcriptional regulation of Toll-like receptor responses,”
Molecular & Cellular Proteomics, vol. 16, 4 suppl 1,
pp. S172–S186, 2017.

[63] N. Dana, G. Vaseghi, and J. S. Haghjooy, “Crosstalk between
peroxisome proliferator-activated receptors and toll-like

14 PPAR Research



receptors: a systematic review,” Advanced Pharmaceutical
Bulletin, vol. 9, no. 1, pp. 12–21, 2019.

[64] B. M. Necela, W. Su, and E. A. Thompson, “Toll-like receptor
4 mediates cross-talk between peroxisome proliferator-
activated receptor gamma and nuclear factor-kappaB in mac-
rophages,” Immunology, vol. 125, no. 3, pp. 344–358, 2008.

[65] S. G. Vitale, A. S. Laganà, A. Nigro et al., “Peroxisome
proliferator-activated receptor modulation during metabolic
diseases and cancers: master and minions,” PPAR Research,
vol. 2016, Article ID 6517313, 9 pages, 2016.

[66] A. Lempradl, J. A. Pospisilik, and J. M. Penninger, “Exploring
the emerging complexity in transcriptional regulation of
energy homeostasis,” Nature Reviews Genetics, vol. 16,
no. 11, pp. 665–681, 2015.

[67] Y. S. Yoon, S. Y. Kim, M. J. Kim, J. H. Lim, M. S. Cho, and J. L.
Kang, “PPARγ activation following apoptotic cell instillation
promotes resolution of lung inflammation and fibrosis via
regulation of efferocytosis and proresolving cytokines,”
Mucosal Immunology, vol. 8, no. 5, pp. 1031–1046, 2015.

[68] J. R. Anderson, K. Mortimer, L. Pang et al., “Evaluation of the
PPAR-γ agonist pioglitazone in mild asthma: a double-blind
randomized controlled trial,” PLoS One, vol. 11, no. 8, article
e0160257, 2016.

[69] L. Liu, Y. Pan, C. Zhai et al., “Activation of peroxisome
proliferation-activated receptor-γ inhibits transforming
growth factor-β1-induced airway smooth muscle cell prolif-
eration by suppressing Smad-miR-21 signaling,” Journal of
Cellular Physiology, vol. 234, no. 1, pp. 669–681, 2018.

[70] S. P. Lakshmi, A. T. Reddy, A. Banno, and R. C. Reddy, “Air-
way epithelial cell peroxisome proliferator-activated receptor
γ regulates inflammation and mucin expression in allergic
airway disease,” Journal of Immunology, vol. 201, no. 6,
pp. 1775–1783, 2018.

[71] T. Chen, C. A. Tibbitt, X. Feng et al., “PPAR-γ promotes type
2 immune responses in allergy and nematode infection,” Sci-
ence Immunology, vol. 2, no. 9, article eaal5196, 2017.

[72] B. Tian, Y. Zhao, H. Sun, Y. Zhang, J. Yang, and A. R. Brasier,
“BRD4 mediates NF-κB-dependent epithelial-mesenchymal
transition and pulmonary fibrosis via transcriptional elonga-
tion,” American Journal of Physiology-Lung Cellular and
Molecular Physiology, vol. 311, no. 6, pp. L1183–L1201, 2016.

[73] Q. Zhang, L. Wang, B. Chen, Q. Zhuo, C. Bao, and L. Lin,
“Propofol inhibits NF-κB activation to ameliorate airway
inflammation in ovalbumin (OVA)-induced allergic asthma
mice,” International Immunopharmacology, vol. 51,
pp. 158–164, 2017.

[74] J. Sun, N. Huang, W. Ma, H. Zhou, and K. Lai, “Protective
effects of metformin on lipopolysaccharide-induced airway
epithelial cell injury via NF-κB signaling inhibition,”Molecu-
lar Medicine Reports, vol. 19, no. 3, pp. 1817–1823, 2019.

[75] H. A. Park, O. K. Kwon, H. W. Ryu et al., “Physalis peruviana
L. inhibits ovalbumin-induced airway inflammation by atten-
uating the activation of NF-κB and inflammatory molecules,”
International Journal of Molecular Medicine, vol. 43, no. 4,
pp. 1830–1838, 2019.

[76] J. Lv, Q. Yu, J. Lv et al., “Airway epithelial TSLP production of
TLR2 drives type 2 immunity in allergic airway inflamma-
tion,” European Journal of Immunology, vol. 48, no. 11,
pp. 1838–1850, 2018.

[77] S. S. Athari, S. M. Athari, F. Beyzay, M. Movassaghi,
E. Mortaz, and M. Taghavi, “Critical role of Toll-like recep-

tors in pathophysiology of allergic asthma,” European Journal
of Pharmacology, vol. 808, pp. 21–27, 2017.

[78] E. A. A. Сhristou, G. Giardino, E. Stefanaki, and
F. Ladomenou, “Asthma: an undermined state of immunode-
ficiency,” International Reviews of Immunology, vol. 38, no. 2,
pp. 70–78, 2019.

[79] Y. Yu, K. H. Yip, I. Tam et al., “Differential effects of the toll-
like receptor 2 agonists, PGN and Pam3CSK4 on anti-IgE
induced human mast cell activation,” PLoS One, vol. 9,
no. 11, article e112989, 2014.

[80] J. Suurmond, A. L. Dorjée, E. F. Knol, T. W. J. Huizinga, and
R. E. M. Toes, “Differential TLR-induced cytokine produc-
tion by human mast cells is amplified by FcɛRI triggering,”
Clinical and Experimental Allergy, vol. 45, no. 4, pp. 788–
796, 2015.

[81] A. M. Kvarnhammar and L. O. Cardell, “Pattern-recognition
receptors in human eosinophils,” Immunology, vol. 136,
no. 1, pp. 11–20, 2012.

[82] S. C. Kearney, M. Dziekiewicz, andW. Feleszko, “Immunoreg-
ulatory and immunostimulatory responses of bacterial lysates
in respiratory infections and asthma,” Annals of Allergy,
Asthma & Immunology, vol. 114, no. 5, pp. 364–369, 2015.

[83] D. S. Ashour, “Toll-like receptor signaling in parasitic infec-
tions,” Expert Review of Clinical Immunology, vol. 11, no. 6,
pp. 771–780, 2015.

[84] D. Torres, A. Dieudonne, B. Ryffel et al., “Double-stranded
RNA exacerbates pulmonary allergic reaction through TLR3:
implication of airway epithelium and dendritic cells,” The Jour-
nal of Immunology, vol. 185, no. 1, pp. 451–459, 2010.

[85] M. J. Duechs, C. Tilp, C. Tomsic, F. Gantner, and K. J. Erb,
“Development of a novel severe triple allergen asthma model
in mice which is resistant to dexamethasone and partially
resistant to TLR7 and TLR9 agonist treatment,” PLoS One,
vol. 9, no. 3, p. e91223, 2014.

[86] D. Yang, Q. Chen, S. B. Su et al., “Eosinophil-derived neuro-
toxin acts as an alarmin to activate the TLR2-MyD88 signal
pathway in dendritic cells and enhances Th2 immune
responses,” The Journal of Experimental Medicine, vol. 205,
no. 1, pp. 79–90, 2008.

[87] S. C. Eisenbarth, D. A. Piggott, J. W. Huleatt, I. Visintin, C. A.
Herrick, and K. Bottomly, “Lipopolysaccharide-enhanced,
toll-like receptor 4-dependent T helper cell type 2 responses
to inhaled antigen,” The Journal of Experimental Medicine,
vol. 196, no. 12, pp. 1645–1651, 2002.

[88] O. Denis, M. Vincent, X. Havaux, S. De Prins,
G. Treutens, and K. Huygen, “Induction of the specific
allergic immune response is independent of proteases from
the fungus Alternaria alternata,” American Journal of
Respiratory and Critical Care Medicine, vol. 43, no. 4,
pp. 907–917, 2013.

[89] S. Shafi, P. Gupta, G. L. Khatik, and J. Gupta, “PPARγ: poten-
tial therapeutic target for ailments beyond diabetes and its
natural agonism,” Current Drug Targets, vol. 20, no. 12,
pp. 1281–1294, 2019.

[90] F. Hong, P. Xu, and Y. Zhai, “The opportunities and chal-
lenges of peroxisome proliferator-activated receptors ligands
in clinical drug discovery and development,” International
Journal of Molecular Sciences, vol. 19, no. 8, p. 2189, 2018.

[91] B. Grygiel-Gorniak, “Peroxisome proliferator-activated
receptors and their ligands: nutritional and clinical
implications-a review,” Nutrition Journal, vol. 13, p. 17, 2014.

15PPAR Research



[92] S. Marcone, P. Evans, and D. J. Fitzgerald, “15-Deoxy-
Δ12,14-prostaglandin J2 modifies components of the protea-
some and inhibits inflammatory responses in human endo-
thelial cells,” Frontiers in Immunology, vol. 7, p. 459, 2016.

[93] D. Egawa, T. Itoh, Y. Akiyama, T. Saito, and K. Yamamoto,
“17-OxoDHA is a PPARα/γ dual covalent modifier and ago-
nist,” ACS Chemical Biology, vol. 11, no. 9, pp. 2447–2455,
2016.

[94] J. Korbecki, R. Bobiński, and M. Dutka, “Self-regulation of
the inflammatory response by peroxisome proliferator-
activated receptors,” Inflammation Research, vol. 68, no. 6,
pp. 443–458, 2019.

[95] A. García-Martín, M. Garrido-Rodríguez, C. Navarrete et al.,
“Cannabinoid derivatives acting as dual PPARγ/CB2 agonists
as therapeutic agents for systemic sclerosis,” Biochemical
Pharmacology, vol. 163, pp. 321–334, 2019.

[96] S. E. O'Sullivan, “An update on PPAR activation by cannabi-
noids,” British Journal of Pharmacology, vol. 173, no. 12,
pp. 1899–1910, 2016.

[97] M. R. Romano and M. D. Lograno, “Involvement of the per-
oxisome proliferator-activated receptor (PPAR) alpha in vas-
cular response of endocannabinoids in the bovine
ophthalmic artery,” European Journal of Pharmacology,
vol. 683, no. 1-3, pp. 197–203, 2012.

[98] P. Raman, B. L. Kaplan, J. T. Thompson, J. P. Vanden
Heuvel, and N. E. Kaminski, “15-Deoxy-delta12,14-prosta-
glandin J2-glycerol ester, a putative metabolite of 2-
arachidonyl glycerol, activates peroxisome proliferator acti-
vated receptor gamma,” Molecular Pharmaceutics, vol. 80,
no. 1, pp. 201–209, 2011.

[99] S. Yu, L. Levi, G. Casadesus, G. Kunos, and N. Noy, “Fatty
acid-binding protein 5 (FABP5) regulates cognitive function
both by decreasing anandamide levels and by activating the
nuclear receptor peroxisome proliferator-activated receptor
β/δ (PPARβ/δ) in the brain,” The Journal of Biological Chem-
istry, vol. 289, no. 18, pp. 12748–12758, 2014.

[100] V. Capra, M. Back, S. S. Barbieri, M. Camera, E. Tremoli, and
G. E. Rovati, “Eicosanoids and their drugs in cardiovascular
diseases: focus on atherosclerosis and stroke,” Medicinal
Research Reviews, vol. 33, no. 2, pp. 364–438, 2013.

[101] M. Matsuda, Y. Tabuchi, K. Nishimura et al., “Increased
expression of CysLT2 receptors in the lung of asthmatic mice
and role in allergic responses,” Prostaglandins, Leukotrienes,
and Essential Fatty Acids, vol. 131, pp. 24–31, 2018.

[102] N. Rabinovitch, M. J. Jones, A. Faino et al., “Cysteinyl leuko-
triene receptor 1 and health effects of particulate exposure in
asthma,” Annals of the American Thoracic Society, vol. 15,
article S129, Supplement_2, 2018.

[103] N. Dholia and U. C. S. Yadav, “Lipid mediator leukotriene
D4-induces airway epithelial cells proliferation through
EGFR/ERK1/2 pathway,” Prostaglandins & Other Lipid
Mediators, vol. 136, pp. 55–63, 2018.

[104] T. Yokomizo, M. Nakamura, and T. Shimizu, “Leukotriene
receptors as potential therapeutic targets,” The Journal of
Clinical Investigation, vol. 128, no. 7, pp. 2691–2701, 2018.

[105] K. Kawahara, H. Hohjoh, T. Inazumi, S. Tsuchiya, and
Y. Sugimoto, “Prostaglandin E2-induced inflammation: rele-
vance of prostaglandin E receptors,” Biochimica et Biophysica
Acta, vol. 1851, no. 4, pp. 414–421, 2015.

[106] C. Domingo, O. Palomares, D. A. Sandham, V. J. Erpenbeck,
and P. Altman, “The prostaglandin D2 receptor 2 pathway in

asthma: a key player in airway inflammation,” Respiratory
Research, vol. 19, no. 1, p. 189, 2018.

[107] R. S. Peebles, “Prostaglandins in asthma and allergic diseases,”
Pharmacology & Therapeutics, vol. 193, pp. 1–19, 2019.

[108] T. Maehara, T. Nakamura, S. Maeda, K. Aritake,
M. Nakamura, and T. Murata, “Epithelial cell–derived pros-
taglandin D2inhibits chronic allergic lung inflammation in
mice,” The FASEB Journal, vol. 33, no. 7, pp. 8202–8210,
2019.

[109] J. Zhou, L. Jiang, X. Long et al., “Bone-marrow-derived mes-
enchymal stem cells inhibit gastric aspiration lung injury and
inflammation in rats,” Journal of Cellular and Molecular
Medicine, vol. 20, no. 9, pp. 1706–1717, 2016.

[110] O. Y. Kytikova, T. P. Novgorodtseva, M. V. Antonyuk, Y. K.
Denisenko, and Т. A. Gvozdenko, “Pro-resolving lipid medi-
ators in the pathophysiology of asthma,” Medicine, vol. 55,
no. 6, p. 284, 2019.

[111] J. He, K. Bai, B. Hong, F. Zhang, and S. Zheng, “Docosahex-
aenoic acid attenuates carbon tetrachloride-induced hepatic
fibrosis in rats,” International Immunopharmacology,
vol. 53, pp. 56–62, 2017.

[112] J. Miyata and M. Arita, “Role of omega-3 fatty acids and their
metabolites in asthma and allergic diseases,” Allergology
International, vol. 64, no. 1, pp. 27–34, 2015.

[113] M. K. Abdo-Sultan, R. S. Abd-El-Lateef, and F. Z. Kamel,
“Efficacy of omega-3 fatty acids supplementation versus sub-
lingual immunotherapy in patients with bronchial asthma,”
The Egyptian Journal of Immunology, vol. 26, no. 1, pp. 79–
89, 2019.

[114] C. Venter, R. W. Meyer, B. I. Nwaru et al., “EAACI position
paper: influence of dietary fatty acids on asthma, food allergy,
and atopic dermatitis,” Allergy, vol. 74, no. 8, pp. 1429–1444,
2019.

[115] G. Nagel and J. Linseisen, “Dietary intake of fatty acids, anti-
oxidants and selected food groups and asthma in adults,”
European Journal of Clinical Nutrition, vol. 59, no. 1, pp. 8–
15, 2005.

[116] S. E. Headland and L. V. Norling, “The resolution of inflam-
mation: principles and challenges,” Seminars in Immunology,
vol. 27, no. 3, pp. 149–160, 2015.

[117] C. N. Serhan and B. D. Levy, “Resolvins in inflammation:
emergence of the pro-resolving superfamily of mediators,”
The Journal of Clinical Investigation, vol. 128, no. 7,
pp. 2657–2669, 2018.

[118] R. P. Flesher, C. Herbert, and R. K. Kumar, “Resolvin E1 pro-
motes resolution of inflammation in a mouse model of an
acute exacerbation of allergic asthma,” Clinical Science,
vol. 126, no. 11, pp. 805–818, 2014.

[119] B. Wang, X. Gong, J. Y. Wan et al., “Resolvin D1 protects
mice from LPS-induced acute lung injury,” Pulmonary Phar-
macology & Therapeutics, vol. 24, no. 4, pp. 434–441, 2011.

[120] F. C. Ringholz, G. Higgins, A. Hatton et al., “Resolvin D1 reg-
ulates epithelial ion transport and inflammation in cystic
fibrosis airways,” Journal of Cystic Fibrosis, vol. 17, no. 5,
pp. 607–615, 2018.

[121] O. Eickmeier, H. Seki, O. Haworth et al., “Aspirin-triggered
resolvin D1 reduces mucosal inflammation and promotes
resolution in a murine model of acute lung injury,” Mucosal
Immunology, vol. 6, no. 2, pp. 256–266, 2013.

[122] M. Aursnes, J. E. Tungen, A. Vik et al., “Total synthesis of the
lipid mediator PD1n-3 DPA: configurational assignments

16 PPAR Research



and anti-inflammatory and pro-resolving actions,” Journal of
Natural Products, vol. 77, no. 4, pp. 910–916, 2014.

[123] B. D. Levy and C. N. Serhan, “Resolution of acute inflamma-
tion in the lung,” Annual Review of Physiology, vol. 76,
pp. 2721–2726, 2014.

[124] J. Miyata, K. Fukunaga, R. Iwamoto et al., “Dysregulated syn-
thesis of protectin D1 in eosinophils from patients with
severe asthma,” The Journal of Allergy and Clinical Immunol-
ogy, vol. 131, no. 2, pp. 353–360.e2, 2013.

[125] C. Barnig, M. Cernadas, S. Dutile et al., “Lipoxin A4 regulates
natural killer cell and type 2 innate lymphoid cell activation
in asthma,” Science Translational Medicine, vol. 5, no. 174,
pp. 174ra26–174r126, 2013.

[126] S. H. Wu, M. J. Wang, J. Lü, and X. Q. Chen, “Signal
transduction involved in lipoxin A4-induced protection of
tubular epithelial cells against hypoxia/reoxygenation
injury,” Molecular Medicine Reports, vol. 15, no. 4,
pp. 1682–1692, 2017.

[127] S. Kazani, “Exhaled breath condensate eicosanoid levels asso-
ciate with asthma and its severity,” The Journal of Allergy and
Clinical Immunology, vol. 132, no. 3, pp. 547–553, 2013.

[128] N. Larsson, S. L. Lundström, R. Pinto et al., “Lipid mediator
profiles differ between lung compartments in asthmatic and
healthy humans,” The European Respiratory Journal,
vol. 43, no. 2, pp. 453–463, 2014.

[129] K. Kasuga, T. Suga, and N. Mano, “Bioanalytical insights into
mediator lipidomics,” Journal of Pharmaceutical and Bio-
medical Analysis, vol. 113, pp. 151–162, 2015.

[130] A. N. Bukiya, “Physiology of the endocannabinoid system
during development,” Advances in Experimental Medicine
and Biology, vol. 1162, pp. 13–37, 2019.

[131] A. Corrado, M. Battle, S. K. Wise et al., “Endocannabinoid
receptor CB2R is significantly expressed in aspirin-
exacerbated respiratory disease: a pilot study,” International
Forum of Allergy & Rhinology, vol. 8, no. 10, pp. 1184–1189,
2018.

[132] P. Morales, I. Isawi, and P. H. Reggio, “Towards a better
understanding of the cannabinoid-related orphan receptors
GPR3, GPR6, and GPR12,” Drug Metabolism Reviews,
vol. 50, no. 1, pp. 74–93, 2018.

[133] M. A. Karwad, D. G. Couch, K. L. Wright et al., “Endocanna-
binoids and endocannabinoid-like compounds modulate
hypoxia-induced permeability in CaCo-2 cells via CB1,
TRPV1, and PPARα,” Biochemical Pharmacology, vol. 168,
pp. 465–472, 2019.

[134] B. Payandemehr, A. Ebrahimi, R. Gholizadeh et al., “Involve-
ment of PPAR receptors in the anticonvulsant effects of a
cannabinoid agonist, WIN 55,212-2,” Progress in Neuro-
Psychopharmacology & Biological Psychiatry, vol. 57,
pp. 140–145, 2015.

[135] C. Turcotte, M. R. Blanchet, M. Laviolette, and N. Flamand,
“Impact of cannabis, cannabinoids, and endocannabinoids
in the lungs,” Frontiers in Pharmacology, vol. 7, p. 317, 2016.

[136] S. Petrosino and V. Di Marzo, “The pharmacology of palmi-
toylethanolamide and first data on the therapeutic efficacy of
some of its new formulations,” British Journal of Pharmacol-
ogy, vol. 174, no. 11, pp. 1349–1365, 2017.

[137] R. B. Frei, P. Luschnig, G. P. Parzmair et al., “Cannabinoid
receptor 2 augments eosinophil responsiveness and aggra-
vates allergen-induced pulmonary inflammation in mice,”
Allergy, vol. 71, no. 7, pp. 944–956, 2016.

[138] M. E. Ferrini, S. Hong, A. Stierle et al., “CB2 receptors regu-
late natural killer cells that limit allergic airway inflammation
in a murine model of asthma,” Allergy, vol. 72, no. 6, pp. 937–
947, 2017.

[139] K. L. McCoy, “Interaction between cannabinoid system and
toll-like receptors controls inflammation,” Mediators of
Inflammation, vol. 2016, Article ID 5831315, 18 pages, 2016.

[140] Z. P. Espinosa-Riquer, A. Ibarra-Sánchez, S. Vibhushan
et al., “TLR4 receptor induces 2-AG-dependent tolerance
to lipopolysaccharide and trafficking of CB2 receptor in
mast cells,” Journal of Immunology, vol. 202, no. 8,
pp. 2360–2371, 2019.

[141] Y. J. Jeon, K. H. Yang, J. T. Pulaski, and N. E. Kaminski,
“Attenuation of inducible nitric oxide synthase gene expres-
sion by delta 9-tetrahydrocannabinol is mediated through
the inhibition of nuclear factor-kappa B/Rel activation,”
Molecular Pharmacology, vol. 50, no. 2, pp. 334–341, 1996.

[142] O. Y. Kytikova, T. P. Novgorodtseva, Y. K. Denisenko, M. V.
Antonyuk, and T. A. Gvozdenko, “The role of the endocan-
nabinoid signaling system in the pathophysiology of asthma
and obesity,” Annals of the Russian academy of medical sci-
ences, vol. 74, no. 3, pp. 200–209, 2019.

[143] L. Giannini, S. Nistri, R. Mastroianni et al., “Activation of
cannabinoid receptors prevents antigen-induced asthma-
like reaction in guinea pigs,” Journal of Cellular and Molecu-
lar Medicine, vol. 12, no. 6A, pp. 2381–2394, 2008.

[144] P. Henschke, “Cannabis: an ancient friend or foe? What
works and doesn't work,” Seminars in Fetal & Neonatal Med-
icine, vol. 24, no. 2, pp. 149–154, 2019.

[145] M. Botta, M. Audano, A. Sahebkar, C. R. Sirtori, N. Mitro,
and M. Ruscica, “PPAR agonists and metabolic syndrome:
an established role?,” International Journal of Molecular Sci-
ences, vol. 19, no. 4, p. 1197, 2018.

[146] S. G. Kim, D. M. Kim, J. T. Woo et al., “Efficacy and safety of
lobeglitazone monotherapy in patients with type 2 diabetes
mellitus over 24-weeks: a multicenter, randomized, double-
blind, parallel-group, placebo controlled trial,” PLoS One,
vol. 9, no. 4, article e92843, 2014.

[147] M. Paw, D. Wnuk, D. Kądziołka et al., “Fenofibrate reduces
the asthma-related fibroblast-to-myofibroblast transition by
TGF-Β/Smad2/3 signaling attenuation and connexin 43-
dependent phenotype destabilization,” International Journal
of Molecular Sciences, vol. 19, no. 9, article E2571, p. 2571,
2018.

[148] O. Y. Kytikova, M. V. Antonyuk, T. A. Gvozdenko, and T. Р.
Novgorodtseva, “Metabolic aspects of the relationship of
asthma and obesity,” Obesity and Metabolism, vol. 15, no. 4,
pp. 9–14, 2018.

[149] J. H. Yu, L. Long, Z. X. Luo, and J. R. You, “Effect of PPARγ
agonist (rosiglitazone) on the secretion of Th2 cytokine in
asthma mice,” Asian Pacific Journal of Tropical Medicine,
vol. 10, no. 1, pp. 64–68, 2017.

[150] D. B. Richards, P. Bareille, E. L. Lindo, D. Quinn, and S. N.
Farrow, “Treatment with a peroxisomal proliferator activated
receptor gamma agonist has a modest effect in the allergen
challenge model in asthma: a randomised controlled trial,”
Respiratory Medicine, vol. 104, no. 5, pp. 668–674, 2010.

[151] E. Luczak, J. Wieczfinska, M. Sokolowska, E. Pniewska,
D. Luczynska, and R. Pawliczak, “Troglitazone, a PPAR-γ
agonist, decreases LTC4 concentration in mononuclear cells
in patients with asthma,” Pharmacological Reports, vol. 69,
no. 6, pp. 1315–1321, 2017.

17PPAR Research



[152] M. Kaler, A. V. Barochia, N. A. Weir et al., “A randomized,
placebo-controlled, double-blinded, crossover trial of pioglit-
azone for severe asthma,” The Journal of Allergy and Clinical
Immunology, vol. 140, no. 6, pp. 1716–1718, 2017.

[153] C. D. Huang, T. C. Hsiung, S. C. Ho et al., “PPARγ ligand
ciglitazone inhibits TNFα-induced ICAM-1 in human airway
smooth muscle cells,” Biomedical Journal, vol. 37, no. 4,
pp. 191–198, 2014.

[154] J. Huang, M. Su, B. K. Lee, M. J. Kim, J. H. Jung, and D. S. Im,
“Suppressive effect of 4-hydroxy-2-(4-hydroxyphenethyl)
isoindoline-1,3-dione on ovalbumin-induced allergic
asthma,” Biomolecules & Therapeutics, vol. 26, no. 6, article
10.4062/biomolther.2018.006, pp. 539–545, 2018.

[155] T. Maślanka, I. Otrocka-Domagała, M. Zuśka-Prot, and
M. Gesek, “Beneficial effects of rosiglitazone, a peroxisome
proliferator-activated receptor-γ agonist, in a mouse allergic
asthma model is not associated with the recruitment or gen-
eration of Foxp3-expressing CD4+ regulatory T cells,” Euro-
pean Journal of Pharmacology, vol. 848, pp. 30–38, 2019.

[156] L. J. Falomir-Lockhart, G. F. Cavazzutti, E. Giménez, and
A. M. Toscani, “Fatty acid signaling mechanisms in neural
cells: fatty acid receptors,” Frontiers in Cellular Neuroscience,
vol. 13, p. 162, 2019.

18 PPAR Research


	Peroxisome Proliferator-Activated Receptors as a Therapeutic Target in Asthma
	1. Introduction
	2. Asthma
	3. Peroxisome Proliferator-Activated Receptors
	4. General Mechanisms of Action of Peroxisome Proliferator-Activated Receptors
	5. PPAR-Dependent Mechanisms in Asthma
	6. Natural and Synthetic Ligands of PPARs in Asthma Therapy
	6.1. Natural Ligands for PPARs
	6.1.1. Eicosanoids
	6.1.2. PUFAs
	6.1.3. SPM
	6.1.4. Endocannabinoids

	6.2. Synthetic Ligands for PPARs
	6.2.1. Fibrates
	6.2.2. Thiazolidinediones


	7. Conclusion
	Abbreviations
	Conflicts of Interest
	Acknowledgments

