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It is with great pleasure that we introduce this Special Issue dedicated to Peroxisome
Proliferator-Activated Receptors (PPARs), honoring the pioneering contributions of Profes-
sor Walter Wahli. Over the course of more than four decades, Prof. Wahli has significantly
contributed to our understanding of nuclear receptor biology, metabolic regulation, and
the intersection of lipid signaling and inflammation. His work spans from foundational
mechanistic insights to concepts that underpin today’s translational efforts in metabolic,
inflammatory, and cardiovascular diseases. Beyond his discoveries, Prof. Wahli’s enthu-
siasm, generosity, and commitment to collaborative science have inspired generations of
researchers worldwide.

1. From Vitellogenin to Nuclear Receptor Mechanisms

Prof. Wahli’s scientific journey began with elegant studies in Xenopus laevis that
established the liver vitellogenin genes that encode yolk proteins as hormone-responsive
target models. As a Ph.D. researcher in Rudolf Weber’s laboratory (University of Berne,
Switzerland), he was the first to isolate the vitellogenin mRNA [1] using sucrose gradients,
and, in collaboration with a postdoc in the laboratory, Gerhart Ryffel, he titrated vitel-
logenin mRNA accumulation in the liver of estrogen-treated male Xenopus laevis, using
Cot curves [2]. These two papers were the core of his PhD thesis at the University of
Berne, which was completed in only two years (1975-1977) and for which he received a
“Summa cum laude”. After his Ph.D., he pursued his quest for the molecular mechanism
of estrogen action during his postdoctoral stage in Igor Dawid’s laboratory (Department
of Embryology of the Carnegie Institution, Baltimore, MD, USA) and then at the National
Institutes of Health, Bethesda, where he cloned vitellogenin mRNA [3] and built the first
Xenopus genomic library. From this library, he isolated the vitellogenin genes and found, a
big surprise at the time, that these genes were organized into not less than 33 exons and
32 introns [4-6]. This finding was highlighted in the front-page picture of the Cell issue in
which his 1980 paper [5] was published.

Upon returning to Switzerland as a Full Professor and Director of the Institute of
Animal Biology at the University of Lausanne, Walter Wahli’s group defined the canonical
estrogen response element (ERE) from a comparative study of the promoter of the estrogen-
responsive vitellogenin and apo-VLDLI genes, characterized its sequence requirements and
cooperative receptor binding, and demonstrated hormone-dependent transcription using a
technically demanding homologous in vitro system [7-14]. Collectively, these landmark
contributions showed that the estrogen receptor resides in the nucleus in an inactive state
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and, upon ligand binding, drives transcription by engaging EREs in target promoters,
principles that became pillars of nuclear receptor biology.

2. Founding and Expanding the PPAR Field

In the late 1980s, Prof. Wahli and one of his postdoctoral fellows, Greg Krey, in
collaboration with Christine Dreyer (Tuebingen, Germany), applied the estrogen receptor
DNA-binding domain as a probe to uncover novel receptors, leading to the discovery and
characterization of the PPAR subfamily (PPARx, PPAR[ /6, and PPARY) [15], for which a
first member was discovered independently by Stephen Green [16]. This work, together
with seminal ligand studies, established that fatty acids and eicosanoids directly modulate
gene expression through PPARs, marking a paradigm shift that linked nutrient lipids to
transcriptional control [17,18]. This significant finding opened a new field of investigation
of the highest biomedical significance. A postdoc in Walter Wahli’s research group, Pallavi
Devchand, was the first to demonstrate that the fibrate hypolipidemic drugs, already on the
market for some time, can directly bind to PPAR«, which unveiled the mode of action of
these drugs in lowering circulating lipids and uncovered the involvement of PPAR« in the
control of inflammation [19]. These findings prompted them to investigate the metabolic
response mammals have evolved to survive long periods of energy deprivation. Indeed,
a postdoctoral fellow in Wahli’s group, Sander Kersten, demonstrated that PPARc plays
a pivotal role in regulating energy stores during fasting. By modulating gene expression,
PPARo stimulates hepatic fatty acid oxidation, providing energy-rich substrates that can
be metabolized by peripheral organs [20].

3. Physiological Breadth: From Tissue Repair to Cancer and
Cardiometa-bolism

Prof. Wahli’s research continuously broadened the physiological canvas of PPARs. In
the skin, a novel discovery by his group, initiated by postdoctoral fellow Liliane Michalik,
revealed impaired wound healing in PPARx- and PPAR /5-deficient mice [21]. Building
on this, and in collaboration with Andrew Tan, they identified a homeostatic control of
keratinocyte proliferation and differentiation mediated through a PPAR-driven response in
dermal fibroblasts via interleukin 1 (IL-1) signaling [22]. These findings have also opened
an avenue for investigating the possible implications of PPAR( /6 in controlling tumor
development [23].

Expanding from skin to metabolic tissues, genetic tools developed in collaboration
with Pierre Chambon and Daniel Metzger, within the framework of a Human Frontier Sci-
ence Program project directed by Walter Wahli, allowed them to demonstrate that PPARy
was required in differentiated, mature white and brown adipocytes for their survival [24].
In parallel, in the vasculature, collaboration with Philippe Boucher uncovered that PPARy
protects against calcification by antagonizing Wnt Family Member 5A (WNT5A) signal-
ing, a finding with direct clinical relevance for atherosclerosis and valvular disease [25].
Extending into skeletal muscle physiology, Profs. Wahli and Chambon’s teams demon-
strated that PPAR( /6 plays a crucial role in maintaining oxidative muscle fibers, with
its deficiency leading to fiber-type switching, obesity, and diabetes [26]. Likewise, in
the heart, collaboration with Manuel Vazquez-Carrera revealed that PPAR{ /6 activation
counteracts phenylephrine-induced cardiomyocyte hypertrophy in neonatal rat ventricu-
lar cardiomyocytes [27]. Finally, in the endocrine pancreas, Wahli’s group demonstrated
that epithelial PPAR{3 /6 constrains (3-cell mass and exocytosis, unveiling a regulatory
checkpoint in insulin secretion [28]. In addition, sex-dependent repression by sumoylated
PPARw in the female liver offered a mechanistic framework for estrogen-linked cholestatic
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disease [29]. Together, these studies demonstrate how PPARs orchestrate cellular and
systemic physiology across diverse tissues and organs.

4. Developmental and Nutritional Axes

A hallmark of Prof. Wahli’s contributions is the integration of developmental, nutri-
tional, and epigenetic dimensions. He uncovered a glucocorticoid receptor-PPAR«x axis
in fetal liver that equips neonates for milk lipid catabolism, including epigenetic gating
of fibroblast growth factor 21 (FGF21) responsiveness [30]. In collaboration with Hervé
Guillou and Catherine Postic, they revealed a specific PPARax—carbohydrate-responsive
element-binding protein (ChREBP) cross-talk required for glucose-mediated FGF21 induc-
tion and endocrine control of sugar intake [31] and established hepatocyte PPAR«x as a
protector against metabolic dysfunction-associated steatotic liver disease (MASLD) and
hypercholesterolemia during aging [32]. In the intestine, collaboration with Philippe San-
sonetti demonstrated that a high-fat diet disrupts PPARy-dependent epithelial-microbial
homeostasis [33]. In contrast, caloric restriction polarizes mucosal programs with PPARo
and interferon-stimulated gene factor 3 (ISGF3) as potential candidate regulators [34].
Extending these insights to systems physiology, collaborative work with Sven Pettersson
demonstrated that the gut microbiota can influence skeletal muscle mass and function [35].

5. PPARs as Nutrient-Sensing Transcriptional Hubs Coordinating
Inter-Organ Communication and Stress Cytokines

In recent years, Prof. Wahli’s work, mainly collaborations with Hervé Guillou and
Manuel Vazquez-Carrera, has focused on PPAR control of systemic metabolism and the
regulation of stress cytokines. These collaborations have built on the understanding
that intact PPAR« activity in hepatocytes is required for the crosstalk between adipose
tissues and the liver during fat mobilization [36] and why metabolic control by PPARc in
hepatocytes plays a crucial role in host defense against infection [37]. In addition, these
collaborations have contributed to elucidating that growth differentiation factor 15 (GDF15)
mediates the metabolic effects of PPAR[3 /5 by activating AMPK [38] and that PPAR3 /5
prevents inflammation and fibrosis during diabetic cardiomyopathy [39]. All these studies
confirm that PPARSs serve as nutrient-sensing transcriptional hubs that coordinate inter-
organ communication to maintain metabolic and inflammatory homeostasis. Prof. Wahli’s
mentorship and scientific imagination remain central drivers of these achievements.

6. About This Special Issue

The articles assembled in this Special Issue mirror the diversity and translational
promise of the PPAR field. Contributions span basic mechanisms of receptor-ligand
interaction and endogenous activation; structural and epigenetic regulation; tissue- and
species-specific roles (e.g., lung, heart, skin, and ray-finned fish); natural ligand and
modulator pharmacology; and broad therapeutic or translational applications in areas such
as cardiovascular function, metabolic disorders, skin pathology, and clinical perspectives
on PPAR biology. In curating these works, our aim is twofold: to celebrate Prof. Wahli’s
foundational role and to chart the questions that will define the next chapter of the PPAR
research journey (precision targeting of PPAR networks, context-aware modulation, and
integrative systems approaches bridging molecules to medicine).

7. Concluding Remarks

Prof. Walter Wahli’s scientific legacy is distinguished by originality, rigor, and a gift
for connecting dots across biology (from amphibian vitellogenesis to mammalian lactation,
and from nuclear receptor mechanics to organismal homeostasis). Equally, it is a story of
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collaboration. Many of the advances highlighted here were made possible by enduring
partnerships (including Béatrice Desvergne, Liliane Michalik, Pierre Chambon, Nguan
Soon Tan, Hervé Guillou, and Manuel Vazquez-Carrera) that exemplify the best of our
community. On behalf of all contributors, we express our deep gratitude to Prof. Wahli for
his leadership, inspiration, and friendship. May this Special Issue honor his achievements
and energize future discoveries.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: This year marks the 35th anniversary of Professor Walter Wahli’s discovery of the PPARs
(Peroxisome Proliferator-Activated Receptors) family of nuclear hormone receptors. To mark the
occasion, the editors of the scientific periodical Biomolecules decided to publish a special issue in his
honor. This paper summarizes what is known about PPARs and shows how trends have changed
and how research on PPARs has evolved. The article also highlights the importance of PPARs and
what role they play in various diseases and ailments. The paper is in a mixed form; essentially it is a
review article, but it has been enriched with the results of our experiments. The selection of works
was subjective, as there are more than 200,000 publications in the PubMed database alone. First,
all papers done on an animal model were discarded at the outset. What remained was still far too
large to describe directly. Therefore, only papers that were outstanding, groundbreaking, or simply
interesting were described and briefly commented on.

Keywords: PPARs; peroxisome proliferator-activated receptor; clinical application; experimental therapy

1. Introduction

It is widely believed that the Peroxisome Proliferator-Activated Receptor (PPAR) was
described around 1974 by Prof. Walter Wahli. Unfortunately, among his 350 or so published
papers, the fundamental, foundational, and pioneering work could not be found (and as
there are at least two other contenders for priority [1,2]), we asked Prof. Walter Wahli for
a statement on this matter. In response, Prof. W. Wahli identified one of his papers as
the first (starting) paper on this topic, indirectly confirming his priority and providing its
biographical data [3]. The paper cited is from March 1992 and concerns not a human but
the amphibian Xenopus laevis, which, incidentally, explains our difficulty in finding it, since
PubMed lists, at the time of writing these words, over 300,000 abstracts and full-text papers
dealing with PPARs.
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To finish this review on time, despite the challenging work of all authors, almost all
work done on animal models (including Xenopus) was discarded at the outset, as it was
assumed that they are usually a preliminary step before work on human material, as animal
models are generally very different from humans [4]. Notably, the ‘PPARs fad’ is slowly
passing relative to the publication peak of 2011-2013, when there were 5-6 new publications
daily. In the last few years, it has been 4-3 papers per day, following a decreasing trend.
New papers are located on the right, descending branch of the Gauss curve. Assuming its
complete symmetry, the last single documents in this field are expected around 2040. Tahri-
Joutey et al. [5] report (following [6]) that PPAR-alpha, the first of the known receptors,
arose at the time of the evolutionary breakthrough of fish and mammals, about 200 million
years ago, and evolved three times faster than the other receptors beta/delta and gamma.
In 2006, a concise but comprehensive and complete description of the mechanism of action
of PPARs appeared in print with co-authorship by Lathion [7]. The paper explained the
mechanism of action using PPAR-alpha as an example; however, the activation of all
PPAR is very similar. The authors describe the following sequence of events: first, a PPAR
heterodimer is formed with the retinoid X receptor (RXR), and then the newly formed
complex binds a ligand that defines the end effector. The ligand in question (a substance
from a long list of natural or artificial compounds) can be an agonist (increasing activity) or
an antagonist (decreasing activity). The described complex (PPAR plus RXR plus ligand)
binds to a specific DNA sequence in the gene promoter (PPRE) and triggers transcription
(Figure 1).
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Figure 1. Pattern of PPAR« activity. RXR—retinoid X receptor, PPRE—gene promoter.

Figure 2 shows basic information about PPAR isoforms. However, it should be noted
that the number of PPAR types is not fully established. For the first few years, it was thought
that there were four [3]. Then, their number was reduced to three, but later molecular
studies show that there are four (named in 1992: alpha, beta, gamma, and delta) [8].

1.1. Peroxisome Proliferator-Activated Receptor Alpha (PPARw)

PPARw is a ligand-activated transcriptional factor that belongs to the nuclear receptor
superfamily. It is also known as N1C1 (nuclear receptor subfamily 1, group C, member 1).
PPARw is strongly expressed in tissues with elevated fatty acid catabolism, such as the liver,
heart, skeletal muscles, brown adipose tissue, and intestine. It regulates the transcription
of multiple genes involved in the intracellular metabolism of lipids and is a major regu-
lator of fatty acid and triglyceride homeostasis [9-11]. PPAR-alpha performs the direct
transcriptional control of genes implicated in mitochondrial and peroxisomal 3-oxidation
and microsomal w-oxidation also. Modulating the activities of all three fatty acid oxidation
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systems plays a crucial role in energy expenditure. It also regulates the expression of
proteins involved in the transport and 3-oxidation of free fatty acids (FFAs) and lipoprotein
metabolism genes [12].
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Figure 2. The characteristic of the three isoforms of PPARs: PPAR«x, PPARB /5, and PPARY (expres-
sion, function, and the list of main ligands activating the particular peroxisome proliferator).

The human PPAR-alpha receptor gene (PPARA) is located on chromosome 22 at
the position 22¢q12-q13.1. PPAR-alpha receptor shares a common characteristic with the
other members of the PPAR family (PPAR-beta/delta and PPAR-gamma) and has five
domains [13]. Among these are the ligand-binding domain, dimerization domain (a
dimer forms during the reaction with the PPAR-responsive element), and DNA-binding
domain, which binds to the promoter of different genes via the zinc finger. There are
two stages in PPAR-alpha transcriptional activation. In the first stage, PPAR-alpha is
activated by the natural ligand or agonist, and the second stage is started by the formation
of heterodimer PPAR-alpha with a retinoid X receptor (RXR). Then the PPAR-alpha-RXR
complex recognizes many genes, binding to PPRE via the zinc finger of the DNA-binding
domain. The PPRE is a sequence of nucleotides: AGGTCA, AGGTCA. This sequence is
always the same on every gene to which the PPAR-alpha-RXR complex binds [14]. For
example, there may be up to 80 different genes regulated by PPAR-alpha in hepatocytes.
This action includes the stimulation of the apolipoprotein Al genes, the apolipoprotein All
genes, and the lipoprotein lipase (LPL) gene, and the inhibition of apolipoprotein CIII [14].

1.2. Peroxisome Proliferator-Activated Receptor Beta/Delta (PPARB/5)

This receptor type, perhaps because it has numerous links to tumorigenesis, is quite
popular; there are about 1200 abstracts and full papers on this topic in the PubMed database.
In the late 1980s, it was widely believed that there were two separate receptors, PPAR-
beta and PPAR-delta. However, closer examination showed that they were the same, so
some researchers felt it was necessary to eliminate one of them. Unfortunately, a big mess
in naming ensued, and from Google data, it can be calculated that as many as 83% of
researchers use the name “beta”, 13% use the name “delta”, and 4% refuse to declare their
choice and use both names, e.g., “beta/delta”.

1.3. Peroxisome Proliferator-Activated Receptor Gamma (PPARy)

Cardiovascular diseases such as diabetes, hypertension, obesity, and dyslipidemia are
the most common causes of death and severe disability. Their treatment consists primarily
of modifying environmental factors to normalize metabolic changes, but genetic infor-
mation is also essential in developing these diseases. The primary gene whose mutation
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can cause multistep disorders leading to the development of metabolic syndrome and
atherosclerosis is the peroxisome proliferator-activated receptor gene y (PPARG). This
gene is located on chromosome 3p25. Its expression can start from different promoters,
depending on the site of origin, which results in the possibility of 3 isoforms of this receptor
protein: PPARy-1 (adipose tissue, muscle, heart, liver), PPARy-2 (mainly adipose tissue),
and PPARy-3 (adipose tissue and colon). The expression of the PPARYy gene depends
on, among other things, insulin and food availability, especially free fatty acids. PPARy
modulates insulin sensitivity and immune system activity by controlling the transcription
of many proteins essential for carbohydrate and lipid metabolism. PPAR-gamma agonists
in type 2 diabetes resulted in lower serum levels of pro-inflammatory markers, such as
CRP, white blood cells, soluble CD40, MMP-9, amyloid A, and TNF«x [15].

1.4. Pan-PPAR (Alpha, Beta/Delta, Gamma)

The phenomenon of the combined treatment of several seemingly separate (if only
partially) phenomena bears the prefix “pan-" in the case of the receptors described; it
is about pan-ligands (usually agonists) and pan-PPARs. This phenomenon has been
discovered and described as many as three times, yet it is little known and rarely used. The
term “pan-PPAR” was noted for the first time in a paper by Cullingford et al. from 2002 [16].
It appeared for the second time in the literature reviewed in a 2007 paper by Rudolph
et al. [17]. The authors treated all three PPAR isoforms (alpha, beta/delta, and gamma)
together, indirect evidence of which is the new term “pan agonist”. Notwithstanding the
above, three years later, Huang et al. [18] stated for the third time that separate testing of
individual alpha, beta/delta, and gamma activities is incorrect, as the sum of the activities
of all three isoforms should be considered. As an argument, they cited that using one of
the experimental ligands initially significantly reduces, by decreasing the PPARx activity,
the rate of cancer cell proliferation. Still, the subsequent increase in activity within the
pan-PPAR phenomenon, specifically PPAR-gamma activity, spoils the whole effect (Table 1).

Table 1. Pan-PPAR effect of PPARs: when one type of receptor is activated, the rest is inhibited.
T—means receptor activation, while | means receptor inhibition.

Possibilities PPAR«x PPARpB/6 PPARY
1 T activity 1 activity 1 activity
2 1 activity 1 activity T activity
3 J activity T activity 1 activity

2. Aim of the Work

Of particular note is that about 300,000 papers have been published on PPARs. This is
undoubtedly an important topic that should be studied in depth. The published works go
in different directions in learning about PPARs and sometimes the research results duplicate
each other, thus supporting the validity and correctness of the results obtained by other
research teams. This article was written to systematize and collect the existing knowledge
about PPARs. It used the following databases: PubMed, EBSCO, Scopus, OMIM, and
Google Scholar. By demonstrating the current state of knowledge, it is hoped that this work
will contribute to better research planning, reduce unnecessary repetition, accelerate the
growth of knowledge, and produce more interesting results.

3. Results
3.1. Introduction

The avalanche of papers dealing with PPARs moved very slowly. Quoting from
Vamecq et al. [19], possibly the first pioneering paper on PPARs appeared in the sec-
ond part of 1965, and from the beginning of 1966 until the end of 1991, on average, a
new paper appeared every few months. For example, in 1988, two papers by Reddy
et al. [20,21] appeared, writing about PPARs in liver cancer. Another author wrote about
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a “steroid...hormone receptor” the same year [2]. In contrast, Prof. W. Wahli gave us the
date 1992 as the beginning of research on PPARs [8]. Independently, we found the work of
Wahli and Martinez in 1991, in which the authors wrote about PPAR and its positive and
negative regulations [22].

Since 1992, new works have appeared steadily, following an increasing trend. At the
peak of 20112012, up to 5 to 6 new works appeared daily. This rate is now lower. In 2023,
they came in at about 3 per day (Figure 3). In light of the above, it is astonishing that, for
example, typing “PPARs and 1960” into a search engine yielded as many as 9 hits instead
of the expected zero, though none related to the year entered.
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Figure 3. Number of papers published in 19922024 (till May 20th) regarding PPARs clinical applica-
tions in humans. The number of publications for subsequent years was extrapolated (dashed area).

3.2. Electronic Search Strategy

Data for publication were collected from the Ovid MEDLINE, Embase.com, National
Library of Medicine PubMed, and Web of Science databases. Predefined eligibility criteria
excluded studies involving animal models. Peer-reviewed journal articles published from
1961 to 20 May 2024 were searched, limited to each year. A detailed search strategy was
developed by best practices, as shown in Table 2.

Table 2. Data to be extracted from databases.

Category Description
Authors
Study ID Year
Journal
Model Human
PPAR isotypes:
- PPARx
Intervention B PPARpB/5
- PPARYy
- pan-PPAR
Other The term “PPAR” reported in the title or abstract—yes/no
Criteria for inclusion and/or exclusion of data provided—yes/no
Search term type Free-text

Phrases were searched for in the title, abstract, and keywords provided by the author
using Boolean Logic ('OR” and “AND”). Records retrieved in the Embase.com search were
limited to only those absent from MEDLINE. The search filter was also adapted to retrieve
studies involving human models. No restrictions were placed on language.

10
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Discoveries about PPARs were searched using the terms: “pharmacological PPAR
targeting”, “PPAR discoveries”, “medical PPAR investigations”, “peroxisome proliferator-
activated receptor”, “PPAR AND Human”, PPARs AND disease”.

Free-text searches for all PPARs (x, /8, and v) and pan-PPAR activity were linked to
the terms agonist, modulator, stimulator, and activator using a proximity search so that
both terms (e.g., “PPAR” and “agonist”) had to occur within five words of each other.

Reference lists of included original studies and relevant review articles obtained from
the systematic search were manually reviewed to look for papers scientifically important or
interesting to the authors. When a paper was deemed potentially relevant after reviewing
the title and abstract, the full text of the study was downloaded. The literature search
successfully identified relevant studies, some of which (285 papers) were included in this
full-text review. The selection of cited papers was strictly subjective.

3.3. Calendar with Commentary

In 1989, 10 new papers arrived. Of these, we were particularly interested in the
publication of Liu et al. [23], in which the authors demonstrate that replacing brown
marrow with yellow marrow takes place under the control of PPARy.

The years 1990-1991 did not bring much work regarding the study of PPARs in
humans. Animal models (mice, horses) were mainly studied. Anyway, it is worth noticing
the paper of Issemann & Green [2], where authors activated PPARs with growth factors,
and Alvares et al. [24], who identified the heat shock protein HSP70 as a new possible
member of the PPARs superfamily.

The year 1992: in this year, only 10 papers were published, among which, in our
opinion, the work of Maksymowich et al. [25] should be singled out. They detected in
all members of the steroid receptor superfamily (which form heterodimers with PPARs)
a common conserved motif (the DNA sequence), which gives us hope for the future
generation of pan-agonist or pan-antagonist PPARs. Then Gottlichet et al. found that
chimeric ligands also work [26].

The year 1993 was one in which 29 new papers appeared in the PubMed database,
among which it is worth mentioning the following: The paper by Keller and Wahli [27],
whose authors see the links between endocrinology and dietetics on the grounds of PPARs.
The works of Keller et al. [28] and Issemann et al. [29] in which the role of 9-cis retinoic acid
in the activation and regulation of PPARs was demonstrated, and it was established that
the mechanism leads through the binding of the said ligand to RXR. The work of Bardot
et al. [30], whose authors studied PPAR-RXR heterodimers and acyl CoA oxidase and
cytochrome P450 IVA6. The work of Boie et al. [31], whose authors tested the activity of
enantiomers of known ligands. The work of Motojima [32], in which the author describes
the various functions of PPARs and their activation mechanism. In the paper by Sher
et al. [33], the authors describe the results of molecular studies, including cloning. Also
interesting is the work of Bass [34], in which the author considers whether the functions
performed by PPARs are more general or more specialized, and Gibson [35], in which
he considers the future of PPARs. However, we were most impressed by the paper by
Chen et al. [36], in which the authors claim to have evidence that there are not three
PPARs but as many as five. If their argument is widely accepted, we are in for another
nomenclature revolution, in which case the problems arising from the withdrawal of
one receptor (beta/delta) will turn out to be a trifle indeed.

In 1994, 33 new papers were published, of which we highlighted the work of Kainu
et al. [37], who demonstrated the brain receptor PPARx. In 2009, Aleshin et al. [38]
confirmed this in rat brains. In addition, they revealed the presence of other isoforms in the
brain, as did the work of Lemberger et al. [39], which showed that stress hormones could
be ligands of PPARs.

In 1995, 49 new papers appeared, of which the following caught our attention: The
work of Wahli et al. [40], in which the authors extensively discuss the panorama of lipid
metabolism and its relationship with PPARs. The work of Gustafsson [41] in which it was
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pointed out that the toxicity of ligands may be a result of their binding to the receptor.
The work of Bocos et al. [42] was repeated the following year by Lemberger et al. [43]
(co-authored with W. Wahli), in which the authors found that fatty acids alone can activate
PPARs. The paper by Yu et al. [44] described a new activator, HETEs, and its unusual
properties. The paper by Keller et al. [45] (co-authored by W. Wahli), whose authors detail
the role of RXRs in PPARs activation. The work of Juge-Aubry (co-author Wahli) [46],
which considers the effect of thyroid hormone receptors, and the work of Baes et al. [47],
who studied not an agonist but a PPAR-alpha antagonist.

The year 1996 brought 66 interesting publications, of which we would like to mention
the following: The papers by Formann et al. [48] and Wilson et al. [49] in which the authors
describe ligands and activators of PPARs, and the paper by Gibson, in which the author
tries to anticipate the future of PPARs. In the Aubert et al. [50] paper, the authors describe
the first activator from a new family (thiazolidinediones). The paper by Patel et al. [51] is
one in which the authors show that thiazolidinediones brilliantly activate PPARy but, on
the other hand, promote atherosclerosis. Then there is the paper in which Brun et al. [52]
analyze the differences between the response to the same stimulus of different isoforms of
the receptors studied.

In 1997, 100 new papers arrived, and here are the most important among them: The
paper by Guan et al. [53] reporting the presence of PPAR receptors in the human ureter,
potentially bringing PPARs into the orbit of urology. In addition to these is the work of
Bernlohr et al. [54], describing extracellular proteins and lipid transporters; the work of
Clarke and Jump [55] with a description of an independent novel mechanism of PPAR
activation by polyunsaturated fatty acids (at this point, one can make a loose hypothesis
that this could be one of the reasons for the beneficial effects of PPARs on human health);
and the work of Rove [56] on retinoid X receptors.

The year 1998 enriched our knowledge about PPARs with the results of 156 works, the
most important of which, in our opinion, worked on the role of PPARs in the functioning
of blood vessel walls [57] and skeletal muscles [58] as well as the impact of PPARs on
lipid metabolism at the receptor and gene expression levels [59-63]. This has expanded
our knowledge about the role of PPARs in metabolic syndrome and the development of
atherosclerosis in humans. The inhibition of cell growth and induction of apoptosis by
PPAR agonists was first demonstrated in human breast cancer cells [64]. In the same year,
Sorensen et al. leaned into the problem of precisely controlling the activity of circumstantial
PPARs, which takes on great importance in light of the planned preclinical studies [65], and
Goodman found three independent connections between retinoids and schizophrenia [66].

The year 1999 brought us 233 new publications to read, many of which concerned
the effects of PPARYy agonists on the growth and differentiation of human cancer cells in
cancer tissues (ureter, bladder, prostate, liposarcoma) or cell lines such as colon cancer cells,
T-cell lymphoma, or breast cancer cell lines [67-71]. The human T-cell leukemia retrovirus
tax protein is a repressor of nuclear receptor signaling [72]. A possible role of reduced
PPARYy activation by 15-HETE in the development or progression of prostate cancer has
been suspected [73].

In 2000, there were 339 new interesting papers to review and evaluate. Lazennec G.
and Wahli W. et al. observed a protein kinase A-dependent enhancement of the activity of
all PPARe, 3, and vy isotypes on two distinct promoters. Moreover, PKA inhibitors repress
the PPAR ligands’ effect, suggesting that these ligands act partly by recruiting the PKA
pathway. These findings highlight the involvement of the PKA pathway in PPAR action and
indicate that it is essential for regulating gene activation by PPAR ligands [74]. Kawahito
and co-authors demonstrated that the synovial lining layer, fibroblasts, and endothelial
cells show expression of PPARY in patients with rheumatoid arthritis (RA) and suggested
that PPARy may be an essential immunoinflammatory mediator and its ligands, especially
15d-PGJ2, may be helpful in the treatment of RA [75]. Much attention has been paid to the
role of PPARs in oncogenesis, including PPARS in human endometrial adenocarcinoma
and colorectal cancer [76-78] and PPARY in gastric or prostate cancer [79,80].
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In exciting publications, Combs et al. showed that PPARy agonists inhibit the f3-
amyloid-stimulated expression of the cytokine genes interleukin-6 and tumor necrosis
factor o, which brings us closer to the mechanisms of Alzheimer’s disease [81]. In contrast,
Zhou et al. drew attention to the over-representation of PPARy sequence variants in
sporadic cases of glioblastoma multiforme [82].

The year 2001 meant 437 new papers for us. Among them, Debrik et al. [83] found
that PPAR-gamma has a pleiotropic function in the cell, while Chinetti et al. [84] detected
functions performed by PPARs in blood vessel walls, which have serious health implica-
tions. Delerive et al. described PPARs in the context of modulation of the inflammatory
response, which may have potential therapeutic applications in chronic inflammatory
diseases [85]. The authors reported that PPARs activators participate in anti-inflammatory
activation in various cell types by inhibiting the expression of pro-inflammatory genes
such as cytokines, metalloproteases, and acute phase proteins. In addition, PPARs play
an important role in negatively regulating the transcription of inflammatory response
genes by antagonizing AP-1, nuclear factor-kappaB (NF-kappaB), a signal transducer and
activator of transcription, and the nuclear factor signaling pathways of activated T cells.
Duez et al. emphasize that PPARs play an essential role in modulating the development
of atherosclerosis through actions at both the metabolic and vascular levels. PPAR-alpha
and PPAR-gamma seem to be of the most significant importance in developing this disease,
with high levels of their expression. Moreover, PPAR-alpha and PPAR-gamma are involved
in immunoregulation, vasculitis, and thrombosis associated with atherosclerosis [86]. Also,
Elangbam et al. presented that PPAR-alpha and PPAR-gamma receptors have a beneficial
effect on inflammatory diseases, including atherosclerosis, by regulating the production of
cytokines, the expression of adhesion molecules on endothelial cells, fibrinolysis, and the
modulation of monocyte-derived macrophages [87].

2002: After reading 596 new papers, it can be concluded that, for example, in the review
by Stumvoll and Haring, we can learn that the occurrence of the PPAR-gamma2—Prol12Ala
polymorphism has a significant impact on the risk of common type 2 diabetes (T2D). The
authors emphasized that a thorough understanding of the mechanism of this disease may
allow for the prevention or improvement of T2D treatment [88]. Roberts et al. demonstrated
that p38 MAP kinase activation is mediated by PPAR« transcription and detectable changes
in survival and proliferation. Moreover, they presented the problem of how MAP kinases
interact with nuclear receptors such as PPARa. This process causes coordinate suppression
of apoptosis and cell cycle progression [89]. On the other hand, Berger and Moller presented
condensed knowledge about the relationship of PPARs to chronic diseases [90]. According
to them, the strong therapeutic effects of PPARx and PPARy agonists benefit systemic
lipid levels, glucose homeostasis, and atherosclerosis. It was emphasized that PPAR«x
activation can effectively alleviate dyslipidemia and that PPARy agonists reduce insulin
resistance. However, in the case of PPARS, the authors suggest that it may also be an
important therapeutic target for selected patients” disorders, including cancer, infertility,
and dyslipidemia. Fauconet et al. conducted studies in two different human bladder cancer
cell lines, RT4 (derived from a stage I tumor) and T24 (derived from a stage Il tumor). VEGF
(mRNA and protein) is deferentially increased by the three PPAR isotypes. Additionally,
the authors reported that only the MEK inhibitor PD98059 downregulated PPAR ligand-
induced VEGF expression [91]. Moreover, Haydon et al. [92] showed that PPARYy agonists
are excellent therapy for human osteosarcoma, the biggest metastasis problem in many
late carcinomas, while Koumanis et al. [93] looked at correlations between overweight
groups and mortality in association with PPAR G2 Pro12Ala genotypes. In contrast, Berger
& Wagner [94] described both the health-promoting and pathogenic properties of PPARs.

In the following year, 2003, out of a group of 711, we considered the following to be
particularly important. One is an article in which Francis et al. conducted clinical trials in
which it was shown that only PPAR«x agonists improved the prognosis of atherosclerotic
heart disease [95]. Another noteworthy work concerns PPAR-gamma ligands and their
role as modulators in future cancer treatment strategies. Margeli et al. demonstrated the
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importance of PPAR-gamma in cell proliferation and cancer, establishing their anticancer
properties against a wide range of cancer cells [96]. The following paper outlines the
problem of using PPAR-gamma agonists thiazolidinediones (TZDs) to treat type 2 diabetes.
Despite the use of TZDs and their ability to reduce and slow down the progression of
insulin resistance, including lowering plasma glucose levels and significantly reducing
triglycerides and free fatty acids in plasma, patients experienced increased body fat. How-
ever, it is suggested that fat redistribution takes place in a favorable direction, from visceral
to subcutaneous stores [97].

In 2004, 959 fresh scientific reports were published. One of them is an article by Jiang
et al. that pointed out that PPARy may play an important role as one of the regulators
of prostate cancer (PCa) cell differentiation and proliferation. Therefore, PPARYy agonists
may find use as adjuncts to watchful waiting in selected subpopulations of patients with
localized PCa [98].

In 2005, the number of new works exceeded 1000 when 1297 new papers were pub-
lished. A big part of them seemed to be useful because they focused on the problem of the
targets. For example, Bedu et al. [99] (co-author W. Wahli) described PPARs f3/6 as a thera-
peutic target, and Tenenbaum et al. [100] used a ligand (H-LDL) to achieve a pan-PPAR
effect in therapy. Buzzetti et al. examined the association of the PPAR-gamma2 Pro12Ala
polymorphism with measurements of insulin sensitivity in a population of obese Italian
children (mean age 10.38 +/— 2.8 years). The authors showed that the X12Ala variant
(Prol2Ala or Alal2Ala) is significantly associated with greater insulin sensitivity in child-
hood obesity, which may, therefore, be protected against cardiovascular disease, obesity,
and diabetes due to the phenotypic effect of the Ala 12 allele on insulin resistance [101].

The year 2005 also brought several studies of PPARs-specific ligands. A fascinating
review paper by Tyagi et al. [102] describes the importance of homocysteine in endocar-
dial function, structure, and remodeling in conjunction with nitric oxide metabolism in
diabetic patients with impaired myocyte diastolic relaxation. According to the authors,
homocysteine antagonizes PPARYy receptors, increasing oxidative stress and decreasing
endothelial nitric oxide levels. Then nitrotyrosine content and matrix metalloproteinase
activity in the diabetic heart increase, resulting in myocyte-endothelium disconnection.
Harris et al. found that PPAR-gamma activation reduces head and neck cancer proliferation
through the mechanism of action of 4-hydroxyphenylretinamide (4-HPR, fenretidine) [103].
In turn, Lowe et al. investigated oxazole-substituted indanylacetic acids in the character of
PPAR-gamma and alpha activator ligand [104]. At the same time, LoVerme et al. showed
that palmitoylethanolamide (PEA) is an activator of PPAR-alpha [105].

In 2006, the increase in the literature was even more significant, with 1343 new papers,
of which Michalik et al. [106] (co-author W. Wahli) was selected. They wrote a valuable,
well-done review in which the authors describe the selective effect of PPAR in vivo, which
results from the interaction at a given time point between the expression levels of each of the
three PPAR and RXR isotypes, the affinity for a specific PPRE promoter, and the availability
of ligands and cofactors. Aung et al. investigated the role of peroxisome proliferator-
activated receptors (PPARs) alpha and beta in differentiating HT-29 colon cancer cells and
MCE-7 breast cancer cells [107]. The authors concluded that PPAR expression depends on
the differentiation method and time. These studies have shown that changes in PPAR-alpha
levels are not required to differentiate colon cancer cell lines, but changes in PPAR-beta are
more closely related to differentiation. Trivedi et al. presented a different role of PPARs,
showing that PPARs regulate sebum production. Moreover, this study’s authors believe
that selectively modulating PPARs activity may constitute a new therapeutic strategy in
treating acne [108]. Burdick et al.’s review consolidates information on the role of PPAR-
beta in epithelial tissues. It presents critical discrepancies and how to direct research to
fully understand how this receptor modulates epithelial homeostasis [109].

In 2007, there were 1577 new publications, some of which have vigorously stirred
our imagination, among them a paper by Michalik and Wahli [110] on the differences of
PPARs in healthy and diseased (acne, psoriasis, warts, and benign tumors) skin. Akhme-
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tov et al. [111] claim to have found a link between the athletic performance of athletes
and several PPAR polymorphisms. It is also worth mentioning the paper of Piqueras
et al. [112]; they induced endothelial cell proliferation and angiogenesis using the acti-
vation of PPARB /b by various experimental ligands. In Grarup et al. [113], the authors
report that in a sample of approximately 7500 white, elderly individuals, 12 polymorphic
variants of the PPAR[3 /6 gene correlated with insulin resistance but not with diabetes
type. Conversely, Hollingshead et al. conducted studies on human cancer cell lines (HT29,
HCT116, LS-174T, HepG2, and HuH?) cultured in the presence or absence of serum and
compared in vitro analysis with in vivo analysis. Based on the results obtained (the PPAR-
beta/delta ligand did not increase cell growth or Akt phosphorylation, nor did it increase
the expression of VEGF or COX2 in any cell line), the authors of this study concluded that
PPAR-beta/delta ligands do not enhance tumor formation [114].

The year 2008 brought 1633 news items, and research about the relationship between
PPARs and lung cancer is hidden among them. In one such study, Pedchenko et al. demon-
strated that PPAR-beta/delta is highly expressed in most lung cancers. Furthermore,
PPAR activation induces a proliferative response and survival in non-small cell lung can-
cer [115]. Borland et al. demonstrated that PPAR-beta/delta ligand activation inhibits
keratinocyte proliferation through a PPAR-beta/delta-independent mechanism. Instead,
retinoic acid’s inhibition of keratinocyte cell proliferation is mediated through a source of
PPAR-beta/delta, contradicting the theory that retinoic acid would enhance cell prolifera-
tion through activation of PPAR-beta/delta [116]. One interesting study was conducted by
Ahmed et al., who examined the expression of PPAR-beta in terminal ovaries and different
histological grades of ovarian tumors. The authors of this study found that, unlike other
cancers such as colon cancer, endometrial cancer, and head cancer, overexpression of PPAR-
beta does not occur in ovarian tumors [117]. In the same year, Billin wrote a review paper in
which he summarized the general knowledge available at that time about PPAR-beta/delta
agonists and properties in the treatment of dyslipidemia and type 2 diabetes, as well as
emerging clinical data on various PPAR-beta/delta agonists. Autor stated that at that time,
their use in the treatment of dyslipidemia or type 2 diabetes could not be justified [118].
On the other hand, Gallardo-Soler et al. demonstrated that PPAR-y/d-mediated uptake
of modified lipoproteins by monocytes, linking lipid metabolism and immunity, is an
essential early event in the development of atherosclerosis [119]. In all cells involved in
the atherosclerotic process, PPARs can modulate immune pathways through at least three
different mechanisms: by directly binding to PPREs of anti-inflammatory cytokine genes,
by transrepression of transcription factors such as NF-kB and AP-1; or by corepression [120].
Interestingly, in vitro studies demonstrated similar changes in Angll-treated macrophages:
PPARGS activation increased total and free Bcl-6 levels and inhibited Angll activation of
MAP kinases, p38, and ERK1/2. These studies uncover crucial proinflammatory mecha-
nisms of Angll and highlight actions of PPAR®S activation to inhibit Angll signaling, which
is atheroprotective [121].

In 2009, out of 1666 new papers, we decided to give the following list of outstand-
ing, groundbreaking work: Cavalieri et al. [122] tried to look at the role of PPARs (alpha)
from the point of view of nutrigenomics, which brought the discussion closer to epigenet-
ics. A theoretical review paper by Porcuna et al. [123] was finally published in 2021, in
which the authors point out the great potential of epigenetic tools. In contrast, our first
practical work in this field dates back to 2022. These studies demonstrated that the effi-
ciency of PPARYy was increased in adipocytes obtained from insulin and isolated dogwood
extracts. These results confirm the involvement of PPARy in the regulation of cellular
metabolism [124]. An interesting study was carried out by Danesi et al., in which green tea
extract was added to the cardiomyocyte medium from the first seeding, as a result of which
this extract selectively activated the PPAR-beta/delta isoform. Thus, the authors of this
study observed that with the increase accompanied by the activation of PPAR-beta/delta,
there was a decrease in the production of nitric oxide (NO) synthase and an increase in
total antioxidant activity. Therefore, it has been suggested that the activation of PPAR-
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beta/delta may play a key role in reducing NO production [125]. It is worth looking at
two publications of the same year on the role of PPAR-beta in oxidative stress-induced
apoptosis in human umbilical vein endothelial cells (HUVEC). In Jiang’s publication, it
was shown that HyO, decreased the expression and activation of PPAR-beta, which played
an essential role in HyO;-induced apoptosis in HUVEC [126]. A few months later, the same
authors reported that repeated low-level H,O; stress protected HUVECs from subsequent
oxidative stress-induced apoptosis by increasing PPARB expression and activity [127]. In
turn, Bishop-Bailey and Bystrom summarized the current knowledge about the critical
role PPAR-beta/delta plays in regulating inflammatory processes and immunity [128].
Ramanan et al. conducted research on patients after whole-brain irradiation (WBI). The
authors demonstrated that PPAR« ligands inhibited or slowed down radiation-induced
pro-inflammatory responses in microglia in vitro. Moreover, they prevented the harmful
effects of WBI on hippocampal neurogenesis in vivo, and the PPARYy ligand Pio alleviated
WBI-induced cognitive impairment [129].

In 2010, the scope of knowledge expanded with the results of 1741 new works, in-
cluding the work of Genovese et al. [130], who tested propenoic acid derivatives as PPAR-
beta/delta agonist ligands. Grimaldi described the regulatory functions of peroxisome
proliferator-activated receptor beta in terms of metabolism, inflammation, and cellular
stress [131]. In his review, the author emphasized that activation of PPARf using its strong
and specific agonists prevented and reversed abnormalities associated with the metabolic
syndrome. Therefore, both genomic and non-genomic modes of action can modulate
responses to metabolic, inflammatory, and oxidative stress in several tissues. An inter-
esting study was conducted by McKinnon et al., and it was performed on patients with
endometriosis. The study showed that the expression of PPARY in peritoneal endometri-
otic lesions was correlated with pelvic pain, dysmenorrhea, and dyspareunia experienced
by patients [132]. This year also brought an exciting paper by Mistry and Cresci, who
studied PPARs alpha, beta, and gamma to individualize heart failure therapy [133]. It is
also important to mention the work of Bassaganya-Riera et al., who studied the effect of
PPAR-gamma on respiratory infections with viruses, which offers potential hope for rescue
in case of failed viral vector therapies [134].

In 2011, 1672 papers were published, mainly on the role of PPARs in lipid metabolism,
inflammation, cell proliferation, and apoptosis. Clinically significant papers were precious.
The role of T-cell PPARY in lymphopenia-associated autoimmunity was determined for
the first time. Housley et al. examined the role of PPARy in CD4+ T cells and found that
PPARYy expression in CD4+ CD25— T cells (Teff) is required to develop autoimmunity
under lymphopenia. However, an unexpected function for PPARy in Teff, in contrast to the
documented immunosuppressive role of PPARy, was found in increased Teff proliferation
and survival [135]. A clinically valuable study of rheumatoid arthritis patients treated
with pioglitazone showed a significant reduction in serum oxidative and inflammatory
parameters and a significant improvement in DAS28 compared to the placebo group [136].
In turn, Sertznig and Reichrath presented an exciting summary of the effects of PPAR
agonists in dermatology. This review summarizes the current knowledge of PPAR functions
in various skin disorders, particularly inflammation and epidermal hyperproliferation (i.e.,
psoriasis, atopic dermatitis, acne, scleroderma, skin malignancies) [137].

In 2012, 1845 relatively fresh results arrived; the selected works are described below.
First, Laschke and Menger [138] had developed a strategy for the use of PPARs in antian-
giogenic therapy of endometriosis, while Nickkho-Amiry et al. addressed the modulation
of PPARs, which reduces the growth of endometrial cancer cells [139]. Moreover, Knapp
etal. [140] showed higher expression of PPAR« and PPAR and lower expression of PPARy
in patients with endometrial cancer than in patients with healthy endometrium. Addition-
ally, Montero et al. [141] demonstrated that activation of PPARx and PPARy modulates
the expression of the human equilibrium nucleoside transporter hRENT1, which plays a
vital role in chemotherapy. Then Abbas et al. [142] found that a PPARy agonist can both
reduce and increase the risk of cardiovascular events, while Chen et al. [143] studied PPARy
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receptors in neurodegenerative diseases, finding them to have a significant effect through
NF-kappa beta. Additionally, Greene et al. [144] proved that the level of PPARS increased
during intense strength training and was negatively correlated with the concentration of
total cholesterol and LDL, especially in the untrained state. In contrast, the level of PPAR«x
increased intensively after exercise training.

Wadosky and Willis [145] showed in their paper that post-translational regulation
of PPARs undergoes ubiquitination and sumoylation, and Peyrou et al. have dealt with
PPARs in liver disease and found that they are essential in metabolic dysregulation [146].
Costa and Ciccodicola, on the other hand, investigated whether PPARY is essential to
diabetic retinopathy, finding, however, a beneficial role [147]. Then Balakumar and Ma-
hadevan [148] argued in their paper that PPARs may be involved in the action of statins by
showing anti-inflammatory, antioxidant, and antifibrotic effects. Wahli and Michalik [149],
on the other hand, consider PPARs to be the main regulator of whole body metabolism.
Furthermore, Reichenbach et al. [150] showed that the PPARx agonist Wy14643 inhibits
cathepsin B protein expression in endothelial cells. Then, Taiileux et al. [151] claimed that
PPARs have potential clinical applications in non-alcoholic fatty liver disease, as evidenced
by their participation in modulating triglyceride accumulation. Vidella and Petinelli also
mentioned the role of PPARs in NAFLD [152]. In this work, the authors showed that the
reduction of PPAR« levels is associated with the depletion of the n-3 polyunsaturated
fatty acid chain, which may play a role in increasing the DNA binding capacity of the
pro-inflammatory factors NFkB and AP-1, thus constituting one of the main mechanisms of
progression of steatosis to steatohepatitis. PPARs also play a role in neurological diseases,
as demonstrated by Bedendusi et al. [153]. The authors of this study proved that the pro-
gression of amyotrophic lateral sclerosis (ALS) leads to the activation of PPARy in motor
neurons, which contributes to the increase in the activity of lipid detoxifying enzymes,
such as lipoprotein lipase and glutathione S-transferase x-2. PPARs may participate in the
regulation of viral expression, as evidenced by the publication of Hu et al. [154] regard-
ing the HBV virus. This experiment showed that PPAR«x regulates HBV gene expression
through interactions with regulatory elements of the HBV promoter. Interestingly, Zuo
et al. demonstrated that the induction of heat injury in fibroblasts activates the action of
PPAR, which has a protective effect on the structure and proliferation of these cells [155].

The same was true in 2013, with 1845 new papers, including the selected ones, such as
the paper by Le Foll et al. [156], which analyzed the potential use of peroxisome proliferator-
activated receptor (PPAR) agonists as promising new drugs in the treatment of psychoactive
substance dependence based on preclinical studies. Aleshin and Reiser [157] described the
roles of all PPAR isoforms. They addressed the regulation of oxygen signaling in the brain
through pan-PPARs. The paper of Contreras et al. describes PPAR-alpha in the context of
the key to metabolic and environmental adaptations of disease substrates [158], and the
paper of Akyurek et al. describes PPAR-gamma in overweight children. These researchers
found that PPAR-gamma levels in obese children were low [159].

In 2014 we can find 1688 research papers focused on PPAR, some showing the impor-
tance of PPARs in anticancer treatment. One such study was conducted by Yao et al. on
human breast cancer cell lines (MDA-MB-231—estrogen receptor-negative and MCF7—
estrogen receptor positive), where they showed that ligand activation and/or overexpres-
sion of PPARf /5 inhibits the relative carcinogenicity of breast cancer and provides further
support for the development of PPARB /8 ligands to specifically inhibit breast carcino-
genesis [160]. In addition, research into the treatment of HCV virus has been carried out.
Researchers have shown that using fluoxetine, an HCV titer-lowering drug, also increases
the activity of the peroxisome proliferator-activated receptor (PPAR) response element in
HCV infection [161].

In 2015—1742 papers were published. One was Montagner et al.’s paper, which
reviews peroxisome proliferator-activated receptor PPARf /b function in skin wound
healing and cancer. The work highlights the significant role of PPARB /% in inhibiting
keratinocyte apoptosis at the wound edges through activation of the PI3K/PKBa/Aktl

17



Biomolecules 2024, 14, 786

pathway and its role during re-epithelialization in regulating keratinocyte adhesion and
migration. The observations and analyses suggest the need to evaluate modulators of
PPARf /6 that attenuate or enhance its activity, depending on the therapeutic target [162].

In 2016, 1643 works were published. An exciting publication concerns the use of
nanoparticles to enhance the anti-inflammatory potential of one of the PPARy agonists—
15-deoxy-A12,14-prostaglandin J2 (15d-PGJ2). Using solid lipid nanoparticles (SLN) and
15d-PG]J2 at low concentrations, 15d-PGJ2-SLN was developed and investigated for its
immunomodulatory potential. In three inflammation models, 15d-PGJ2-SLN reduced
neutrophil migration, increased IL-10 levels, and reduced IL-1f3 and IL-17 in peritoneal
fluid. Therefore, using SLN may improve the therapeutic properties of the 15d-PGJ2 [163].
Also, in 2016, Xue et al. constructed the peptide-functionalized nanoparticle platform to
deliver PPARYy activator rosiglitazone to adipose tissue vasculature [164]. This system
promotes the transformation of white adipose tissue into brown-like adipose tissue and
angiogenesis, which facilitates the homing of targeted NPs to adipose angiogenic vessels,
thereby amplifying their delivery. In a diet-induced obese mouse model, compared with
the control group, these angiogenesis-targeted NPs inhibited body weight gain and modu-
lated several serological markers, including lipids and insulin. These findings suggest that
angiogenesis-targeting moieties with angiogenic stimulator-loaded NPs could be incorpo-
rated into the clinical treatment of obesity and other metabolic diseases. A different type of
carrier, i.e., diamond nanoparticles (DN) was used by Strojna et al. concerning the delivery
of curcumin to cells [165]. The major problem with curcumin is its poor bioavailability,
which can be improved by adding carriers. DN are large surfaces that are non-toxic, have
antiangiogenic properties, and create bio-complexes through a fast and straightforward
process of self-organization. The authors investigated the cytotoxicity of complexes of
curcumin with DN against liver cancer cells and normal fibroblasts. Preliminary results
confirmed the applicability of DN as an efficient carrier of curcumin, which improves its
performance against cancer cells in vitro.

In 2017, 1606 papers were published. This year, Fidoamoere et al. [166] elucidated
the role of PPAR-alpha in metabolic alterations of the oxygen-deficient microenviron-
ment in newly formed tumors. The same problem was revisited 6 years later by Rolver
et al. [167], who looked at the issue of creating, with the help of PPAR-alpha, an acidic
microenvironment that favors young tumors. In the same year, Kado et al. [168] proposed
to reduce ovarian cancer progression using the exact mechanism. Wright et al. researched
human oral cancer cell lines CA-9-22 and NA, which were treated with the PPAR activators
eicosatetraenoic acid (ETYA), 15-deoxy-0-12,14-prostaglandin ]2 (PG-]2), thiazolidinedione,
and ciglitazone, and then tested on their ability to functionally activate PPARY luciferase
reporter gene constructs. The authors found a significant reduction in cell proliferation
and clonogenic potential and concluded that with treatment, there was a decrease in cell
proliferation and clonogenic potential [169]. A fascinating paper by Ivanova et al. describes
the activation of PPARs in fatty acid and energy metabolism, stating that PPAR-gamma
activation is related to atherosclerosis, cardiovascular disorders, and prognosis of cardio-
vascular surgery [170]. Gross et al. reported that PPAR ligands reduce comorbid disease
by affecting WAT combustion storage capacity and fat combustion in BAT and/or periph-
eral possessions, thereby reducing ectopic fat load. Moreover, a well-prepared clinical
study showed that the use of PPARY has a beneficial effect in patients with non-alcoholic
steatomyelitis [171].

The year 2018 brought us 1608 research papers. For example, Borland et al. showed
that PPARs have a significant impact on carcinogenicity in squamous cell carcinoma [172].
The authors presented their results on the A431 human squamous cell carcinoma cell line,
which showed that stable expression and activation of PPAR{3 /8 or PPARY led to reduced
carcinogenicity. Furthermore, Leiguez et al. found that in macrophages, the compound
MT-I1I, snake venom phospholipase A2, activated PPARy and PPAR{ /6 and increased
protein levels of both transcription factors and CD36 [173]. According to studies conducted
by Sun et al. on the human hepatocellular carcinoma cell line HepG2, it is suggested
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that using 2,4-dichlorophenoxyacetic acid interferes with glucose metabolism in the liver
by activating PPARP [174]. Therefore, it leads to hepatocyte glycogen accumulation by
increasing glucose uptake and improving gluconeogenesis (via FoxO1 and CREB).

2019 was particularly abundant in new (1509) and especially in critical reports, of
which we have selected a few for presentation. One of the exciting and valuable publica-
tions is a review in which the authors present the issues related to chemotherapy-induced
neuropathy and the effects of PPARYy activation in treating chemotherapy-induced neuro-
pathic pain [175]. Vallée, et al. demonstrated that non-steroidal anti-inflammatory drugs
acting as PPARy agonists help regulate the WNT/3-catenin pathway and thus control
tumor growth through cell cycle arrest, cell differentiation, and apoptosis and may reduce
inflammation, oxidative stress, proliferation, invasion, and cell migration [176].

The year 2020 brought 1460 new papers. We found many publications dated that year
on the links between PPARs and various types of cancer. One of them is an interesting
work of Toraih et al. [177], who addressed the relationship between genotype and clinical
prognosis of thyroid cancer patients, finding in a material analysis of 174 samples that the
simultaneous presence of micro RNA 27a (miRNA 27a) and PPAR-alpha and RXR-alpha
dimer are associated with adverse clinical prognosis. Hirao-Suzuki et al. demonstrated in
the MDA-MB-23 human breast cancer cell model that COX-2 expression is positively mod-
ulated by PPARf /5-mediated signaling [178]. Moreover, Elie-Caille et al., using RTqPCR
and Western blot analyses, showed that the peroxisome proliferator-activated receptor 3/
(PPARB/5) agonist GW501516 significantly reduced the expression of N-cadherin in the
transitional cell carcinoma of the urinary epithelium of the bladder [179]. Moosavi et al.
reported that in studies of Cao2 colorectal adenocarcinoma cells, extracellular vehicles EVs
derived from gut microbiota such as F. prausnitzii increase the permeability of the intestinal
barrier, among others, through the PPARc, PPARy and PPAR 3/5 genes [180]. Addition-
ally, Liu et al. demonstrated that genetic variants in PPAR pathway genes, particularly
MED1, PRKCA, and PRKCB, may contribute to susceptibility to pancreatic cancer [181].
Wouters et al. demonstrated that inflammation-induced PPARYy expression promotes
myelin-induced foam cell formation in macrophages in multiple sclerosis [182]. PPARs are
also associated with liver disease. Xia et al. showed that bergenine may be a promising
drug candidate for treating liver fibrosis because it activated PPARYy, inhibited TGF-{3,
and reduced liver fibrosis by inhibiting hepatocyte necrosis and extracellular matrix for-
mation [183]. In studies conducted in hepatocytes treated with non-esterified fatty acids,
Shen et al. showed that choline and methionine regulate the transcriptional activity of
PPAR« and liver X receptor o« (LXR-ox) through phosphorylation of AMPK-« and regulate
SREBP-1c independently of AMPK-« to promote lipid oxidation and transport [184]. Yu
et al. showed that PPARB /b activating ligands increase the in vitro expression of decidual-
ization biomarkers of endometrial stromal cells (ESCs), and PPARf /b antagonists impair
decidualization markers [185]. In addition, Zhang et al. showed that the expression of
PPARp /b was significantly increased in cholesteatoma, and the ligand-activated PPARB /5
promoted the proliferation of cholesteatoma keratinocytes as a result of the positive reg-
ulation of the PDK1/PTEN/AKT/GSK3f /cyclin D1 pathway [186]. In the same year,
Wojtowicz et al. [187] proposed using the PPARs in treating neurodegenerative disorders.
More Manickam et al. [188] studied the effect of microbiota on skeletal muscle status, da
Cruz et al. [189] attempted to control inflammatory processes through PPAR{ /6 and ma-
nipulation of it with diet, and Wagner and Wagner [190] studied PPARB /6 as a hallmark of
cancer. In this news-rich year, additional mention should be made of Phua et al. [191] work
(co-author W. Wahli), in which a PPAR[3 /6 agonist reduces inflammation in skeletal muscle.
Additionally, Zhang et al. researched new biomarkers of myocardial damage. In this
work, they demonstrated that small molecules transform myocardial energy metabolism
by regulating and translating PPARc [192]. Interestingly, Andrade-Souza et al. researched
the effects of exercise on nuclear transcription factors. Studies have shown that PPAR«x
and PPAR[ /b gene transcriptions were increased when exercise was performed twice a
day compared to once a day [193]. Furthermore, Faulkner et al. showed that in the human
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endothelial cell line HUVEC, the tubulogenic effects of compound GW0742 were dependent
on PPARf /b and demonstrated a regulatory role for PPAR(3 /6 in regulating endothelial
cell behavior and promoting tissue maintenance and repair [194]. In addition, Chai et al.
showed that microRNA-9-5p inhibits extracellular matrix deposition and proliferation and
induces apoptosis by targeting PPARf in human hypertrophic scar fibroblasts [195]. It also
turns out that PPARs have a potential role in treating diabetic retinopathy, as discovered
by Capozzi et al. [196]. In this study, the authors showed that the PPARB /6 inhibitor—
GSKO0660 inhibits the palmitic acid-stimulated production of inflammatory mediators by
Miiller cells. However, Contreras-Lopez et al. demonstrated a different property of PPARSs.
In their studies, the authors showed that PPAR[/$ participates in the regulation of the
immunoregulatory potential of mesenchymal stem cells, therefore dictating their metabolic
reprogramming and paving the way to enhance the immunoregulatory properties of MSCs
and counteract their versatility [197]. Also of note from this year is the work of Petr et al.,
who studied the effect of genetic variants of PPARs on the performance of athletes [198]. In
addition, Tutunchi et al. [199] reviewed the effects of oleoylethanolamide, a PPAR«x ligand,
as a weight control agent.

There were 1404 newcomers in 2021, among which the following papers should be
mentioned: Grabacka et al. [200] found that PPAR-alpha plays a key role in the processes
of the innate immune response, and Willems et al. [201] highlighted the possibility of
modifying PPAR-alpha (and also beta/delta) activity with photohormones. Kharbanda
et al. [202] synthesized forty-eight molecules derived from the arylpropionic acid scaffold
and evaluated them for their effects on diabetes based on the excellent docking point
demonstrated by all structures made to the PPAR-y receptor site. The authors concluded
that arylpropionic acid derivatives may provide a new perspective toward developing
antidiabetic agents with fewer side effects.

Several interesting review papers were also published in 2021. Christofides et al. [203]
described the role of PPARs in immune responses, Rayner et al. [204] described PPAR-
gamma-mediated neuronal regeneration, and Stark et al., in turn, described the role of
PPAR-gamma in allergic diseases [205]. This year also saw the work of Hasegawa et al.
who looked at liver diseases and described several potential new drugs using PPARs [206].

2022 was one of the peak years for publications on PPARs, with about 1555 of them
recorded in the NCBI database. In our opinion, the most noteworthy are the papers
regarding the relationships between non-coding RNA and PPARs. Previously, few works
on this topic were published, but in 2022, according to NCBI, there were 146 of them.
Therefore, review works are precious, especially those that concern common diseases
whose pathogenesis is very complex and whose therapeutic goals are challenging to
achieve. Such diseases include NAFLD, the most prevalent form of chronic liver disease
in the world and a significant risk factor for developing hepatocellular carcinoma, and
NASH. Non-coding, such as microRNA (miRNA) and long non-coding RNA (IncRNA),
has been proven to play a significant role in the pathogenesis of these disorders. PPARs
were found to be one of the major regulators in the progression of NAFLD. Mukherjee
et al. presented reliable knowledge about regulating PPARs through ncRNAs and their role
in NAFLD [207]. In the review on the clinical relevance of circulating non-coding RNAs
in metabolic diseases (such as obesity, diabetes, cardiovascular diseases, and metabolic
syndrome), Dandare cites that miRNA-138 suppresses adipogenic differentiation and is
implicated in obesity by interaction with a potent inhibitor of adipogenic differentiation
that interferes with Src homology region 2-containing protein (SHP2), an endogenous
enhancer of adipogenic PPARy [208]. A fascinating paper concerns miRNA networks,
which form networks of systems and gene expression circuits through molecular signaling
and cellular interactions and contribute to various health disorders [209]. It appears
necessary to establish genomic signatures to determine multifactorial correlations and
reveal variability observed in therapeutic effects, e.g., in patients with cardiovascular
disease. Clinically validated miRNA biomarkers and relevant SNPs identified in clinical
practice can serve this purpose. They should increase the ability to stratify patients, help
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select innovative therapeutic regimens, and identify innovative drugs and delivery systems.
This paper examines miRNA-gene networks and SNP-derived genomic signatures to
highlight specific gene signaling circuits as sources of molecular knowledge relevant to
cardiovascular diseases.

The year 2023 resulted in 1310 new publications. We think the following should be
mentioned: Kaltdorf et al. [210] proposed a new approach to evaluating experiments using
PPARs and a new informatics tool called Boolean networks. Tanaka et al. reported [211]
on PPAR«x and its ligand Ror 1, Ibrahim et al. [212] on the activation of SIRT 1 by taurine,
and Yang et al. [213] on the effect of ligand PFAS (polyfluorolkyl) on the PPARx/ACOX 1
heteroduplex. Zhou et al. [214] described the impact of the FNDC5/PARGo heterodimer
on macrophage pyroptosis. Nevertheless, in our ranking, the champions of 2023 were
Pascoa et al. [215], presenting their prototype tool for identifying new ligands detected in
cyanobacteria.

In 2024 (data from January to May 20, includes 385 papers), Kim et al. [216] elucidated
the mechanism of PPAR-alpha’s effect on the intestinal stem cell pool in the process of
calcification of blood vessels, while Liu et al. [217] tackled pectolinargenine, a Chinese
folk medicine drug, demonstrating its multiple beneficial effects in many disease entities,
including ligands and with the Nrf 2 gene. Exciting research was conducted by Cheng
et al. [218], in which they led the study of the role of epigenetic regulation, including DNA
methyltransferase 3a (DNMT3a)-mediated methylation and PPARy-activated receptor
inhibition, in the development of intervertebral disc degeneration (IVDD). The authors
of this study showed that DNMT3a, by modifying the hypermethylation of the PPARy
promoter, activates the NF-kB pathway and thus contributes to apoptosis and degradation
of the extracellular matrix.

In reviewing the literature, a trend in research has been noted: Chinese researchers are
often concerned with green tea and drugs used in folk traditional Chinese medicine [219-226].
Indians, on the other hand, are keen on traditional medicines used in Ayurveda (mainly
curcumin) [227-229]. Europeans, on the other hand, often try to demonstrate the beneficial
effects of cannabis [230-235].

Examining this phenomenon in light of the statements about the lack of conflict of
interest might be worthwhile.

4. Discussion

In a situation with so much interest in PPARs and such a huge scattering of detailed
research topics, it is tough to summarize the results to date, let alone predict the future.
Nevertheless, some things can be expected with reasonable probability. First, in pure
science, it is possible to foresee a slow filling of the small gaps in knowledge that still exist.
Second, in the field of pharmacology, there will be an acceleration of work on the search
for new and better ligands, with little harm to human health. It is also most likely that
pan-type approaches will become more common. In conclusion, the field is slowly moving
from research to implementation, which bodes well for patients.

PPAR is a crucial regulator of lipid metabolism. It was discovered as the first member
of the peroxisome proliferator family [236]. PPAR« is mainly expressed in the liver and
tissues with increased mitochondrial oxidation and fatty acid catabolism, such as brown
adipocytes, cardiac muscle, skeletal muscle, and kidney [237]. PPAR«x activation leads
to the upregulation of enzymes involved in fatty acid uptake, transport to mitochondria,
and subsequent oxidation. This stimulates the breakdown of fatty acids, especially during
fasting or prolonged exercise when glucose availability is limited and energy is needed. In
addition, PPAR« activation enhances the removal of circulating triglycerides in the blood
by increasing the expression of lipoprotein lipase and other lipolytic enzymes, thereby
lowering plasma lipid levels.

PPARYy is expressed in adipose tissue, the colon, the immune system, and the retina.
Alternative splicing results in seven different mRNA transcript variants named PPARy1 to
PPARy?7 [238]. PPARY influences the development, body localization, and adipose tissue
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metabolism [239]. In addition, it is a significant insulin sensitizer and regulates metabolism
and cellular sensitivity to glucose and insulin. Moreover, PPARy plays a vital role in cell
differentiation and the regulation of apoptosis. Another function of PPARY is to inhibit
inflammatory processes, have an anti-atherosclerotic effect, and generally improve cardiac
performance. PPARY also plays an important role in human procreation (in women, it
stimulates ovulation, while in men, it regulates sperm biology). When activated by specific
ligands, PPARY binds to the RXR receptor to form a heterodimer, and together, they regulate
the expression of multiple genes [15,239]. The same can be observed in PPAR«. Ligands for
PPARYy can be both natural compounds (docosahexaenoic acid and eicosapentaenoic acid
or other polyunsaturated fatty acids and some monounsaturated fatty acids such as oleic
acid) and synthetic compounds (thiazolidinediones such as troglitazone, rosiglitazone, and
pioglitazone) [240]. Non-steroidal anti-inflammatory drugs are also included in the PPARy
agonist group.

Numerous studies published to date point to the critical role of DNA methylation in
regulating the expression and normal function of PPARy in health and homeostasis by
regulating many important vital processes [241-243]. PPARY is also believed to play a
massive role in the pathogenesis of many diseases in which dysregulation of DNA methy-
lation leading to impaired expression disrupts the normal function of the transcription
factor. Such disorders include insulin resistance and type 2 diabetes, and the epigenetic
component plays a significant role in their development. Epigenetics are those changes in
gene function inherited by mitotic or meiotic cells, which are not associated with changes
in DNA sequence [244]. Such changes can increase or decrease the expression of a target
gene [245]. DNA methylation profiles are greatly influenced by environmental factors. They
also affect histone modification, leading to dysregulation of the expression of many genes,
including the insulin signaling gene and lipid metabolism genes. In addition to metabolic
disorders, epigenetics has been linked to cancer and neurodegenerative diseases [244].

PPARy and PPARx homologs are subject to epigenetic regulation, mainly DNA
methylation [123]. The PPAR« promoter is hypermethylated, mainly in patients with
non-alcoholic fatty liver disease (NAFLD) and patients with type 2 diabetes [246,247].
PPAR« undergoes hydroxymethylation, which affects PPARox expression, predisposing
a person to NAFLD [248]. Patients with metabolic syndrome have been found to have
significant hyperlipidemia dependent on a different DNA methylation of PPARax [249].
Castellano-Castillo et al. demonstrated hypermethylation of multiple genes that correlated
with metabolic dysregulation, including genes essential for regulating adipogenesis, lipid
metabolism, and inflammation. This suggests that DNA methylation of the nuclear re-
ceptors PPARy and PPAR« is correlated with metabolic deregulation, the pathogenesis of
metabolic syndrome, and the induction of inflammation [250].

Considering diabetes treatment, it is known that the use of an adjuvant PPAR agonist
influences the control of glycemia, the reduction of HbAlc levels, and the improvement
of insulin resistance compared to metformin monotherapy. Moreover, beneficial changes
were observed in patients using PPAR agonists, such as a reduction in blood pressure
and a decrease in the concentration of inflammatory markers and dyslipidemia. It was
mentioned above that in the treatment of diabetes, PPARy agonists can be used, mainly
thiazolidinediones (TZD), whose task is to prevent the effects of diabetes by increasing
patients’ sensitivity to insulin, leading to a reduction in the concentration of both glucose
and insulin in the plasma. The most commonly used TZDs are rosiglitazone, pioglitazone,
and lobeglitazone sulfate in combination with metformin and other drugs used to treat
diabetes [251]. Despite the positive effects of rosiglizatone, such as lowering fasting
plasma glucose (FPG) and postprandial serum glucose, lowering HbAlc, and lowering
insulin and C-peptide levels, this drug has clinically significant side effects such as edema,
anemia, and weight gain [252]. Additionally, an increased risk of cardiovascular disease
(CVD) has been observed in patients with unstable heart failure (HF) [253]. In turn,
pioglitazone has antidiabetic effects, improves HbAlc, and has a positive effect on serum
lipids; however, increasing the duration of pioglitazone use resulted in an increased
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risk of bladder cancer [254]. Nevertheless, unlike other TZDs, it has been shown that
lobeglitazone can be a therapeutic substance that combines the features of both effectiveness
and safety [255]. No side or carcinogenic effects were observed in patients taking it, but its
antidiabetic effects have been proven [256].

The effect of PPAR agonists in treating diabetes may depend on individual factors
such as single nucleotide polymorphism. One of the most frequently studied and analyzed
polymorphisms is Pro12Ala, in which there is a nucleotide change from CCA-to-GCA in
the codon12 of exon B of the PPARG gene [257]. Multiple studies have shown that the
occurrence of this polymorphism was associated with a lower risk of type 2 diabetes as
well as improved insulin sensitivity in humans, suggesting that this amino acid change
enhances the action of insulin [258,259]. Additionally, it was shown that the occurrence
of the Pro12Ala polymorphism was associated with a decrease in triglyceride content in
white adipose tissue, skeletal muscles, and the liver, which was the result of increased
leptin expression and a decrease in the lipogenesis process, which led to increased insulin
sensitivity [257]. The reduction in immune function may result from several mechanisms.
As mentioned earlier, pioglitazone is used to reduce insulin sensitivity in diabetes. Nu-
merous studies also show that patients with the Pro12Ala polymorphism showed a better
therapeutic response than participants with the Pro12Pro genotype [257]. Additionally,
many studies show that the Prol2Ala polymorphism significantly impacts changes in
HbA1C, FPG, and TG levels in T2D patients treated with TZD4 [260].

Particular attention should be paid to the importance of pharmacogenetics, which will
make individual treatment based on the patient’s genetic profile possible in the future.

PPARs, playing an essential role in regulating the inflammatory response, have a
significant impact on the course of diseases such as rheumatoid arthritis [75,136,261-263]
and inflammatory bowel diseases [264-268]. In the synovium of rheumatoid arthritis (RA)
patients, the abnormal migration, proliferation, and activation of fibroblast-like synovio-
cytes (FLSs) is observed in the joints. In vitro studies demonstrated that the expression of
PPAR-y in the synoviocytes of RA patients and adjuvant arthritis (AA) in experimental
animals was significantly lower than that of normal FLSs [263,267]. Synthetic non-fibrate
PPARy ligands (thiazolidinedione family) and fibrates (bezafibrate and fenofibrate), as well
as natural PPAR agonists (unsaturated and nitrated fatty acids, eicosanoids), had various
effects on the severity and course of RA. In the synoviocytes of RA patients, the induction
of inflammatory cytokine mRNA expressions such as TNF-« and IL-13 was significantly
inhibited by the 15d-PGJ2, natural PPARY agonist [261,269]. Using solid lipid nanoparticles
may enhance this anti-inflammatory effect of 15d-PGJ2 and rosiglitazone [163]. A recent
study has shown that PPARy alleviates the inflammatory response in TNF-«-induced FLSs
by binding to p53 in RA patients [270]. Another study indicated that PPARy may induce
the activation of Wnt/ 3-catenin signaling during FLSs activation [176,263]; perhaps in this
way, PPARy ligands induce synovial cell apoptosis.

Study results support the use of PPARy agonists in the treatment of RA. Their benefi-
cial effects, especially in combination with methotrexate, are documented. The mechanisms
of this action include the inhibition of ROS and inflammatory cytokines generation, as well
as the attenuation of the migration and proliferation of FLSs.

PPARYy is highly expressed in the colon (in epithelial cells and lamina propria mononu-
clear cells such as macrophages as well as T and B cells), being a key regulatory factor
of bacteria-induced mucosal inflammation. A bacteria-induced excess of TLR4 under the
influence of lipopolysaccharide (LPS) triggers the NF«kB and mitogen-activated kinases
(MAPKSs) pathways, leading to increased production of inflammatory mediators. In pa-
tients diagnosed with inflammatory bowel disease (IBD); ulcerative colitis (UC), or Crohn’s
disease (CD), as well as in experimentally induced colitis, the depressed PPARy expres-
sion in colon epithelial cells has been shown. Simultaneously, the PPARy gene has been
described as a susceptibility gene for IBD [265]. One of the oldest anti-inflammatory agents
used for the treatment of IBD is 5-ASA, the functional synthetic ligand for PPARY in the
colon. PPARY is the critical receptor mediating the 5-ASA activity by trans-repressing
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several essential target genes such as NFkB, signal transducers, and activators of transcrip-
tion [264]. Synthetic (thiazolidinediones, glitazars, non-steroidal anti-inflammatory drugs,
aspirin) and natural (conjugated linoleic acid, barley leaf (BL), inosine) PPARy ligands
were used in various models of IBD, with different effectiveness [264-268]. Rosiglitazone
was also used in patients suffering from UC, and the endoscopic and clinical results were
promising [271,272]. As UC is closely associated with gut microbiota dysbiosis, Li et al.,
using 16S rRNA gene-based microbiota analysis, found that dietary supplementation of BL
ameliorated dextran sulfate sodium (DSS)-induced gut microbiota dysbiosis and protects
against DSS-induced colitis. The mechanism of this protective BL action resulted from im-
proved intestinal mucosal barrier functions via the activation of PPARY signaling. Similarly
to the effect of exogenous treatment with inosine, BL protects against DSS-induced colitis
by improving adenosine 2A receptor/PPARy-dependent mucosal barrier functions [268].
The conjugated linoleic acid (CLA) induced PPARYy and 6 and repressed tumor necrosis
factor & (TNF-«) expression and NF«kB activation while inducing the immunoregulatory
cytokine transforming growth factor 3 1 (TGF-f1). Clinically, CLA also ameliorated DSS-
and CD4+-induced colitis through a PPAR y-dependent mechanism [273]. Additionally,
PPARYy receptors are directly involved in the mechanism of action of mesalazine, which is
primarily used and effective in UC.

The impact of PPARy on the course of IBD seems to pertain not solely to UC but
also CD. Numerous animal studies have concluded that PPARy agonists may have higher
efficacy in maintaining rather than inducing IBD remission and that the therapeutic effect
of PPARYy is mainly dependent on its abundance in target tissues.

It is also essential to emphasize the role of PPAR-alpha gene polymorphisms on
cardiovascular risk.

The risk of coronary heart disease (CHD) has been suggested to be associated with
polymorphisms of peroxisome proliferator-activated receptors. The results were con-
troversial. In the case-control study, T allele carriers of C161T polymorphism were not
significantly associated with CHD, while T allele carriers showed a higher risk of acute
coronary syndrome (ACS). The meta-analysis indicated that compared with CC homozy-
gous, T allele carriers had lower CHD but higher ACS risk. Other polymorphisms were
also significantly associated with CHD risk under the dominant model: PPAR-alpha intron
7G/C polymorphism and L162V polymorphism [274]. The association of PPAR-alpha
L162V polymorphism with cardiovascular risk may result from genetically conditioned
changes in lipid metabolism. The serum total cholesterol and LDL-cholesterol levels were
higher in PPAR-alpha V162 allele carriers in non-diabetic CHD. The increasing effect of the
PPAR-alpha V162 allele on serum cholesterol levels was weakened with the presence of the
PPAR-gamma 161T allele in the non-diabetic CHD patients. The ApoE4-PPAR-alpha V162
allelic combination of the ApoE/PPARA genes was found to be more frequent in diabetic
CHD patients, independent of serum lipids. It was suggested that the PPAR-alpha L162V
polymorphism may have diverse effects on serum lipids, and CHD risk depends on the
presence of diabetes [275].

In our study, compared to healthy men, the frequency of the V allele of the L162V
polymorphism was four times higher in men with confirmed coronary atherosclerosis.
We concluded that L162V polymorphism in the gene for PPAR-alpha seems to be associ-
ated with atherosclerosis through a mechanism including regulation of the interleukin-6
level [276]. On the other hand, in patients with type 2 diabetes, there was a trend towards a
lower prevalence of atherosclerosis and lower CHD prevalence in carriers versus noncarri-
ers of the V allele. These data suggest that the PPAR-alpha polymorphism L162V might
protect against the development of atherosclerosis or CHD in patients with DM-2 [277].

Recently, an increasing number of studies indicate that various PPAR gene polymor-
phisms influence the effects of PPAR agonists on lipids and cardiovascular risk. More-
over, much evidence shows that lipid metabolism is influenced by gene-gene and gene-
environment interactions involving PPAR-alpha genes [278].
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The data presented above indicate that PPAR-alpha agonists, by reducing metabolic
disorders associated with atherogenic dyslipidemia, reduce the so-called residual risk of
cardiovascular events. Currently, scientific societies recommend the use of PPAR-alpha ag-
onists in people with hypertriglyceridemia after the LDL cholesterol level has been reduced
to the target values. An attempt to reduce the non-HDL cholesterol to the target values
can be considered (a) combination therapy using omega-3 fatty acids (PUFA, at 2—4 g/day)
and statin in patients with triglyceride concentrations above 2.3 mmol/L (200 mg/dL)
despite statin treatment; (b) combination therapy using choline fenofibrate and statin can
be considered as a part of primary prevention in patients with triglyceride concentrations
above 2.3 mmol/L (200 mg/dL) whose LDL cholesterol levels have been reduced to the
target values, especially where the HDL cholesterol levels are low; (c) combination ther-
apy using choline fenofibrate and statin should be considered in high-risk patients with
triglyceride concentrations above 2.3 mol/L (200 mg/dL) whose LDL cholesterol levels
have been reduced to the target values, especially where the HDL cholesterol levels are
low [279,280]. The anti-arthrogenic mechanism of fibrates is shown in Figure 4.
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Figure 4. Anti-arthrogenic mechanism of fibrates.

PPAR agonists already have and may have many more medical applications now and
in the future (Figure 5).
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Figure 5. PPARs pharmacological effect.

This problem was widely discussed by Cheng et al. in their fascinating review ex-
ploring PPAR modulators in medical research, showing their application and utility. The
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authors collected and described existing knowledge about different classes of PPAR ag-
onists, which are under various phases of clinical investigations or have already been
approved for medical use [281]. Anyway, it is also worth mentioning the paper by Co-
lapitro et al. [282], which describes new therapeutic fibrates and PPAR agonists such as
bezafibrate and fenofibrate. In addition, the paper describes other PPAR ligands, such
as Seladerpar, Elafibranor, and Saroglitazar, tested in patients with PBC (Primary Biliary
Cholangitis). Bezafibrate has the most promising effect on liver disease, improving symp-
toms in patients with PBC. However, despite its broad spectrum of activity, it should be
used with caution in patients with chronic kidney disease and those with cirrhosis, in
whom it increases bilirubin levels and impairs liver function. However, in patients who
do not yet have cirrhosis it could be used successfully. Seladelpar is a PPAR-6 agonist. It
has choleretic properties, resulting from altered bile acid synthesis, and anti-inflammatory
properties. Elafibranor, a dual PPARx/ agonist, is a promising drug due to the lack of
adverse effects of PPAR-y ligands on the heart. Saroglitazar, on the other hand, is mainly a
PPAR-« activator and exerts agonist effects on PPAR-y; that is, it has dual PPAR agonist
activity. It is used to treat NASH, diabetic dyslipidemia, and diabetes uncontrolled by
statins. Its effects are also being studied in PBC. These drugs show improvement in ALP
but have only been tested in the short term and on a small group of patients. Further
studies are needed to determine the dose and test the drug’s safety. Ideally, these patients
should be selected for individual double or triple combination therapy.

Unfortunately, side effects are the main problem in designing and developing new
synthetic PPAR ligands. Therefore, future PPAR research should focus on minimizing the
side effects of PPAR agonists and the potential of PPAR antagonists. Using such compounds
will open a new chapter in using PPAR ligands in medicine.

Generally, ligands of PPARs can be agonists (full, partial, or inverse) or natural antag-
onists. There are 84 types of PPAR synthetic ligands used as drugs to treat various diseases.
For example, PPAR« agonists (fibrates), PPARy agonists (thiazolidinediones -TZDs) and
combined PPAR«x/y agonists (glitazars) are therapeutic agents for CVD prevention, T2DM
and dyslipidemia. Unfortunately, PPAR ligands are reported to have multiple organ toxicity
(Figure 6) [283].
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Figure 6. Systemic toxicities of PPARs.

TZDs can cause hepatotoxicity, heart failure, or fluid retention. Glitazone’s side effects
include body weight gain, peripheral edema, and congestive heart failure [283]. Fenofi-
brate therapy causes pulmonary embolism, pancreatitis, an evaluated plasma creatinine
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level (reversible after therapy ends), and an increased rate of noncardiovascular mortality.
However, fibrate risk should be treated individually [284].

5. Concluding Remarks

For 35 years, knowledge about PPARs has significantly expanded. Over the years,
thousands of studies have been performed. PPARs are an exciting group of transcription
factors due to their connection with various chronic diseases, such as cancer, diabetes,
obesity, arteriosclerosis, and neurodegenerative diseases. PPAR agonists are used to treat
these diseases. For example, PPARo agonists treat hyperlipidemia or modulation of inflam-
matory response, while PPARy agonists have potent hypoglycemic potential in patients
with insulin resistance and cancer [285]. However, time and many studies are still needed
to confirm the safety and effectiveness of the long-term use of PPAR agonists. In addition,
particular attention should be paid to individual variations, such as polymorphisms that
influence the function of PPARs. However, more research is still needed to fully understand
the functions of PPARs.
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Abstract: Each life is challenged to adapt to an ever-changing environment with integrity—simply
put, to maintain identity. We hypothesize that this mission statement of adaptive homeostasis
is particularly poignant in an adaptive response, like inflammation. A maladaptive response of
unresolved inflammation can seed chronic disease over a lifetime. We propose the concept of a
molecular thumbprint: a biological signature of loss of identity as a measure of incomplete return
to homeostasis after an inflammatory response. Over time, personal molecular thumbprints can
measure dynamic and precise trajectories to chronic inflammatory diseases and further loss of self
to cancer. Why is this important? Because the phenotypes and molecular signatures of established
complex inflammatory diseases are a far cry from the root of the complex problem, let alone the initial
seed. Understanding the science behind key germinating seeds of disease helps to identify molecular
factors of susceptibility, resilience, and early dietary or drug intervention. We pilot this hypothesis in
a rat colitis model that is well-established for understanding molecular mechanisms of colonic health,
disease, and transition of colitis to cancer.

Keywords: resilience; susceptibility; inflammation; anti-inflammatory drugs; clinical signatures

1. Introduction

The body is resilient: not all inflammatory events germinate to disease. In fact, acute
inflammation is an adaptive response that is protective, most often goes unnoticed, and is
self-resolving (Figure 1).

Adaptive Homeostasis

Inflammatory reaction

Identity

set-point

-~
K
%
.
o,
%

Sl

Centered state

Adaptability Integrity

Figure 1. Adaptive homeostasis. Identity is a fine balance between adaptability and integrity. An
insult triggers inflammation, which reaches a set point and then resolves successfully to return the
organism and tissue back to its centered state (homeostasis).

We provide a preliminary evaluation of our hypothesis that an incomplete response
of adaptive homeostasis can be defined by a loss of identity and measured by a biological
signature. This biological thumbprint harbors molecular mechanisms that, over time,
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amplify the further loss of identity. For example, it can seed chronic inflammation and
subsequent progression to complex diseases gradually (Figure 2) through successive new
identities over time where maladaptation causes Iy transitions to Iy, I; to I, and so on, with
many iterations and, in some cases, the transition of I, from chronic disease to cancer.

Effect of inflammation on identity

chronic

reflective of stimulus, response and tissue type

Figure 2. Identity measures a thumbprint of disease. A successful acute inflammation returns the
organism back to its original identity Iy. In multifactorial chronic inflammatory diseases, the initial
inflammatory response is maladaptive. Incomplete resolution of inflammation returns the organism
to a new identity, Iy. The difference in identity, Al, can be measured and provides a thumbprint
of disease.

After a tissue heals from an injury or insult, specialized cells must regain identity to
perform their function. Over time, successive losses of molecular determinants of identity
can progress to susceptibility to chronic disease, loss of function, and loss of resilience. The
definitive case of loss of identity is cancer.

Unresolved inflammation can be quantified by several means and measures, including
differences in protein expression, altered metabolic or structural profiles, DNA modifications,
and gene expression. The ultimate goal would be detailed and comprehensive biological
thumbprints of longitudinal data using current multifactorial and genetic bioinformatic
systems. The ambition would be to have biological thumbprints as wholistic clinical measure-
ments with utility in wellness, diagnosis, treatment, and patient responsiveness.

Here, we pilot this hypothesis in a simple, tangible, focused, and well-established
model. This rat TNBS-induced colitis model has proven utility in drug discovery and also
in understanding molecular mechanisms of colonic health, disease, drug impacts, and
transition of colitis to cancer.

2. Materials and Methods

Animals: Male Wistar rats (175-200 g) were obtained from Charles River Breeding
Farms (Montreal, PQ, Canada). The rats were fed standard laboratory rodent chow and
tap water. All experiments were performed as approved by the Animal Care Committee of
the University of Calgary (Protocol #M03140) and in accordance with the guidelines of the
Canadian Council on Animal Care and NIH.

Induction of colitis using TNBS: Colitis was induced as previously described [1,2].
Briefly, 8 rats were lightly anesthetized with halothane, and an infant feeding tube fitted
onto a blunt 18-gauge needle was inserted rectally. The tip of the tube was placed approxi-
mately 8 cm into the colon. For treatment, 30 mg of 2,4,6-trinitrobenzene sulphonic acid
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(TNBS) in 0.5 mL of 50% ethanol was instilled. Control rats were age-matched and naive
(untreated). After 6 weeks, the rats were sacrificed.

In the present study, the severity of colonic damage was blindly scored on a 0 to
10 scale using criteria that have been previously reported in detail [3]. Briefly, a score of
0 represents normal appearance, a score of 1 is given for focal hyperemia but no ulcers,
a score of 2 is given for ulceration without associated inflammation, and a score of 3 or
greater is given when ulceration and inflammation are both evident (the score increasing
further with the extent of ulceration). In most cases, the colonic damage score in rats
sacrificed 6 weeks after TNBS administration is 0 or 1. In rare cases, ulceration of the colon
is observed. However, as this study is focused on resolved colitis, any rat with a colonic
damage score of greater than 1 was excluded from further analysis. After scoring, samples
of the distal colon were frozen for subsequent measurement of MPO activity as an index of
granulocyte infiltration and gene expression studies below. The standard ¢-test was used
for statistical analyses (p < 0.05).

Isolation of Total RNA: Frozen colonic tissue was lysed in TRIzol using a hand homog-
enizer. Total RNA was isolated by the TRIzol method followed by DNase I digestion, as
described previously [4]. Contaminating genomic DNA was removed using the Message
Clean kit (Genehunter, Nashville, TN, USA). The purified RNA was resuspended in DEPC-
treated ddH,O, quantitated (OD»g4), and qualitated (OD54/259) by UV-spectroscopy, as
described in [5].

FDD-PCR: FDD-PCR was performed using a modified protocol of Liang and Pardee
(2003) [6]. Briefly, cDNAs were generated from 0.2 mg of RNA using 0.2 uM anchor primer
5’ ACGACTCACTATAGGCTTTTTTTTTTTTCA3' and 20 units of Superscript RT enzyme
(GIBCO, Waltham, MA, USA) in a 20 puL reaction containing 1 unit RNasin (Promega,
Madison, WI, USA), 25 uM dNTPs, 50 mM Tris pH 8.3, 75 mM KCl, 3 mM MgCl,, and
10 mM DTT. After one hour of incubation at 42 °C, reactions were terminated by heat
inactivation of the enzyme (72 °C for 15 min).

Complementary DNA fragments were amplified with 0.2 uM each of FITC-conjugated
anchor and 1 of 24 arbitrary primers in a 20 uL reaction consisting of 1.5 mM MgCl,, 20 uM
dNTPs, and 1 unit AmpliTaq enzyme (Boehringer Mannheim, Mannheim, Germany) using
the following amplification program: 94 °C for 2 min; 4 cycles (94 °C for 15 s, 50 °C for 30 s,
72 °C for 2 min), 25 cycles (94 °C for 15 s, 60 °C for 30 s, 72 °C for 2 min), and an extension
cycle of 72 °C for 7 min.

PCR products were resolved on a denaturing 4.5% polyacrylamide gel (Genomyx
LR DNA Sequencer, GeneHunter Core Facility, Nashville, TN, USA) and visualized by
fluorography. Bands of interest were excised, reamplified, purified and cloned in PCR-Trap
vector. The DNA inserts were sequenced in both directions (Harvard Biopolymer Core
Facility, Boston, MA, USA). Sequences were identified by BLAST searches.

Semi-quantitative RT-PCR: Gene changes observed in representative animals used
in FDD-PCR were confirmed using standard methods of semi-quantitative RT-PCR. All
reactions were performed in a thermocycler (DNAEngine, MJResearch) using a heated lid.
Poly-A containing primer (50 nmol of PolyT; -T7 primer) was annealed to 3 pug of RNA, in
a total volume of 12 uL, by heating to 70 °C for 10 min followed by quick cooling to 4 °C.
These primer—-template complexes were used in a 20 uL reverse-transcription (RT) reaction
performed in 50 mM Tris pH8.3, 75 mM KCl, 3 mM MgCl,, 10 mM DTT, and 0.5 mM dNTPs.
Prior to the addition of 200 U of Superscript Il Reverse Transcriptase (Gibco), the reaction
was incubated at 25 °C for 10 min and 42 °C for 2 min. The RT reaction was carried out at
42 °C for 50 min and terminated by heat inactivation of the enzyme (72 °C for 15 min). The
cDNA was purified by digestion of RNA with 2 U of RNase H (37 °C for 20 min), followed
by purification on a QIAquick gel extraction kit (Qiagen, Hilden, Germany). Finally, the
cDNA was eluted in 50 uL. of ddH,O and stored at —20 °C until further use. The PCRs
(total volume of 50 uL) utilized the Qiagen Master mix, 0.2 mM of each gene-specific primer
and 2 puL of the above cDNAs. Reactions were performed in a thermocycler using the
following program: denaturation at 94 °C for 2 min, amplification for 30 cycles (94 °C
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for 0.5 min, 48 °C for 0.5 min, 72 °C for 2 min), followed by extension cycle of 72 °C for
10 min. Annealing temperatures differed depending on the primer sets used. Products
were separated by electrophoresis of 10 pL of PCR on 1% agarose gels and visualized
by ethidium bromide staining. Results were photographed, scanned, and analyzed for
comparative band intensities using the NIH Imager program, described in [5]. As with
this pilot, follow-up experiments will continue to provide confirmation of the DD-PCR
results by using the tissue/organs from mice that were used to generate the DD-PCR (n =3
expectation of at least of 3 determinates for each sample) and then also in the other mice
(n = 8) of the two cohorts in the TNBS-colitis experiment described above. The standard
t-test will be used for statistical analyses.

3. Results
3.1. Rat Model for a Thumbprint of Unresolved Colitis

Over the past decades, the TNBS rat model has proven useful in understanding the
biology of gut health, disease mechanisms, pharmacological intervention, exploration of
new investigational drugs, and most notably, in understanding the risks and benefits of
over-the-counter medicines, like globally consumed non-steroidal anti-inflammatory drugs.
TNBS produces a disease that is histopathologically similar to Crohn’s disease [1]. Key
roles for T cells and for several cytokines that have been shown to be important in human
IBD have also been shown to be important in the rat TNBS-induced colitis model. This
experimental system involves only a single treatment of the rodent (no surgery, etc.) and
has been well characterized in terms of the resolution phase of colitis, the boundary to
colon cancer and the pharmacology of xenobiotics related to eicosanoid function in the GI,
particularly COX- 2-related xenobiotics; (for review, see Wallace and Devchand, 2005 [7]).

This single shot of controlled and localized administration of TNBS is in contrast to
the DSS model of colitis, in which the animals are given DSS in drinking water for various
periods of time. DSS produces inflammation of the intestine but not very much ulceration.
Since our hypothesis deals with post-colitis effects, it is imperative to keep the confounding
variables, such as the degree of colitis and site of inflammation, to a minimum. Importantly,
transmural inflammation or granulomas (features of Crohn’s disease) are both induced
by TNBS.

In previous studies, we found that colitis had resolved by 6 weeks after TNBS ad-
ministration; that is, the macroscopic appearance of the colon, colonic myeloperoxidase
activity (a marker of granulocyte infiltration), and colonic prostaglandin E, synthesis were
no longer different from those in healthy controls [1,2].

Here, the aim of our hypothesis was to compare the difference in the identity of
resolved inflammation. Therefore, this simple experiment compared two sets of rats: naive
controls versus post-colitis (Figure 3).

A. Naive controls
~ v o v §
B. TNBS-treated

[ 4 colitis resolved
day O > 6 weeks

Figure 3. Experimental model. After 6 weeks, TNBS-treated rats (identity I1) were compared to naive
controls (original identity Ip). Tissues around the precise location of TNBS treatment were harvested
for analysis.
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Since the single application of rectally administered TNBS was defined as 8 cm into
the colon, the experiment allowed for precision tissue harvesting.

3.2. Visualizing Unresolved Inflammation

Here, a preliminary test of our hypothesis was performed using gene expression
measurements. In our hands, differential-display polymerase chain reaction (DD-PCR) has
been particularly useful in the identification of eicosanoid ligand-triggered pathways [4].
The primary advantage is highly reproducible and tangible data sets at every step of the
process. This is often apparent in low-copy number transcripts and alternatively spliced
transcripts (often in 3’ non-coding regions). The high-resolution separation of cDNAs on
a sequencing gel affords advantages over cDNA CHIP arrays, including identification
of novel transcripts, novel alternate spliced transcripts, and low-level transcripts such as
nuclear cofactors; for review, see Liang and Pardee, 2003 [6]. Inherent in this method is
the cloning of products that correspond to differentially expressed fragments of genes and
can subsequently be used as probes in Northern blots, for example. These advantages are
particularly important for pathway discovery so that the technique can be streamlined and
derivative reagents like clones can be multifunctional for future use (Northern blots, in situ
hybridization, FISH). The trade-off on these advantages is time and effort—the high copy
number of transcripts that differ in comparison groups could most probably be identified
by array or RNAseq analyses in a shorter time frame.

In this pilot experiment, twenty-four cDNA subsets were analyzed for reset after
colitis. Duplicate samples of rats of each group were used for gene expression analyses by
fluorescent differential display polymerase chain reaction (Figure 4). Close examination
of all FDD-PCR reaction lanes revealed that Al was very small: ~30 bands differed when
comparing naive rats versus rats that reset after colitis. These differences varied in signal
character, including intensity (high or low) and direction of expression (up-regulated or
down-regulated).

Tuape
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Figure 4. Fluorescent Differential Display Polymerase Chain Reactions. RT-PCR reactions of each
treatment group were resolved on a sequencing gel. Lanes derived from each primer pair (1-24) are
labeled above, with the left two lanes from naive controls (original identity Ip) and the right two
lanes resolved TNBS-treated rats (identity I;). The bands of differential expression are indicated and
labeled systematically. Original image can be found in Supplementary Materials.
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3.3. Tangible Data

Twenty bands were excised for further processing (Figure 5). The fragments were
amplified, cloned, screened, and sequenced.

K K 1. Excise and amplify
14
e PCR-Trap
=== <+
3. Screen
2 -
o=
] 5. BLAST search
e Candidate gene

Figure 5. Identifying the candidate genes. This schematic shows the pipeline of analysis. Bands of
interest were excised, amplified by PCR, and ligated into the PCR-TRAP vector to derive bacterial
clones. After screening, plasmid inserts were sequenced. The candidate genes were identified by
BLAST search. Original image can be found in Supplementary Materials.

3.4. BLAST to Gene Identification

Eighteen bands were successfully extracted and cloned. Sequence matches were
identified by public database homology using BLAST (Tables 1 and 2). Referencing back to
the original bands in the FDD-PCR sequencing gel, 12 were down-regulated in post-colitis
and 6 up-regulated. Tables 1 and 2 list the genes identified, including sv2b, fra-2, sephs-1,
pallidin, DNA primase, ptger4, rbbp5, and mical 3. Interestingly, in rats with post-resolved
colitis, our analysis indicated a potential switch in isoform expression of synaptic vesicle
glycoprotein 2: fragment of sv2b transcript 1 was up-regulated (Table 2) whereas that of
transcript 2 was down-regulated (Table 1). Of note, both sv2b transcripts are of low-signal
fragments on the FDD-PCR gel. Some excised bands are mapped to chromosome regions
or by homology to other species. And one is coded on the mitochondrial genome.
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Table 1. Down-regulated genes. These 12 cDNA fragments showed lower expression in rats with
resolved colitis. For each, the upper number indicates location on the FDD-PCR gel. Gene names
identified by BLAST are in bold. The protein name, when available, is indicated. Finally, the
corresponding regions of the transcript that were excised and amplified from the band are indicated.

Low Signal High Signal
2A-1 5A-1
Sv2b Pallidin
Synaptic vesicle glycoprotein 2b Syntaxin-13 interacting protein
Transcript 1 1871-2041
5271-5872 1770-1846
14B-3 5A’-1
Sim to region on Chr4 on mouse Aligns to mChr8 BAC clone
76075-75953 Possibly a MHC gene
23A-1 5C-2
Fra-2 Rat homologue of mKIAA1930
Fos-related antigen DNA 4091-4386
105-234
4B-1 6A-1
Sephs 1 DNA Primase
Selenophosphate synthetase Subunit 49
1171-1374
1407-1591
15B-2 11A-1
Homology to region in mChr1 Ptger
EP4 receptor
2619-2811
15A-4

Sim to region on Chr11 on mouse 63633-751. 63766-882

21B-2
Rbbp5
Retinoblastoma binding protein 5
Similar to mChrl
23480-23132 in rat 766-897;898-970
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Table 2. Up-regulated genes. These 6 transcript fragments showed higher expression in rats with
resolved colitis. For each, the upper number indicates location on the FDD-PCR gel. Gene names
identified by BLAST are in bold. The protein name, when available, is indicated. Finally the
corresponding regions of the transcript that were excised and amplified from the band are indicated.

Low Signal High Signal
2B-w 5D-1
Sv2b Rat homologue of m.musc cDNA

Synaptic vesicle glycoprotein 2b BC051083
Transcript 2 1095-1329
5271-5942
21A-2 8A-1
Similar to region on Chr 15 on mouse Rat homologue of
168293-7953 MICAL3

Microtubule-associated monooxygenase calponin

Lim-domain containing 3 1546-1694

13B-1
Receptor for hyaluron-mediated motility
Coded on mitochrondrial genome
308-144

14A-4
Image clone 7123360
2688-2770
2519-2631
78bp homologous to interferon-induced
P44

4. Discussion

In our hypothesis, we approach health as a challenge to modulate molecular mech-
anisms of adaptive homeostasis that define the dynamic border of identity. In humans,
chronic inflammation of colitis is associated with a predisposition to colorectal cancer, and
the risk of incidence increases with the duration of colonic inflammation [8]. This fact
supports the concept that chronic inflammation results in small but significant changes
in identity, and over time, the increased inability to maintain homeostasis after succes-
sive bouts of inflammation, compounded with other environmental triggers, ultimately
manifests as the changed identity of cancer.

Here, our hypothesis focused on the final stages of the resolution phase of inflamma-
tion to better understand how, after one bout of substantial inflammation, a specialized
tissue like the colon retains identity. The reparative ability of the colon is remarkable. At the
transcript level, the measured Al, the change in identity post-colitis, was very small. Only
~30 differences were observed from the 24 subsets of cDNA that were analyzed by FDD-
PCR. Sequenced fragments identified several interesting proteins: transcription factors
(the fos protein FRA2), the chromatin modulator Rbbp5, DNA maintenance enzyme (DNA
primase), vesicle transport and cellular motility (Palladin, the transmembrane transport
Svb2, the enzyme Mical3, the hyaluronan-binding protein HMMR), the eicosanoid receptor
PTGER4, and the selenide metabolic enzyme SEPHS2.

47



Biomolecules 2024, 14, 1271

In the context of our animal model of defining a biological fingerprint post-resolution
of TNBS-induced colitis, the identification of PTGER4 is particularly exciting. Altered
expression of this eicosanoid G-coupled receptor has long been associated with Crohn’s
disease in humans. For example, in a genome-wide association study, Glas et al. (2012)
identified a region at Chr 5p13.1 that was associated with both modulating PTGER4
expression and susceptibility to Crohn’s disease [9]. Prager et al. (2014) used a subset of
German patients to refine the rs7720838 variant as a determinant of increased susceptibility
to disease [10]. Most recently, Drew et al. (2024) deduced that variants in this 5p13.1 region
(like rs350047) are mechanistically relevant to the chemo-preventative effect of regular
aspirin/non-steroidal anti-inflammatory drug (NSAID) use in patients [11]. Interestingly,
using an animal model, Na et al. demonstrated that PTGER4 expression in intestinal
macrophages is essential for supporting the regeneration of injured epithelium [12].

At the molecular level, the mechanisms that cause the disease remain elusive [13].
Current treatments of colitis, like the NSAID mesalamine, aim to control chronic inflam-
mation to sustain colonic integrity over time [14]. Substantial evidence indicates that one
target of NSAIDs, the enzyme cyclooxygenase-2 (COX-2), plays several central roles in
modulating molecular and cellular mechanisms of gut mucosal defense (Figure 6 and
Wallace and Devchand, 2005 [7]). Under normal healthy conditions, COX-2 couples to a
battery of downstream enzymes to generate potent lipid mediators involved in processes
of adaptive homeostasis, healing, and innate immunity. These include the regulation of
mucus and bicarbonate secretion by the gastric and duodenal epithelium, mucosal blood
flow, epithelial cell proliferation, epithelial restitution, and mucosal immunocyte function.
In the context of an inflammatory reaction, the COX-2 axis is dynamic: in combination
with downstream enzymes, it regulates the amplification of the inflammation and also
modulates the resolution program in part via prostaglandin D, and E, lipid signaling
pathways [3].

HOMEOSTASIS STRESS

Inhibition of leukocyte adherence
a Epithelial proliferation

K} Defence and Repair (eg. PGE2 and PGI2)
Maintenance of mucosal blood flow

ion of mucus & bic secretion

Facilitate GI homeostasis

Resolution of inflammation and healing

Adaptation to aspirin and COX modulators

Resistance to damage by luminal irritants Resistance to damage by luminal irritants

Figure 6. Duality of COX-2 function in dynamics of adaptive homeostasis.

Under normal healthy conditions of the gastrointestinal system, endogenous COX-
2-derived lipid mediators are involved in processes of adaptive homeostasis, healing,
and innate immunity. The COX-2 gene is rapidly induced by stress, and the downstream
products are potent lipid signals that enhance resistance to injury and regulate the dynamics
of inflammation and resolution.

To date, there are no polymorphisms in the COX-2 gene itself that have been linked
to IBD (http:/ /www.ncbi.nlm.nih.gov/projects/SNP, accessed on 12 October 2020). The
functions of prostanoids are dynamic, site-specific, and complex [15]. Given the myriad
of potent lipid signals and pathways that connect to COX-2 in health and disease states,
the duality of COX-2 function in the dynamics of adaptive homeostasis of the GI tract
is an important clue to colitis-related disease susceptibility. For instance, COX-2 protein
levels remain elevated after a single bout of colitis, and the increased enzyme activity is a
determinant of susceptibility to genotoxic-induced cancer formation [16]. It is clear that
dysregulation of COX-2 function can be associated with various disease states, including
diminished resistance to injury, ulcers, colitis, and colon cancer, see Dubois review [17].
However, the nature of specific downstream lipid products and their signal transduction
pathways that mediate associated homeostatic functions remain under-explored.
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The most well-characterized products of the COX-2 reaction are the AA-derived
prostanoids. Major advances have been made in understanding signaling by arachidonic
acid-derived lipid mediators [7,18-20]. Eicosanoids are generated in small amounts (nano-
to mico-molar quantities) and are rapidly inactivated. Even though these autocoids are
short-lived, they are potent stimulators of bioactivity. A retrospective view of eicosanoid
research emphasizes the importance of a multidisciplinary approach coupled with the
use and development of stable mimetics [21]. For example, distinct biosynthetic enzymes
downstream of COX-2 dynamically produce the main lipid mediators linked to the resolu-
tion of inflammation: PGE; and PGD, [22,23]. The use of a PGD, synthetic antagonist has
implicated PGD; as a determinant of colitis-induced cancer formation [16,24].

Intracellular targets for eicosanoids have been postulated for many years. Recent
studies indicate that eicosanoid signaling molecules can directly interact with nuclear
receptors (PPARs) to modulate gene expression (e.g., [25-28]). In the context of PMNs
where eicosanoid signals are present intracellularly, these ligand-activated transcription
factors have potentially significant roles. Consistent with this notion is the finding that in
PPARa knock-out mice, an LTB4-mediated inflammatory response is attenuated [28]. The
role of PPAR {3/6 has been a very active area of research in colon cancer models [17] and
the mechanisms underlying chemo-preventative effects of NSAIDs [29].

In the context of shared ligands between cell-surface and nuclear receptors, future
molecular modeling and docking studies would complement and advance understanding
of drug—protein specificity, mechanisms of action, drug dynamics in detailed binding
free energy calculations, and underlying biology based on predictions of the strength
and stability of the interactions. A companion study in this collection of articles shows a
wonderful example of structural studies on the evaluation of PPAR binding to drugs [30].

Many cell surface receptors also modulate gene expression via non-receptor transcrip-
tion factors in a tightly controlled fashion. One example of an elaborate system is the
activation pathway for the nuclear factor kappa B (NFKB) complex containing FOS and
JUN transcription factors [31]. In its active form, NFKB is considered a pro-inflammatory
transcription factor, as exemplified by its ability to mediate TNFx-induced transcription
of the pro-inflammatory cytokine interleukinlb [32]. In this context, our identification of
the fos-related antigen fra2 as a component of the biological thumbprint is an intriguing
result of our pilot experiment. At the transcription factor level, reports suggest that inhi-
bition of NFKB might involve competition either for coactivators or for one of the NFKB
subunits (e.g., [33]), and lipid signaling to the nucleus has highlighted roles in paracrine,
endocrine, and autocrine pathways [19,34]. Interestingly, the wnt signal pathway, most
characterized for its association with cancer progression, is dysregulated after a bout of
colitis, as measured by increased levels of (3-catenin protein in the nucleus—a defect that
can be corrected with a selective synthetic COX-2 inhibitor [16]. While counter-regulatory
systems in the nucleus have a substantial impact on the adaptive homeostasis of the GI
tract, the molecular mechanisms remain elusive.

Of note, in a study that pooled 13 population-based studies, Archambault et al. (2021)
sought to identify non-genetic determinants of risk for the incidence of early-onset colorec-
tal cancer [35]. Factors considered in this large analysis included regular use of NSAIDs,
red meat intake, educational attainment, and alcohol intake. This study indicates that
adaptation to the environment (adaptive homeostasis) and choice of lifestyle can provide a
foundation for target identification of those most at risk. Our hypothesis takes a molecular
viewpoint of tapping into the early stages of adaptive homeostasis. The results from our
pilot experiment support our hypothesis to offer a basis for further study.

We envision the use of biological thumbprints in the clinic and in future research.
Some might consider the use of this biological thumbprint over a lifetime to map the bigger
picture of aging over time as the body adapts to the environment (e.g., obesity, non-insulin-
dependent diabetes). For example, this might be reflected in key metabolites (surrogate
markers) combined with personal, holistic parameters in routine physical examinations
(weight, blood work, urine test, blood pressure measurements, etc.). Others might consider
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the use of biological thumbprints simply as maps of the trajectory of unresolved inflam-
mation to complex diseases, such as cardiovascular disease, COPD, Crohn’s disease, and
cancer progression. With the rapid advance in computational ability, biological thumbprints
could be reflective of autocrine, endocrine, and paracrine systems and measure identities
within a tissue, an organ, or an entire body. Simply put, biological thumbprints could be
reflective of the dynamics of the health state, measuring progression to disease and also
recovery toward the original healthy self.

5. Conclusions

Walter Bradford Cannon [36] coined the classical definition of adaptive homeostasis in
1929. Our hypothesis focuses on this definition with the angle that identity is a fine balance
of adaptability with integrity. We defined the scientific concept of biological thumbprints
that can measure the success of a defined process of adaptive homeostasis and define health
states throughout the dynamic trajectory over a lifetime.

Here, we have used the adaptive response of inflammation as an example. A success-
ful acute inflammation returns the organism back to its original identity Ip. In multifactorial
chronic inflammatory diseases, the initial inflammatory response is maladaptive. Incom-
plete resolution of inflammation returns the organism to a new identity, Iy. The difference
in identity, AI, can be measured and provides a thumbprint of disease.

We envision that molecular thumbprints would be particularly useful in complex
inflammatory diseases. The progressive approach of our hypothesis helps create personal-
ized maps of health states with potential cost-effective use in the clinic. In a more general
sense, these thumbprints would be a measure of wellness. How do these wellness measures
synchronize and synergize to maintain health over a lifetime? It's complex. It's personal. It
is tangible.
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//www.mdpi.com/article/10.3390 /biom14101271/s1, Original images of Figures 4 and 5.
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Abstract: Bisphenol A (BPA) and bisphenol B (BPB) are widely used in the production of plastics,
and their potential adverse health effects, particularly on endocrine disruption and metabolic health,
have raised concern. Peroxisome proliferator-activated receptor gamma (PPARY) plays a pivotal
role in metabolic regulation and adipogenesis, making it a target of interest in understanding the
development of obesity and associated health impacts. In this study, we employ X-ray crystallography
and molecular dynamics (MD) simulations to study the interaction of PPARy with BPA and BPB.
Crystallographic structures reveal the binding of BPA and BPB to the ligand binding domain of
PPARY, next to C285, where binding of partial agonists as well as antagonists and inverse agonists
of PPARYy signaling has been previously observed. However, no interaction of BPA and BPB with
Y437 in the activation function 2 site is observed, showing that these ligands cannot stabilize the
active conformation of helix 12 directly. Furthermore, free energy analyses of the MD simulations
revealed that 1341 has a large energetic contribution to the BPA and BPB binding modes characterized
in this study.

Keywords: peroxisome proliferator-activated receptor gamma; bisphenols; obesity; adverse health;
structural analysis

1. Introduction

Obesity is a widespread epidemic impacting both adults and children. It poses a
significant risk for the development of physical and mental disorders and is a threat to
public health. The number of overweight and obese people has escalated to alarming
levels, with 40% of the global adult population being affected. According to the World
Health Organization, the incidence of obesity has nearly tripled since 1975. As of 2016,
more than 1.9 billion adults were overweight, and over 650 million adults were classified
as obese [1]. Emerging research suggests that endocrine disruptors contribute to the rise in
obesity rates. Exposure to these chemicals, which are found in many everyday products,
can alter metabolic processes and increase the risk of obesity [2,3]. Both in vivo and in vitro
investigations have demonstrated the promotion of adipogenesis, lipid accumulation and
acceleration of pre-adipocyte differentiation as a result of exposure to these chemicals
used as plasticizers [4-8]. They interfere with the body’s hormonal system and with
metabolic pathways that play a key role in regulating hormonal activity, lipid homeostasis
and adipogenesis. Among other pathways, adipogenesis is regulated by peroxisome
proliferator-activated receptor gamma (PPARYy) signaling [9,10].

PPARY, an intensively studied nuclear receptor (NR), is intricately involved in many
essential pathways, including adipocyte differentiation and the regulation of glucose and
lipid metabolism [11]. Upon forming heterodimers with retinoic acid receptor (RXR),
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PPARYy orchestrates the transcriptional regulation of various genes. The signaling activity
of PPARY can be fine-tuned by ligands, both endogenous and synthetic, which interact
with the ligand binding domain (LBD) of PPARy [12-17]. Besides the LBD, PPARYy contains
a DNA-binding domain and a hinge region. Given its significance in drug design and
pharmaceutical treatments, the structure and ligand interactions of PPARy LBD have been
extensively studied. It consists of 13 x-helices and a four-stranded (3-sheet. In contrast
to other NRs, PPARY features an additional a-helix, named H2', positioned between the
initial 3-strand and H3. Notably, the orientation of H2 in PPARy differs from other NR
structures, thereby facilitating enhanced ligand accessibility. H3, H7 and H10 form a large
cavity for ligand binding [13]. The flexible Q) loop between H3 and H2' may serve as a gate
influencing access of ligands to the binding pocket [18].

Effective ligand-dependent gene transcription relies on a highly conserved motif,
termed activating function-2 (AF-2). Positioned at the C-terminus of the ligand binding
domain, this motif resides within a large Y-shaped ligand binding pocket (LBP), encom-
passing the AF-2 sub-pocket adjacent to helix 12 and the () sub-pocket [13,19]. The binding
of ligands to the LBP of PPARy promotes complex formation with co-activator proteins
binding to the AF-2 surface (outside of the LBP). This in turn favors the formation of the
heterodimer with RXR, DNA binding and transcription of the target genes [20]. The activa-
tion mechanism of PPARy by endogenous lipids, including fatty acids or their metabolites
such as 15-deoxy-delta-12,14-prostaglandin J2 (15d-PG]J2) and synthetic compounds such
as thiazolidinediones, has been characterized by X-ray crystallography [12-15,19,21].

Bisphenols have been extensively utilized in the plastic industry as plasticizers for
over half a century. Bisphenol A (BPA) and related bisphenols are mostly used in the
production of polycarbonate plastics, epoxy resins and thermal papers [22]. BPA was first
synthesized in 1891 and has been used since the 1950s-1960s in plastic fabrication, although
its estrogenic properties have been known since the 1930s [23]. BPA became one of the
chemicals produced in the highest volume worldwide, reaching a global consumption of
5.6 million metric tons in 2022 [24]. The increasing use of BPA led to a closer investigation
and biomonitoring of human exposure. BPA is non-covalently dispersed in plastic polymers
and diffuses into food and drinks. Therefore, exposure to BPA is believed to primarily occur
through diet. Food warming in plastic containers accelerates BPA leaching. Ingestion is not
the only root for BPA uptake. It can occur also through skin penetration and inhalation.

The amount of BPA in urine and serum has been assessed by several studies for
different groups of people [25]. Studies report average BPA levels in urine in a range from
0.2-5.7 ng/mL. Based on the 2013-14 National Health and Nutrition Examination Survey
(NHANES), urinary BPA is detectable in over 90% of the United States population, with
children having significantly higher BPA levels than adults [26]. In the latest release of the
BPA re-evaluation by the European Food Safety Authority (EFSA) in 2023, the tolerable
daily intake of BPA for humans was lowered from 4 ug to 0.2 ng per kilogram of body
weight per day (kg/bw/day). People with average or high exposure exceed this threshold,
indicating health concerns [27]. The use of BPA is now limited not just in items designed for
infants (EU Commission Regulation 2018/213) [28] but also in other food contact materials
and other products, such as thermal paper, where it should not exceed 0.02% by weight [22].
BPA is substituted by other bisphenols like bisphenol B, C, AE, E, S.

With the restriction of BPA, the use of BPB as a substitute is gradually increasing.
BPB is a very close structural analog of BPA and is more resistant to biodegradation [29].
This stresses the need to assess its potential endocrine properties and to evaluate if it is
safer than BPA. BPB has been detected in human urine, blood and serum [30-32], food and
the environment [29,33-35]. BPB was found at a serum level of up to 5.15 ng/mL mean
concentration, which is higher than BPA (concentration 2.91 + 1.74 ng/mL) [36].

BPB has been investigated for health risks by many studies, and BPB effects on
reproductive function have been reviewed [37]. Exposure of zebrafish to BPB induced
developmental toxic effects and oxidative damage [36]. Another study showed that BPB
exposure adversely affects the uterus morphology in mice [38]. Furthermore, BPB is known
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to exert higher estrogenic effects than BPA, which is mediated through the G protein-
coupled estrogen receptor pathway [39]. In the cited study, the binding affinity of BPB to
GPER was 9-fold higher compared to that of BPA.

BPA induces a significant increase in pre-adipocyte proliferation, lipid accumulation
and increased expression of PPARYy [8,16,40]. A study on murine pre-adipocytes concluded
that BPA and BPS induce adipogenesis through direct activation of PPARy [41]. In contrast
to this, a decrease in adipogenesis of human adipocytes and antagonistic effects of bisphe-
nol A and B on human PPARy signaling were reported [16]. The presence of BPA did not
promote adipogenesis in mesenchymal stromal stem cells (MSCs), in contrast to 3T3-L1
cells, where induced adipogenesis was observed already at 10 nM BPA concentration [42].
An antagonistic effect on rosiglitazone activation of PPARy was observed at 10 uM of
BPA. Activation of PPARy depends on the degree of halogenation of BPA analogs [43].
Brominated BPA derivatives exhibited increasing potency and agonistic activity on PPARy
signaling with an increasing degree of bromination. For tetrachlorobisphenol A (TCBPA)
and tetrabromobisphenol A (TBBPA), half-maximal inhibition (ICs) of rosiglitazone bind-
ing (at 3 nM) to cells expressing PPARYy was detected at 0.7 uM and 6 uM, respectively [43].
In a surface plasmon resonance assay, an increasing signal was observed in the range of 25
to 400 M BPA or BPB [16].

Tetrachlorobisphenol A (TCBPA) and tetrabromobisphenol A (TBBPA) bind in very
similar binding modes to the LBP of PPARy [43]. Furthermore, co-crystal structures of
ERRy, which is another member of the group of nuclear receptors, with BPA (PDB 2P7G)
and BPB (PDB 6161) are available, too. ERRy and PPARYy have similar folds and a sequence
similarity of 26% (Table S1). In addition to bisphenols, other plasticizers or their metabolites
such as mono(ethylhexyl) phthalate (MEHP) and 1,2-cyclohexanedicarboxylic acid mono-
4-methyloctyl ester (MINCH), have been identified as agonists of PPARy. We previously
determined the binding modes of MEHP and MINCH to PPARy [17].

In this work, we aimed to study the binding modes of BPA and BPB on PPARy and
compare them with those of TCBPA, TCBPB, MEHP, MINCH and other PPARY ligands
(Figure S1). We co-crystallized PPARy with BPA or BPB and determined the complex
structures by X-ray crystallography. Molecular dynamics (MD) simulation was used to
study the stability of the binding modes and the ligand interactions with the coordinating
protein side chains.

2. Materials and Methods
2.1. Chemicals

For PPARy LBD expression, the gene was obtained by gene synthesis from Invitrogen.
Restriction enzymes and buffers used for subcloning were purchased from New England Bi-
olabs (Frankfurt am Main, Germany). The pre-packed columns for protein isolation were or-
dered from Cytiva (Freiburg, Germany). Chemicals for buffers were from either Roth (Karl-
sruhe, Germany) or Sigma Aldrich (Taufkirchen, Germany). 4,4-isopropylidendiphenol
(Bisphenol A, 97% purity, Cas-No.: 80057, Product Number: 133027) and 2,2-Bis-(4-
hydroxyphenyl)-butan, 4,4’-sec-butylidendiphenol (Bisphenol B, Cas-No.: 77407, Product
Number: 50877, 98% purity) were purchased from Sigma Aldrich (Taufkirchen, Germany).

2.2. Protein Expression, Purification and Characterization

Human PPARy LBD was prepared as described before [17]. Briefly, PPARy was
expressed for 4 hours, in 3 L E. coli culture. After harvesting and cell lysis, PPARy was
isolated via the Hisg-tag, using a 5 mL HiTrap-chelating-Ni?* (Cytiva) column. Thereafter,
PPARYy was purified to homogeneity using size exclusion chromatography. The pure
protein was concentrated to 10 mg/mL and stored flash-frozen at —80 degrees. Sample
purity and quality were assessed via SDS-PAGE and dynamic light scattering.
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2.3. Crystallization and Structure Determination

For co-crystallization of PPARy with BPA and BPB, roughly 800 different crystalliza-
tion conditions were screened in 96-well format plates. These experiments were performed
by sitting drop vapor diffusion with a drop volume of 200 nL and a reservoir volume of
100 pL using a Mosquito Xtal3 pipetting robot (SPT Labtech, Melbourn, England). The
conditions giving the best crystals were manually reproduced at a microliter scale, in a
hanging drop vapor diffusion setup, mixing equal volumes of protein sample and reser-
voir solution (1 puL each). Prior to crystallization, the protein sample was concentrated at
10 mg/mL in PBS (phosphate-buffered saline) buffer pH 7.4 and mixed with 1 mM peptide
PPARYy co-activator 1o (PGC-1ot, QEAEEPSLLKKLLLAPANT) and BPA or BPB to a final
concentration of 15 mM. Both ligands were prepared as 1 M stock solutions in DMSO.
PPARy x BPA crystals grew at 19 °C in 20% w/v PEG 3350 and 0.2 M magnesium acetate
as crystallization reservoir, whereas PPARy x BPB crystals grew in a reservoir solution
composed of 20% w/v PEG 3350 and 0.2 M NaCl. Both PPARy x BPA and PPARy x BPB
crystals appeared after about 5 days.

Single crystals of 0.5-1 mm length were flash-frozen in liquid nitrogen without cry-
oprotectant. Data were collected at beamline P14 at PETRA III, at the DESY synchrotron
(Hamburg, Germany). The diffraction data were indexed, integrated and scaled with XDS
(version 10 January 2022) [44] and STARANISO (version 2.3.74) [45] as implemented in
ISPyB [46] at DESY. Statistics of data collection and refinement are listed in Table S2. The
structure of unliganded PPARy of PDB id 8BF1 [17] was used as a starting model for
rigid-body refinement (REFMAC version 5.8.0425, [47]) of PPARy x BPA. For the PPARy
x BPB structure, the protein chains were placed by molecular replacement using Phaser
(version 2.8.3) [48] as implemented in CCP4i2 (of CCP4 version 8.0) [49] using PDB id
8BF1 as the search model. Both crystals belong to a P2; crystal form that has been ob-
served in several PPARY crystal structures before and which contains one PPARy molecule
in the asymmetric unit. Helix H12 is in the active (“up”) conformation. The structures
were further refined with jelly-body refinement. Coot (version 0.9.8.93) [50] was used for
model building, and phenix (version 1.20.1_4487) [51] for the final refinement steps. The
stereochemical restraints for BPA and BPB were generated with the Grade Web Server
(https://grade.globalphasing.org, accessed on 16 January 2023). Similar to previous PPARy
co-crystal structures with natural ligands such as 15d-PGJ2 or nonanoic acid [21], the elec-
tron density of the ligands is weak, most likely due to partial occupancy and flexibility. The
ligand occupancy was refined to 0.58 (BPA1), 0.61 (BPA2) and 0.89 (BPB).

2.4. Molecular Dynamic Simulations

The procedure used for the MD simulations is summarized in Scheme S1. The PPARy
x BPA co-crystal structure was used as the initial protein model to generate all protein com-
plex models for the MD simulations. Three complex models were generated: (1) a model
(denoted as PPARy_BPA) with the two BPA binding modes observed in the PPARy x BPA
crystal structure, (2) a model (denoted PPARy_BPA-TCBPA) with BPA bound in the binding
mode observed for PPARy x TCBPA crystal structure (PDB id 3osi) [43] and (3) a model
(denoted PPARy_BPB) of the BPB binding mode as observed in the PPARy x BPB crystal
structure. Starting from the PPARy x BPA co-crystal structure, alternate side-chain confor-
mations with the lower occupancy were removed, and crystallographic water molecules
that had either no contact with other atoms isolated or too short distances to non-hydrogen
atoms (d < 2.4 A) were removed. The structure was further prepared via the structure
preparation and protonate3D modules in MOE (version 2022.02) [52] to place polar hydro-
gen atoms. This yielded the PPARy_BPA model with two bound BPA molecules (BPA1
in the LBP and BPA2 outside of the LBP). To create the input model for the PPARy_BPA-
TCBPA system, BPA was superimposed onto the TCBPA binding mode via real space
refinement in the TCBPA electron density using the program COOT [50]. This complex
was then superimposed onto the PPARy_BPA model based on the Co coordinates of the
protein chains. The BPA-TCBPA ligand was inserted into the model, and clashing water
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molecules and the two BPA ligands of the PPARy_BPA model were removed. For modeling
PPARy_BPB, the PPARy x BPB crystal structure was superimposed onto the PPARy_BPA
model, and the BPB ligand was inserted into the protein model. Again, the two BPA
molecules and clashing water molecules were deleted. Thus, for all three simulations, the
same protein model was used as the starting structure.

MD simulations of the PPARYy structure bound to BPA1 and BPA2, BPA-TCBPA
and BPB were performed using Amber20 [53]. The ff19SB force field was used for the
protein [54], and the general Amber force field (GAFF) for the ligand [55]. The assignment
of Amber atom types for the BPA and BPB ligands was performed using Antechamber
(version 21.0) [56]. RESP atomic charges of the ligands were calculated using Gaussian
16 [57] and Antechamber [56]. The PPARy-ligand complex structure was surrounded by
a cubic TIP3P water box with a thickness of at least 13 A between any protein or ligand
atom and the edge of the box. Crystallographic waters that did not clash with other
water molecules or protein atoms were kept in the model. The charge of the system was
neutralized by adding Na* or C1~ ions. SHAKE bond length constraints [58] were applied
to all bonds involving hydrogen atoms. Nonbonded interactions were evaluated with
a 10 A cutoff, and electrostatic interactions were calculated by the particle-mesh Ewald
method [59].

The energy of the MD system was first minimized using a two-step minimization
procedure: 20,000-step minimization of water molecules and ions and 20,000-step mini-
mization of the whole system. With protein and ligand atoms restrained to their minimized
coordinates, the system was then heated from 0 K to 300 K over 75 ps in the NVT ensemble
with a step size of 1 fs. After changing to the NPT ensemble, the system was equilibrated at
300 K with a reference pressure of 1 bar for 10 ns using weak positional restraints (with a
force constant of 10 kcal mol~! A~2) applied to protein backbone and ligand heteroatoms.
Langevin dynamics with a collision frequency of 1 ps~! and an integration time step size
of 2 fs were used in these steps. Positional restraints on protein and ligand atoms were then
removed stepwise in a total of 15 ns and the system was equilibrated for another 5 ns with-
out Cartesian restraints. Production MD was conducted for 100 ns using constant pressure
periodic boundary conditions and Langevin dynamics. Three independent replicas were
carried out for each PPARy X ligand complex.

The binding free energy (AGpinding) Of the BPA and BPB ligands as well as the per-
residue contributions to AGpjinding Were computed using the MM/GBSA procedure of
the MMPBSA .py program (version 14.0) [60]. To this end, molecular conformations were
sampled at 50 ps intervals from the last 95 ns of each MD simulation, corresponding to
5700 conformations per system, and used to compute the molecular mechanics energy
and solvation free energies. The single trajectory mode was applied; i.e., snapshots of the
protein, ligand, and protein-ligand complex were taken from the same trajectory. The ionic
strength of water was set to 150 mM.

Analysis of the MD trajectories was carried out using CPPTRA] (version 6.4.4) [61].
This included calculation of the root-mean-square deviations (RMSDs) and root-mean-
square fluctuations (RMSFs) for protein and ligand and enumeration of protein-ligand
hydrogen bonds. Trajectories were visualized and molecular graphics generated using
ChimeraX (version 1.6.1) [62].

2.5. Conservation Analysis

Previously, we analyzed the LBP of PPARY for the evolutionary conservation of amino
acids by comparing vertebrate ortholog sequences [17] using the ConSurf server [63,64].
For analysis of the residues involved in the binding of BPA and BPB, we used the same
analysis for all residues within a 5 A distance from the ligand.
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3. Results
3.1. Binding of BPA to PPARy

To characterize the binding mode of BPA, the PPARy LBD was co-crystallized with
BPA and PGC-1« co-activator peptide, which contains the motif LXXLL, important for the
interaction with the protein. PGC-1« binds near helix H12 and keeps the structure in the
active conformation. Crystals of the P2; space group with one protein in the asymmetric
unit were obtained, which diffracted to 1.4 A (Figure 1A, Table S2). The overall fold of the
structure is almost identical to the apo structure of PPARy (Figure 1B), with some minor
differences in flexible loops. Residual difference electron density indicated the presence
of two BPA molecules bound to the LBP (Figure 1A,C). One BPA molecule (BPA1) binds
in the Q) sub-pocket of PPARy. The binding of BPA to this sub-pocket is supported by
the () loop (residues 1262-V277). This loop is flexible and usually not resolved in PPARy
crystal structures. In the PPARy x BPA structure, the loop could be modeled completely
(Figures 1A and S2A,B). Hydrophobic interaction of BPA in the () sub-pocket with 1262 and
K263 stabilizes the loop conformation in addition to crystal packing interactions of H266
and P269. In comparison to the ligand-free structure, 1262 has moved out of the ligand
binding pocket, ensuring significant space for the bound BPA. Differences are also observed
for residues E259 and Q283 (Figure 1F).

Figure 1. Binding mode of BPA to PPARy. (A) PPARy x BPA crystal structure with two bound BPA
molecules. BPA1 (blue) binds in the () sub-pocket (grey, labeled “()”), and BPA2 (green) binds outside

58



Biomolecules 2024, 14, 640

the LBP. The peptide PGCl« is shown in blue, H12 in red and the Q) loop in cyan. (B) Alignment of
PPARy x BPA (grey) with the unliganded PPARY structure (cyan, PDB: 8BF1). (C) Residual difference
electron density (polder omit as calculated with phenix) of BPA molecules contoured at 3.20y,5q for
BPA in Q) sub-pocket (blue) and 3.00,,5q for BPA near H12. (D) Interactions of BPA in the () pocket
and near H12 (E). (F,G) Superpositions of the BPA-bound (white) and unliganded (light blue) PPARy
structures at the BPA binding sites in the () pocket (F) and near helix H12 (G). Side chains that are
positioned differently in the two structures are shown.

BPA in the Q) pocket forms a hydrogen bond with K263 of the () loop and with
two water molecules. However, the C5, C; and N atoms of this side chain have weak
density indicating flexibility (Figure S2C). The remaining contacts involve essentially
hydrophobic interactions (Figure 1D). The second BPA molecule (BPA2) binds at a crystal
contact (Figure S3). It binds near helices H3 and H12, interacting with Q286 and F287 of
helix H3. The BPA is hydrogen-bonded to a water molecule (Figure 1E). Residues Q283,
F287 and E291 are oriented differently than in the apo structure to accommodate the bound
BPA (Figure 1G). Both BPA molecules have weaker density compared to the surrounding
protein residues (Figure S2C,D). The ligand occupancy was refined to 0.58 (BPA1) and 0.61
(BPA2) with average B factors of 43.1 AZ (BPA1) and 36.3 A2 (BPA2). The average B-value
of the protein atoms within a 5 A distance from BPA1 and BPA2 is 42.7 A% and 42.3 A2

3.2. Binding Mode of BPB to PPARy

A co-crystal structure of the PPARy LBD in complex with the co-activator peptide PGC-
1 o and BPB was analyzed at a resolution of 1.7 A. The crystals contain one molecule in the
asymmetric unit, and helix H12 is in the active conformation (Figure 2A). A superposition
with the unliganded structure of PPARy shows only differences in loop regions (Figure 2B).
The electron density showed the binding of one BPB molecule near C285 (Figure 2A).
Weak electron density indicated partial occupancy (refined to 95%) and/or flexibility of
the BPB ligand (Figures 2C and S2E). The average B factor of BPB is 38.5 A2, and that
of the protein atoms within a 5 A distance from BPB is 23.3 A%. One of the BPB phenol
groups interacts with both helix 3 and helix 7 via 5289 and K367, while the other phenol
moiety forms weak polar interactions with a water molecule and the backbone of 1281.
Hydrophobic interactions further support the positioning of BPB in the hydrophobic ligand
binding pocket (Figure 2D). The binding of this phenol is probably mostly supported by the
m-m-stacking interaction with the peptide bond between G284 and C285. In a comparison
to the apo structure of PPARy (Figure 2E), slight rearrangements of residues surrounding
BPB are observed. This includes mostly R288 and C285 (and nearby residues Q286, F282
and F363).

BPB binds similarly to the halogenated BPA derivatives tetrachlorobisphenol A and
tetrabromobisphenol A (Figure 2F) [43]. The phenol group that is coordinated to K367
shares the same binding site with the halogenated analogs, whereas the other phenol group
is more oriented for an interaction with the side chain of 1341.
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nonanoic acid
rosiglitazone H3

T0070907

Figure 2. Crystal structure of PPARY in complex with BPB. (A) Overall structure of PPARy x BPB.
Helix 12 is displayed in red, PGC-1c in blue, BPB in yellow and the ) loop in cyan. (B) Superposition
of PPARYy x BPB and the apo structure of PPARy (PDB 8BF1). (C) (2Fo-Fc)-type electron density of
BPB contoured at 0.710,,44 level. (D) Interactions of BPB. Distances of polar interactions are specified
in A. (E) shows the residues that undergo slight changes upon BPB binding (grey), compared to the
apo structure of PPARY (cyan). (F) Superposition of binding modes of BPA, BPB and tetrachloro-
bisphenol A (TCBPA, PDB 30SI). (G) Superposition of the PPARy x BPA, PPARy x BPB and
PPARy x MEHP (PDB 8BF2) structures. (H) Superposition of binding modes of BPA, BPB, nonanoic
acid (PDB 4EMD9) and rosiglitazone (PDB 4EMA). (I) Superposition of binding modes of BPA, BPB,
GW9662 (PDB 6MD1) and T0070907 (PDB 61CI). The LBP is displayed as a transparent surface with
the AF2 sub-pocket in white and the () sub-pocket in grey.

3.3. Molecular Dynamics (MD) Simulations of the BPA and BPB Binding Modes

Since the weak density of the BPA and BPB binding modes indicates partial occupancy
and alternate conformations and since one of the BPA binding sites (BPA2) is supported by
a crystal contact, we decided to study the binding modes of the bisphenol molecules using
MD simulations. In addition to the crystallographically observed BPA and BPB binding
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modes, we also modeled BPA in the binding mode observed for TCBPA [30]. TCBPA
binds similarly to BPB near C285 (Figure 1F). The MD simulation of the BPA1 binding
mode resulted in a stable binding mode within the 100 ns time period (Figure 3B). The
phenol ring hydrogen that is bonded to K263 in the crystal structure (labeled O, in Figure 3)
exhibited more flexibility resulting from a switch between three different hydrogen bonding
interactions with the side chains of E272, Q283 and E259 (Figure 3C,D). This phenol ring is
oriented towards the flexible () loop, which might contribute to its flexibility. Hydrophobic
interactions with 1341, 1281 and G284 contribute mostly to the low energy of this binding
mode (Figure 3A). The binding mode of BPA2, in contrast, displays much higher RMSF
values (Figure 3B). The BPA2 molecule even escaped its binding site in two out of three
MD replicates, in one run after ca. 60 ns and in another after ca. 70 ns. The BPA2 molecule
only remained at its crystallographically observed binding site in one MD run, making
intermittent hydrogen bonds with H266, S464 and 1267. For the BPA1 binding mode,
the total MM /GBSA energy was —31.0 £ 3.1 kcal/mol, whereas this value amounted to
—20.2 £ 3.9 kcal/mol for the BPA2 binding mode.

BPA1 2.12

C
E272
Qa3 I | | |Fe2

E259
E272 \
Q283 | MD2

E259 [N

E272 [

Q23| I s

E259

H266

464 [T AT I =

1267 Bl
0 20 40 60 80 100 01

time [ns]

Figure 3. MD analysis of the BPA binding mode. (A) Depiction of the BPA binding pocket including
the most important residues that take part in ligand binding based on the computed per-residue
MM/GBSA energy. Residues are labeled with their respective MM /GBSA energies in k] /mol (BPA1
blue, BPA2 green). (B) RMSF values mapped onto the BPA structures (color coding from blue (low
values) over green to red (high values)). The RMSF values in A are indicated next to the atoms.
(C) Occurrence of the three most frequent hydrogen bonds of BPA observed over the time course of
the three MD replicates for BPA1 and one replicate for BPA2 (pink). (D) Representative conformations
of BPA1 in the ligand binding pocket. Hydrogen bond interactions are indicated in yellow.

MD simulations of the BPB binding mode also resulted in relatively low RMSF values
indicating a stable binding mode in the 100 ns time period (Figure 4B). The hydrogen
bonding interaction of the O, phenol ring with the side chain of 5289 is observed in most
frames of the MD simulations, in particular in replicas 1 and 2 (Figure 4C). Other hydrogen
bonding contacts are only occasionally observed. Hydrophobic interactions with C285,
R288 and 1341 contribute most strongly to the stability of this binding mode (Figure 4A). A
total MM/GBSA energy of —30.0 & 2.9 kcal/mol was obtained for the BPB binding mode.
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Figure 4. MD analysis of the BPB binding mode. (A) Depiction of the BPB binding pocket includ-
ing the residues that are most important for ligand binding based on the computed per-residue
MM/GBSA energies. Residues are labeled with their respective MM/GBSA energies in kJ/mol.
(B) RMSF values are mapped onto the BPB structure (blue to green to red). The RMSF values in A are
indicated next to the atoms. (C) The occurrence of the three most abundant hydrogen bonds of BPB
mapped over the time course of three MD replicates. (D) Representative conformations of BPB in the
ligand binding pocket. Hydrogen bond interactions are indicated in yellow.

The binding mode of BPA observed in the PPARy x BPA crystal structure is stabi-
lized by interactions with the () loop, a flexible loop that is fixed in one conformation by
crystal packing interactions in this crystal structure. Since these crystals were obtained
by co-crystallization of PPARy with BPA, it might be that ligand binding stabilized the
observed conformation of the () loop and induced the formation of the obtained crystals.
Nevertheless, the BPA binding mode is in turn also indirectly stabilized by crystal packing
interactions and it might be that other low-energy binding modes exist in the LBP. For
the BPA derivative TCBPA, a binding mode near C285 has been previously observed [30].
Therefore, we modeled BPA in a binding mode resembling that of TCBPA and studied its
stability and interactions via MD simulations (Figure 5).

An analysis of the RMSF values shows that this binding mode is the least flexible in
the MD simulations (Figure 5B). The TCBPA binding mode is similar to the BPB binding
mode (Figure 2F) in particular concerning the phenol group that interacts by hydrogen
bonding with 5289. This hydrogen bonding interaction is also the most frequently observed
hydrogen bonding interaction in the MD simulations of BPA in the TCBPA binding mode
(Figure 5C,D). As for BPB, the interactions with C285, R288 and 1341 contribute most
strongly to this binding mode. A total MM /GBSA energy of —27.9 + —2.3 kcal /mol was
obtained for the BPA-TCBPA binding mode.

3.4. Conservation of the BPA and BPB Binding Sites in Other Species

Exposure to plasticizers is not only a concern for human health, the leaking of these
compounds into the environment might also affect animal wildlife. We therefore studied
the conservation of the BPA and BPB binding sites in different species (Table S3) [17]. We
checked residues that are within 5 A distance from each ligand. Following the overall
evolutionary distance, these residues are highly conserved in the investigated vertebrates,
but differences occur in fish (Figure S4).
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Figure 5. MD analysis of the BPA bound in the TCBPA binding pocket. (A) Depiction of BPA in
the TCBPA binding pocket including the most important residues for ligand binding based on the
computed per-residue MM/GBSA energies. Residues are labeled with their respective MM/GBSA
energies in k] /mol. (B) RMSF values are mapped onto the BPA structure (from blue over green to red).
The RMSF values in A are indicated next to the atoms. (C) The occurrence of the three most abundant
hydrogen bonds of BPA mapped over the time course of three MD replicates. (D) Representative
conformations of BPA in the TCBPA binding pocket. Hydrogen bond interactions are indicated
in yellow.

4. Discussion

Crystal structure analysis of the binding modes of BPA and BPB on PPARy showed
that these ligands bind to the LBP, but fail to interact with Y473 of helix 12. PPARy ligands
which make polar interactions with Y473 can stabilize helix 12 in an active conforma-
tion, increasing the affinity for interaction of co-activator proteins binding to the AF2
surface. This is considered a key interaction that determines the activity of full agonists
such as fatty acids as endogenous ligands or synthetic agonists such as rosiglitazone (Fig-
ure 2H) [13,65,66]. The plasticizer metabolites MINCH and MEHP also interact with Y473
(Figure 2G), and their agonistic activity on PPARy signaling probably depends on this
interaction [17]. Binding of BPA was observed at two sites: (1) in the () pocket and (2)
outside the LBP (Figure 1). The latter binding mode is supported by direct crystal contacts
(Figure S3), and MD simulations indicated a low stability of BPA bound at this site in the
absence of crystal contacts (Figure 3B). The magnitude of the calculated total MM /GBSA
energy is —20.2 & 3.9 kcal/mol, significantly smaller in magnitude than that of the other
binding modes. These findings indicate that the BPA2 binding mode is not physiologically
relevant.

The BPA binding mode in the LBP is supported by the flexible () loop, which is
stabilized in the PPARy x BPA crystal structure by crystal packing contacts and interaction
with the ligand. In the MD simulations, this binding mode was quite stable, in particular
the interaction with 1341 and G284, whereas the other phenol group that interacts with
the () loop was more flexible. We also showed that BPA modeled in the binding mode
observed for TCBPA [43] has high stability in the MD simulations, as indicated by its low
RMSF values. While the binding energies of the BPA1 and BPA-TCBPA binding modes
are overall similar, the former is slightly preferred energetically. This is in agreement with
the observation of only the BPA1 binding mode in the PPARy x BPA crystal structure.
The two binding modes are too closely spaced to be occupied simultaneously. It was
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previously shown that the halogenated BPA derivatives TCBPA and TBBPA activate PPARy
at micromolar concentrations, whereas no significant effect was observed for BPA up to
10 pM concentration in this assay [43]. BPB bound to PPARY in a similar binding mode to
that of TCBPA (Figure 2F), and the MD simulations indicated this binding mode has good
stability (Figure 1B).

Although the binding modes and interactions of agonists, antagonists and inverse
agonists with PPARy have been characterized in many studies, it is difficult to predict
the influence of the BPA and BPB binding modes observed in this study on PPARYy trans-
activation activity. This is due to the fact that the conformational changes involved in
PPARYy activation of full and partial agonists as well as antagonists or inverse agonists
are not well understood. It was previously shown that partial agonists, which fail to
stabilize the active helix 12 conformation because of a lack of Y473 interaction, instead
stabilize the (3-sheet region and helix 3, which was indicated by the kinetics of amide
H/D exchange [65]. 1341, 5342 and M348 are part of the 3-sheet region of PPARy, and
the partial agonism of MRL-24 was attributed to these interactions [65]. Interaction with
1341 has a large contribution to all three BPA and BPB binding modes, as shown by our
per-residue MM /GBSA energy analysis (Figures 3A, 4A and 5A). These interactions and
the similarity of the BPB binding mode to that of TCBPA and TBBPA suggest that BPA
and BPB may exert partial agonistic activity through their binding modes. On the other
hand, it has also been demonstrated that small structural changes in ligand structure such
as a methine-to-nitrogen substitution can change an antagonist (GW9662) into an inverse
agonist (T0070907) [67]. These compounds covalently attach to C285 and bind near the BPA
or BPB binding sites (Figure 2I). Differential interactions of these compounds with R288
have been implicated in the observed differences in PPARY activity. Interactions with C285
and R288 also contribute strongly to the binding modes of BPB (Figure 4A) and of BPA
in the TCBPA site (Figure 5A) in the MD simulations. Differential stabilization of PPARy
conformational states for interaction with co-repressors and co-activators is the basis for the
differences between GW9662 and T0070907 in PPARY transactivation activity [67]. In the
present work, we could characterize the interactions of BPA and BPB with the active state of
PPARYy stabilized by co-crystallization with a co-activator peptide. This was important in
experimental work to obtain well-diffracting crystals. Elucidation of the binding modes of
bisphenols paves the way for a deeper understanding of how these compounds influence
PPARy signaling. Sensitive binding assays combined with biophysical studies in solution
may clarify these open questions.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390 /biom14060640/s1: Table S1: Alignment of human PPARy and
human ERRy; Table S2: Diffraction data and refinement statistics; Table S3: Sequence IDs used for the
alignment analyses shown in Figure S4; Scheme S1: Overview of the methodology used for the MD
simulations. Figure S1: Schematic representation of BPA, BPB, TCBPA, MEHP, MINCH, endogenous
(nonanoic acid) and synthetic (rosiglitazone, GW9662, T007090) PPARYy ligands; Figure S2: Electron
density of the () loop and the ligand binding sites; Figure S3: BPA2 binds at a crystal contact in the
PPARy x BPA structure; Figure S4: Amino acid sequence alignment of selected species for mammalian
orthologs (human, dog, pig, mouse, rat, and whale), for birds (chick), for fish (zebrafish and kryma), and
for reptiles (lizard).
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Abstract: Several natural compounds have been found to act as PPARy agonists, thus regulating
numerous biological processes, including the metabolism of carbohydrates and lipids, cell prolif-
eration and differentiation, angiogenesis, and inflammation. Recently, Cladosporols, secondary
metabolites purified from the fungus Cladosporium tenuissimun, have been demonstrated to display
an efficient ability to control cell proliferation in human colorectal and prostate cancer cells through
a PPARy-mediated modulation of gene expression. In addition, Cladosporols exhibited a strong
anti-adipogenetic activity in 3T3-L1 murine preadipocytes, preventing their in vitro differentiation
into mature adipocytes. These data interestingly point out that the interaction between Cladosporols
and PPARYy, in the milieu of different cells or tissues, might generate a wide range of beneficial
effects for the entire organism affected by diabetes, obesity, inflammation, and cancer. This review
explores the molecular mechanisms by which the Cladosporol/PPARy complex may simultaneously
interfere with a dysregulated lipid metabolism and cancer promotion and progression, highlighting
the potential therapeutic benefits of Cladosporols for human health.

Keywords: Cladosporols; PPARy agonists; proliferation; migration; apoptosis; lipogenesis

1. PPARYy: Gene Structure, mRNAs, Proteins, and Related Functions

Peroxisome Proliferator-Activated Receptors (PPARs) belong to nuclear receptor class
2 and usually remain inactive in the nucleus until they get in touch with the ligand to
which they bind. Three members of its own family, i.e., PPARx (NR1C1), PPARB /&
NR1C2), and PPARy (NR1C3), are included [1,2]. Similar to other nuclear receptors, the
protein sequence of PPARs includes three different structural and functional domains:
the N-terminal transactivation domain (AF1), the DNA-binding domain (DBD) and the
C-terminal ligand binding domain, which contains the ligand-dependent transactivation
function (AF2). The interaction of the ligand with the LBD (ligand binding domain) of the
PPARs generates, in its structure, a conformational change that, in turn, is responsible for
heterodimerization with the Retinoid X receptor (RXR) and, sequentially, the migration
of the activated receptor in the nucleus and the binding to the PPAR response element
(PPRE) on the DNA. This binding stimulates the transcription of various gene targets and,
consequently, the regulation of various biological processes [3]. Although PPARs show
structural analogies, they display distinctive functions due to different tissue distributions,
a differential response to specific ligands, and, finally, diverse biochemical features. PPAR«,
which is present in the liver, heart, and skeletal muscle, stimulates the fatty acid transport
and oxidation and, in such a way, regulates lipid metabolism [4]. PPAR{ /5, which is
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expressed in the skeletal muscle, adipocytes, macrophages, skin, and gastrointestinal
tissue, regulates lipid metabolism, but it is also involved in keratinocyte differentiation and
macrophage-derived inflammation [5]. Finally, PPARy, which is mainly expressed in the
adipose tissue, immune cells, and colon, is the master gene of adipocyte differentiation and
plays a significant role in controlling insulin resistance and energy homeostasis [6]. The
complexity of the PPAR family is, then, further increased as a result of the demonstration
that the four distinctive mRNAs originated in humans from the same PPARy gene through
the use of different promoters and alternative splicing. Among these, PPARy1, PPARY3,
and PPARy4 mRNAs produce the same protein product, namely, PPARY1 (477 aa), while
PPARY2 mRNA generates the PPARY2 isoform containing 28 additional amino acids
at the N-terminus (505 aa) (Figure 1) [6]. While the PPARy1 isoform is expressed in
various tissues including the skeletal muscle; pancreas; heart; colon; white (WAT) and
brown adipose tissue (BAT); immune cells, such as macrophages; and kidney, PPARy2
is strongly restricted to the adipose tissue, although a high-fat diet may also induce it in
other tissues [7,8]. Due to the characteristic tissue distribution, PPARY is considered to
be the master regulatory gene of adipocyte differentiation, playing a fundamental role in
fatty acid synthesis and the transport and formation of triglyceride depots [9]. Indeed, the
lack of adipose tissue in a PPARy-null mouse definitively confirmed the crucial function
of PPARY in this tissue [10]. Additionally, PPARy expression was also verified within the
WAT perivascular niche in an adipocyte ancestor population, and this discovery indicated
that it may display a crucial function in adipocyte self renewal [11]. Finally, maintaining
a mature adipocyte phenotype has been shown to require the presence of PPARY, since
its selective removal in this cell type led to survival for only a few days [12]. Beyond its
function in lipid metabolism and adipocyte differentiation, PPARY regulates the expression
of genes controlling glucose homeostasis and uptake, including Glutl, Glut4, and the
c-Cbl-associated protein (CAP) [13,14]. Moreover, PPARy modulates the synthesis and
secretion of various adipokines, such as adiponectin, resistin, leptin, and tumor necrosis
factor- (TNF-«, which controls insulin sensitivity [15-18]. Recent studies have shown that
PPARy can induce the expression of adipose-related factors FGF1 and FGF21, members of
the fibroblast growth factor family, which are able to maintain adipose homeostasis and
counteract insulin resistance [19,20]. Intriguingly, these factors can act in both autocrine
and paracrine manners, locally transmitting PPARY signals to stimulate adipogenesis and
sustain the insulin response [20]. It is very interesting that the distinct PPAR isoforms,
despite their structural and functional similarities, can display peculiar properties due to
their specific tissue distribution and selective responses to different ligands, thus generating
such a wide range of actions. In accordance with this reasoning, PPARY is, therefore, able to
activate the expression of different genes controlling glucose homeostasis including Glut1,
Glut4, and CAP, but at the same time PPARy also modulates the synthesis and secretion
of different adipokines (adiponectin, leptin, and TNF-«x) from the adipose tissue, thus
enhancing the insulin response. Therefore, it is reasonable to argue that, through PPARy
activation, different protein factors might stimulate distinctive pathways that, in turn,
lead to improved glucose homeostasis. A PPARy-driven targeted therapeutical approach
requires selective ligands that activate the receptor, resulting in beneficial effects in fighting
diabetes and obesity.

Furthermore, PPARY is involved in the differentiation of immune cells (antigen-
presenting myeloid dendritic cells and macrophages) and in the stimulation of both the
immunological response and metabolic processes. Indeed, in dendritic cells, the acti-
vated PPARy modulates lipid transport and metabolism, but also stimulates antigen
uptake, dendritic differentiation, cytokine production, and antigen presentation [21]. In
macrophages, PPARYy is involved in lipid metabolism and the differentiation of monocytes
into macrophages [22]. Additionally, PPARY is also involved in the polarization of M1
to M2 macrophages, thus blocking the secretion of proinflammatory cytokines, such as
TNEF-«, interleukin-1§3 (IL-13), and interleukin-6 (IL-6), and promoting anti-inflammatory
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effects [23]. This is achieved through a transrepression mechanism, which activates inflam-
matory genes such as NF-kB and AP-1 in the M1 macrophage.
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Figure 1. Schematic representation of PPARy gene, mRNA species, and protein isoforms.

Several studies demonstrated that PPARy can inhibit angiogenesis during the tumor
formation. For example, thiazolidinediones-activated PPARYy is able to arrest tumor an-
giogenesis and in vivo cell growth in ovarian carcinoma and pancreatic cancer [24,25].
In gliomas, a sustained PPARYy expression has been shown to positively correlate with
thrombospondin-1 (TSP-1) expression [26]. TSP-1, a glycoprotein present in the extra-
cellular matrix and involved in the growth and adhesion of cancer and epithelial cells,
counteracts angiogenesis also inhibiting tumor growth and metastasis formation [26].

It is well known that the dysfunction of nuclear receptors (NRs), due to their over-
expression or under-expression, mutations, truncations, post-transductional modifications,
and other events modifying the structure and the function of NRs, can induce the activa-
tion of different pathways and provoke the initiation and promotion of several cancers.
Understanding of these complicated processes usually provides unexpected solutions in
the therapeutic treatment of tumor patients. The expression of PPARYy has been reported
in various tumor tissues and cell lines. Targeting PPARY, indeed, through its activation
mediated by specific agonists, displayed an efficient cell growth inhibition [27,28]. As
mentioned above, PPARY is particularly expressed in the colon, where it plays a protective
role in in vitro and in vivo colorectal cancer (CRC) models [29-31]. In the gastrointestinal
tract, in fact, PPARYy inhibits cellular proliferation, promotes differentiation, and stimulates
apoptosis [32]. Several studies in mice and humans show that PPARy prevents tumor
initiation and progression, acting as a tumor suppressor gene [33]. In CRC-derived cells and
transplanted tumors in nude mice, PPARY activation, after the administration of selective
ligands such as thiazolinediones (TZDs), provoked cell growth inhibition, GO/G1 arrest,
and caspase-activated apoptosis [34,35].

It is reasonable to think that the multiple PPARY functions depend on the distinctive
binding mode of the selective ligands to the receptor ligand binding domain (LBD), which
causes the recruitment of distinct protein cofactors capable, in turn, of activating different
pathways involved in the control of metabolism, proliferation, or differentiation. The
choice to activate (or not) these pathways is also likely to be influenced by the amount
of the available receptors in a given cell, the chemical features of the ligands, and their
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affinity for the receptor. Ligands can induce conformational changes in the PPARy LBD,
thus affecting the recruitment of functional effectors (coactivators, corepressors, molecular
adapters, chromatin modifying enzyme activities, etc.), which, in turn, facilitates chromatin
opening and the activation of numerous target genes.

2. PPARY Activation by Natural and Synthetic Ligands

Although the first pioneering studies about PPARs date back to the 1950s, it was
necessary to wait until the 1990s to finally confirm the existence of PPARs through cloning
experiments carried out in the laboratory of Issemann and Green [36]. Afterwards, the
hunt started for finding natural molecules that bind specifically to PPARs, considered as
biological sensors capable of detecting environmental changes and developing an adaptive
response via modulated gene expression. Among the endogenous agonists of PPARs, the
first natural molecules were fatty acids and their derivatives, which are usually produced
by de novo lipogenesis, derived from lipolysis, or provided by the diet [37]. Dietary
lipids, including unsaturated fatty acids produced from plants, are able to activate all three
types of PPARs. Phospholipids usually activate PPARx, whereas 15d-PGJ2 prefers PPARy
and prostacyclin 12 binds to PPARB /8. Many studies have been carried out to identify
other endogenous lipids, such as PPARy ligands, but it has been difficult to define the
mechanisms by which these molecules can activate the receptor and generate biological
effects on lipid metabolism [38,39]. On the contrary, searching synthetic ligands for PPARy
was a more productive work, leading to the discovery of thiazolinediones (TZDs), potent
activators of PPARy with an elevated ability to sensitize cells to insulin stimulation [40]. In
1983, Ciglitazone was discovered as the first molecule displaying a certain ability of insulin
sensitizing, but its clinical use has never been approved because of its weak therapeutic
effect on diabetics [41]. Among TZDs, Rosiglitazone (BRL49653) was the first shown to
induce the differentiation of C3H10T1/2 stem cells into adipocytes. This was, indeed,
the first experimental evidence that PPARYy is a TZD target [42]. Later, Troglitazone was
synthesized and used in therapeutical protocols to sensitize diabetic patients to insulin,
stimulating glucose transport and metabolism. Afterwards, Pioglitazone followed and,
together with Rosiglitazone, was definitively approved for the clinical treatment of Type
2 Diabetes Mellitus (T2DM) patients in 1999. Unfortunately, the oral administration of
these molecules, which are able to strongly activate PPARy, provoked unwanted side
effects at the same time (weight gain, fluid retention, osteoporosis, cardiovascular diseases,
and bladder cancer) [43—46]. For these reasons, both Rosiglitazone and Pioglitazone were
removed from the market in the United States and Europe [47,48]. Despite these drawbacks,
TZDs have significantly advanced our understanding of diabetes management, particularly
T2DM. New powerful and sophisticated technologies promise to clarify every single aspect
of PPARy activation and signaling in tissues to regulate different and vital processes.
Many efforts will be led to develop novel molecules that will reduce or eliminate the
adverse effects associated with TZDs and improve insulin sensitization through new
PPARy-mediated molecular mechanisms.

PPARYy requires ligand binding to express its properties, inducing conformational
changes that facilitate the activated receptor entry into the nucleus. Hence, PPARYy het-
erodimerizes with RXR, which, in turn, is also bound by its specific ligand and, together
as the PPARy/RXR complex, they recognize the PPRE motif present in the promoter re-
gions of several gene targets, activating their transcription. In the absence of a ligand,
the PPARy/RXR complex associates with co-repressors like NCoR (nuclear receptor core-
pressor 1) and SMRT (silencing mediator of retinoic acid and thyroid hormone receptor),
inhibiting PPARy-mediated transcription. When an agonist binds to PPARYy, co-repressors
are removed from the PPARy/RXR complex and co-activators are recruited. Co-activators,
such as CBP (CREB-binding protein), MED1 (Mediator 1), SRC1 (steroid receptor coac-
tivatorl), SRC2, SRC3, and PGCl« (peroxisome proliferator-activated receptor gamma
coactivator 1), closely interact with the ternary PPRE/PPARy/RXR complex-promoting
transcription through modifying the chromatin structure and recruiting transcription fac-
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tors to the promoters of gene targets (Figure 2) [49]. Understanding how PPARYy ligands
enhance the signal transduction of the activated receptor and sustain the target gene
transcription requires focusing the binding mode of these molecules to the PPARy LBD.

Cytoplasm

No transcription

Nucleus

HDACs

Figure 2. Molecular mechanisms of the transactivation of PPARy-mediated gene transcription.

3. PPARY Full Agonists, Partial Agonists, and Antagonists: Distinctive Modes of Binding

Similar to most nuclear receptors, beyond the other structural and functional domains,
PPARY shows a highly complex and conserved LBD at the C-terminus. Within this large
domain (formed by about 270 amino acids) are included four subdomains displaying
different functions. Firstly, there is an additional dimerization module, which is different
from the one in the DNA-binding domain and works in a DNA-dependent manner. Af-
terwards, within the LBD is located the ligand binding pocket of PPARy, which stabilizes
the structure of the domain [50]. Thirdly, a surface necessary to recognize and bind to
transcriptional co-regulators has been revealed. Finally, a fourth subdomain was found in
the LBD, bearing the activation function 2 (AF2), which is responsible of the stabilization of
the ligand-activated PPARy, permitting the interaction with transcriptional co-regulators.
Among these functions, the one showing the most evident differences, also compared to
other nuclear receptors, is properly the ligand binding pocket. Both the primary structure
and volume of the cavity of the PPARy LBD pocket are really different from the classic nu-
clear receptors and even other PPAR family members, suggesting that in the tridimensional
structure of the PPARy ligand binding pocket resides a specific sensitivity towards certain
ligands. Indeed, the PPARY ligand binding pocket is the largest among the other nuclear
receptors. The fundamental work of Nolte’s group in 1998 confirmed these previous details
and proposed additional new evidences about the PPARy LBD pocket, which proved to be
truly important to understand its function [51]. On the basis of this study, the first X-ray
crystal structure of PPARy was obtained, and, hence, we learned about many features of the
PPARY ligand binding pocket. For example, now we know that this subdomain occupies
the center of the PPARy LBD and can be described as a large Y- or T-shaped cavity (its size
is approximately 1200 A%) formed by 13 a-helices and four B-sheet strands. It is divided
into three branches with different abilities and specific sensitivities towards various ligands
(Figure 3). The first branch, surrounded by the H3, H5, H11, and H12 helices, displays a
hydrophilic feature that interacts with the acidic head group of ligands like Rosiglitazone, a
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well-known member of the thiazolidinedione TZD family. Branch I is located very close to
the H12 helix, which is part of the activation function-2 (AF-2) co-regulator binding surface
and is stabilized through ligand-dependent conformational changes. Branch II, formed by
the H2/, H3, H6, and H7 helices and a (3-sheet, is, instead, strongly hydrophobic. Branch
III, finally, delimited by a 3-sheet and the H2, H3, and H5 helices, has both hydrophilic
and hydrophobic features. Understanding the differential structures within the PPARy
ligand binding pocket has been crucial in identifying how various ligands interact with it
and elicit specific biological responses. Researchers have extensively studied which ligands
enter each branch and how they bind to specific side chains of amino acids within the
pocket. These interactions ultimately determine the ligand’s biological effects and have
guided the development of new PPARY ligands with peculiar desired actions.

Branch | Branch llI

Branch Il

Rosiglitazone

Figure 3. Localization of the different branches in the PPARy LBD. The branches of the ligand binding
pocket have been labelled with Roman numerals. The interaction of full agonist Rosiglitazone to
PPARY is also reported. Rosiglitazone is located around helix 3 (PDB-4XLD modified by Lupo et al.).

Starting from the early 2000s, the clinical use of TZDs as activators of PPARYy has
significantly impacted the management of dyslipidemia and diabetes [52]. Rosiglitazone,
the first TZD used in patients affected by T2DM, was demonstrated to show high efficiency
in enhancing insulin sensitivity and controlling the peripheral uptake of glucose [53]. In
addition, Rosiglitazone treatment caused a strong reduction in circulating fatty acids and
other proteins involved in cardiovascular disease [54]. Other members of the TZD family
have been, successively, used as insulin sensitizers in the treatment of T2DM patients,
raising great hopes for a targeted diabetes therapy. The thiazolidinedione head group
is a crucial feature of TZDs for entry and binding to the hydrophilic part of branch I,
limited by the H3, H5, H6, and H12 helices. Rosiglitazone, fitting this model perfectly,
enters the PPARYy cavity and binds to the side chains of certain amino acids within the
LBD pocket, stabilizing the fluctuating and dynamic H12 helix through hydrogen bonds
residues H323, H449, and Y473 on the inner surface of helix 12 (Figure 4). This stabilization
promotes the engagement of coactivators and PPARYy transactivation [55]. Rosiglitazone
contacts other areas of the PPARy binding pocket, turning all around the H3 helix and
placing itself perpendicular to it. In such a way, Rosiglitazone also increases binding
affinity through hydrophobic interactions and van der Walls contacts with amino acid
residues of H3, H5, H6, and H7 and the (3-sheet lying on branches II and III of the PPARy
binding pocket [55]. Ligands like Rosiglitazone, which bind to the same subdomain of
the PPARYy pocket with the same mechanism, have been defined as PPARy full agonists.
In transient transfection assays carried out in HEK293 cells (which do not express any
type of PPARY), only in the presence of ectopic receptors and chimeric plasmids bearing
PPRE motifs upstream of the reporter luciferase gene, PPARY full agonists display maximal
PPARy-induced transcriptional activity. This suggests that they are able to elicit and orga-
nize a stable surface onto the AF2 domain for the coactivator recruitment in the proximity
of most PPARYy target genes. Additional TZD members, such as Troglidazone, Pioglita-
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zone, Rivoglitazone, and variants of the same pharmacocore were used in the treatment of
T2DM patients, and all behave as PPARYy full agonists. Although they showed a strong
potential as insulin sensitizers in T2DM patients, due to their high affinity for binding
to PPARYy, they were withdrawn from market, because different adverse side effects in
TZD-treated patients affected by T2DM have been evidenced. Among these, renal fluid
retention, heart failure, bone fractures, hepatotoxicity, and cancer raised particular interest
and, at the same time, strong concern. Indeed, observational trials focusing on the use
of Pioglitazone and Rosiglitazone indicated that some of these side effects are common
(fluid retention, congestive heart failure, and bone fractures), thus suggesting that these
effects were mediated by PPARy [56,57]. Conversely, a meta-analysis, carried out in other
clinical studies, demonstrated that Rosiglitazone had negligible effects on cardiovascular
events like infarction or heart failure, whereas Pioglitazone reduced cardiovascular disease
risk [44,58,59]. Moreover, a relevant risk of causing bladder cancer was evidenced in
Pioglitazone-treated patients, while no carcinogenic effect was detected with Rosiglita-
zone [60,61]. Troglitazone, in contrast, was associated with hepatotoxicity, an effect not
revealed with Rosiglitazone or Pioglitazone [62,63]. Altogether these findings strongly
suggest that part of the effects of TZDs were attributable to the primary target of the drugs
(PPARYy), the adverse effects were probably generated from the secondary targets of TZDs.
For example, it has been reported that PPARYy full agonists, like TZDs, can interact with
other nuclear receptors or functional proteins causing additional side effects [64-66]. It is
conceivable that a differential distribution in the tissues and organs of the targets of PPARy
full agonists can lead to different effects, including adverse effects. It is also noteworthy to
consider that many experiments to identify PPARy full agonists have been carried out in
in vitro systems (for example, cellular models or cell-free systems), but only a comparison
with in vivo models could confirm or refute these results. The studies of PPARY full agonist
effects in animal models, including in mouse or, even more significantly, human models,
should not neglect a deeper understanding of the distribution and concentration of PPARy
in the various tissues, as well as its own activation in the metabolism and in the regulation
of vital processes.
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Figure 4. Crystal structure of Rosiglitazone bound to the PPARy LBD (PDB: 2PRG). H12 is shown in
orange. The ()-loop, a flexible loop region between H2' and H3, and the 3-sheet region of the LBD
are displayed.
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Bearing in mind the difficulty of fully managing these contradictory results, it was
necessary to implement a strategy to distinguish between the beneficial and adverse effects
caused by PPARy full agonists. With this aim, many efforts have been conducted to
investigate new PPARYy ligands, permitting the isolation and identification of the primary
PPARYy target genes that cause beneficial consequences in controlling glucose resistance
from those responsible for adverse side effects. Several molecules capable of partially
activating PPARy-mediated gene transcription were identified and named PPARy partial
agonists to distinguish them from full agonists [67]. Partial agonists do not usually occupy
branch I of the PPARy LBD pocket, which is surrounded by the H3, H5, H11, and H12
helices. Instead, they often enter branch II (delimited by H2, H3, H6, and H7 and a 3 sheet)
and may also occupy part of branch III (enclosed by H2, H3, and H5 and a {3 sheet). The
common feature of these different partial agonists consists in the exclusion of the fluctuating
H12 helix, resulting in no contact with the H12 residues unlike full agonists. Most of the
partial agonists prefer to occupy the space between the H3 helix and 3-sheet, interacting
with specific amino acid residues belonging to these two structures and, consequently,
preferentially stabilizing the 3-sheet region rather than the H12 helix [68]. Data obtained
by nuclear magnetic resonance (NMR) spectroscopy and hydrogen—deuterium exchange
(HDX) mass spectrometry indeed suggest that other PPARy protein domains may play a
role in the partial agonist-mediated receptor activation. Specific co-regulators, recruited
by partial agonist binding, recognize the new interacting surfaces on PPARy, inducing,
in such a way, a partial or, more precisely, graded transcription, which is directed at a
restricted set of PPARYy target genes. A seminal study carried out by Oberfield’s group
in 1999 identified one of the first PPARy partial agonisst, reported as GW0072 from the
thiazolidine family (Figure 5A) [69]. The crystal structure of the PPARy LBD/GWO0072
complex clarified that this partial agonist occupied the region close to the H3 and H7 helices
and the 3-sheet, without interacting with residues H323, H449, and Y473 present on the
inner surface of H12. This lack of interaction prevented the conformational changes in
the H12 helix necessary for its stabilization. Similar binding patterns to the PPARy LBD
have been observed for other classes of partial agonists. nTZDpa (Figure 5B) and MRL24
(Figure 5C), belonging to the indole family compounds, interact with H3 through hydrogen
bonds with Cys285 and Arg 288 and with the (-sheet region through hydrogen bonds
with Ser242 and Ile341. These interactions allow them to occupy branches II and III of the
PPARy LBD pocket rather than branch I, stabilizing helix H3 and the 3-sheet, resulting
in a partial activation of the PPARy pathway [70]. Telmisartan, an angiotensin II type
I receptor inhibitor used to control blood pressure and treat cardiovascular diseases, is
another example of a PPARY partial agonist [71]. This molecule from the benzimidazole
family binds to PPARy in a manner similar to Rosiglitazone, wrapping around the H3 helix
and making contact with the H3 helix through one of its benzimidazole group (Figure 5D).
Unlike nTZDpa and MRL24, Telmisartan occupies branch I of the PPARy LBD pocket rather
than II and III, making a weak contact with H12. Although Telmisartan forms a hydrogen
bond to the H12 residue Tyr473, this interaction is weaker than that brought about by
Rosiglitazone due to the different distances between the groups. As a result, Telmisartan is
unable to stabilize the dynamic H12 helix and to stimulate a full transcriptional activity,
categorizing it as a partial agonist of PPARy. INT131, a novel partial agonist of PPARy
from the sulfonamide family, fills the pocket space by inserting itself at the boundary of
branches I, II, and III, partially wrapping around the H3 helix (Figure 6A) [71]. INT131
weakly binds to Tyr327 and makes hydrophobic contacts with Met364 of H3, Leu330 of H5,
and Ile341 of the 3-sheet. Altogether, these investigations demonstrated that full PPARy
agonists, such as TZDs, utilize an H12-dependent mechanism to recruit co-regulators
and modulate the transcriptional response. In contrast, PPARy partial agonists, such as
GWO0072, MRL24, Telmisartan, INT131, and others that have not been mentioned here, use
an H12-independent mechanism to stimulate the transcription of target genes through the
involvement of specific transcriptional co-modulators [72,73].
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Figure 5. Crystal structures and PoseView maps highlighting key interactions of various ligands to
the PPARy LBD: (A) GWOQO?72 (PDB: 4PRG); (B) nTZDpa (PDB: 2Q5S); (C) MRL24 (PDB: 2Q5P); and
(D) Telmisartan (PDB: 3VN2). H12 is shown in orange.
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Figure 6. Crystal structures and PoseView maps highlighting key interactions of various ligands
bound to the PPARy LBD: (A) INT131 (PDB: 3FUR); and (B) GW9662 (PDB: 3B0R). H12 is shown
in orange.

The studies on natural or synthetic PPARy ligands, both full and partial agonists, car-
ried out through crystal structures analysis, strongly support the idea that these molecules
differentially occupy the three branches of the PPARy LBD pocket. In addition, it has been
largely demonstrated that these ligands usually share common spaces in the PPARy LBD
pocket, being in competition for the occupancy of it [74-79]. Biological competition assays
in the presence of GW9662, an irreversible PPARy antagonist, have been instrumental
in elucidating the behavior of PPARYy ligands and the related biological consequences.
GW9662 covalently binds to Ser285 of the H3 helix, a key residue in branch I of the PPARy
LBD pocket, thereby causing the exclusion of any other ligand from occupying this site
(Figure 6B). Numerous natural and synthetic PPARy agonists have been, indeed, identified
and characterized for their ability to occupy the same canonical site in branch I of the T-
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or Y-shaped PPARy LBD pocket [75-79]. The use of GW9662 or other PPARYy antagonists
like T0070907 in biological competition experiments has provided significant insights into
the interactions between PPARy and new ligand molecules. These studies have elucidated
the functions of full or partial agonists in the activation of PPARy-mediated gene tran-
scription and their beneficial effects on the metabolism, cell proliferation, and other vital
processes. Recent work by Hughes’s group demonstrated that PPARy ligands, in addition,
might interact not only with the canonical site but also with an alternate or allosteric site
within the PPARy LBD (Figure 7) [80,81]. This allosteric site partially overlaps with the
canonical cavity near the 3-sheet belonging to branch II but is more specifically located
in the solvent-exposed space near the H3 helix, limited by the ()-loop. Three interaction
modes with the alternate site by the PPARy ligands have been proposed. Firstly, a ligand
that binds to the canonical (orthosteric) site may also bind to the alternate site, but at lower
concentrations. Studies on the synthetic PPARYy ligands MRL20 and MRL24 revealed a
differential modulation of these two sites in the LBD pocket, with a higher affinity (nM) for
the canonical site versus a lower affinity (uM) for the alternate site. This differential binding
may generate a more regulated biological response by these synthetic PPARy ligands. In the
second binding mode, the alternate or allosteric site becomes relevant when the canonical
or orthosteric site is occupied by a PPARy antagonist (GW9662 or T0070907) [76]. Indeed,
daidzein, a PPARy agonist, displayed a stronger neuroprotective effect through ligand
binding independent activation when the canonical site in the PPARy LBD pocket was
blocked by a PPARYy antagonist [82]. The third model involves endogenous ligands, such as
oxidized fatty acids, which covalently bind to the canonical site. In this scenario, the alter-
nate site is also targeted by the same ligands, leading to allosteric control by these PPARy
ligands, thus increasing the beneficial effects in terms of anticancer properties [83]. This
regulatory mechanism is often observed in cancer cells, which increase lipid biosynthesis to
sustain their proliferation. Binding to the alternate site of PPARYy by fatty acids, produced
by de novo biosynthesis or massively derived from diet, may support anti-cancer effects.
The existence of two different sites within the PPARy LBD pocket is plausible, given that
the ligand binding domain of PPAR is larger than that of other nuclear receptors and can
accommodate more than just one molecule. The presence of a second functional binding
site in the large cavity of the PPAR receptor binding domain could reasonably explain the
side effects, especially those from synthetic ligands as partial PPAR agonists competing
with full agonists such as Rosiglitazone. Although it is intriguing that there is a regulatory
site, i.e., an alternate site, that can influence the structure and function of PPARy through
the binding of new ligands, this hypothesis, however, still remains under investigation
and not fully accepted. Few works have demonstrated the concomitant occupancy of both
canonical and alternate sites by PPARy ligands [74,84]. Further studies will be necessary
to better explain how multiple molecules can bind to PPARYy, the mechanisms inducing
conformational changes in the receptor structure, and the specific and differential biological
effects these interactions provoke.

Recently, we have focused on determining the specific biological features of Cla-
dosporols, a family of compounds acting as PPARy ligands in regulating cell proliferation
and migration in cancer. The study of these natural molecules, extracted from Fungi,
furnished the clear demonstration that much can be learned from them and from other
potential PPARy ligands. This research promises to reveal new modes of binding and
generate new hypotheses to explain the differential ability of promoting the activation or
repression of the PPARy-dependent gene expression program.
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Figure 7. Structural locations of PPARy orthosteric pocket and alternate site. (A) The T- or Y-shaped
orthosteric pocket can accommodate one or more natural ligands such as nonanoic acid (C9; yellow
sticks; PDB: 4EM9) and synthetic ligands such as Rosiglitazone (pink sticks; PDB: 4EMA) or T2384
(light and dark blue sticks representing different crystallized binding modes; PDB: 3K8S, chains A
and B, respectively). (B) The orthosteric pocket (the white pocket surface) is completely enclosed
within the alpha helical sandwich fold of the ligand binding domain (LBD). Ligands such as T2384
(orange sticks; PDB: 3K8S, chain B) can also bind to a solvent-accessible alternate site (the orange
pocket surface) distinct from the orthosteric pocket, structurally defined as the region between helix
3 (H3) and the flexible O)-loop (the dotted line separating the region internal to the LBD with a gray
background and external to the LBD with a light orange background). From “Cooperative cobinding
of synthetic and natural ligands to the nuclear receptor PPARy” by Shang et al. (2018) eLife [81]. This
article is distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use and redistribution provided that the original author and source are credited “CC BY
4.0".

4. Natural PPARYy Ligands: Cladosporols as the Model of a PPARy Ligand

Cladosporols A and B, part of a small family of compounds, have been identified
and isolated as secondary metabolites of Cladosporium tenuissimum (Figure 8) [85,86]. The
selected fungal strain ITT21, derived from the destructive mycoparasite Cladosporium tenuis-
simum Cooke, was recovered from Cronartium flaccidum aeciospore samples collected in
1996 on Pinus pinaster in Tuscany (Italy) [85]. This fungus effectively controls the develop-
ment of diseases in the field by parasitizing spores of rusts and other harmful plant fungal
pathogens [86]. Cladosporols almost totally inhibit spore germination in various rust fungi,
such as Cronartium flaccidum, Melampsora pinitorqua, and Uromyces appendiculatus, and de-
crease the radial growth of non-rust fungi, as in colonies of a phytopathogenetic fungi, like
Cercospora beticola, Botrytis cinerea, and Alternaria alternata, and among Oomycota, Phytophtora
erytroseptica, Phytophtora cinnamomi, and Phytophtora capsici. They also influence the growth
of human pathogenetic strains of Candida sp. The antifungal properties of Cladosporols is
likely to be associated with the intrinsic toxicity of the 2-tetralone chromophore and their
highly reactive functionalities, such as the epoxy—alcohol moiety, which shares structural
features with (+)-isoepoxidon, a well-known (3-1,3-glucan biosynthesis inhibitor [87].

78



Biomolecules 2024, 14, 998

Ho H OH

H

0O OH O OH
Cladosporol A Cladosporol B

Figure 8. Chemical structures of Cladosporols A and B.

In our initial studies, we showed that Cladosporol A inhibited colorectal cancer (CRC)
cell proliferation, particularly in HT-29 cells, by inducing a G1 phase arrest. This was ac-
companied by the simultaneous elevation in p21wafl/cipl protein levels and the decrease
in some cell cycle regulators (cyclin D1, CDK2, and CDK4) [88]. In addition, we identified
Cladosporol A as a new PPARy ligand and characterized its antiproliferative proper-
ties, demonstrating that it activated p21wafl/cip1 gene expression in an Spl-dependent
manner [89]. We also showed that Cladosporol A directed 3-catenin to proteasomal degra-
dation, reducing the nuclear protein level and, in turn, the transcription of oncogenetic
target genes (c-myc and cyclin D1). (3-catenin typically forms a complex with E-cadherin,
generating cell—cell interactions and preserving the epithelial features of cells. We re-
vealed that E-cadherin was a PPARYy target in HT-29 cells, further supporting the role of
Cladosporol A as a new compound with antiproliferative and antimetastatic potential (Fig-
ure 9) [89]. Subsequently, we investigated the biological properties of Cladosporol B, the
oxidized form of Cladosporol A. Cladosporol B also appeared to display antiproliferative
and pro-apoptotic characteristics. Our studies demonstrated that Cladosporol B showed
anticancer properties in HT-29 cells, which were not only dependent on the arrest of the cell
cycle in the GO/G1 phase but also on a strong activation of programmed cell death [90]. The
effects of Cladosporol B were more pronounced than those of Cladosporol A and appeared
to be related to a different affinity for the PPARy LBD, which is associated with a reduced
potential for PPRE-mediated transactivation. The structural analysis of the binding of
Cladosporols A and B to the PPARy LBD domain revealed that Cladosporol B formed
interactions with different amino acids compared to Cladosporol A and Rosiglitazone [90].
In particular, it emerged that, while Rosiglitazone was arranged perpendicular to the H3
helix, Cladosporol A assumed a north—south orientation parallel to the H3 helix, forming
hydrogen bonds with the amino acid residues Y473, H449, and H327 with consequent
stabilization of H12. On the contrary, Cladosporol B did not directly contact the H12 helix
but stabilized the H3 helix through hydrophobic interactions with residues belonging to
this helix (5289, F282, Q283, and Q286) (Figure 10) [90]. This different binding mode altered
the LBD region structure, exposing new receptor surfaces and favoring their stabilization,
which is necessary for the recruitment of the different transcriptional complexes. In other
words, the different way of binding to the receptor with the recruitment of different co-
regulators could lead to a distinctive activation of the genes eliciting specific biological
functions [90]. Other compounds have been shown to display the same binding mode of
Cladosporol B (when compared to the full agonist rosiglitazone) demonstrating reduced
transactivation ability and stronger antiproliferative activity, typical features of partial
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agonists [91-94]. In detail, the weak interactions of these PPARy partial agonists occur
within the LBD pocket, with residues residing at a considerable distance from the H12
helix. The distance between Cladosporol B or similar partial agonists and the H12 helix
is remarkable, thus preventing the binding to the three residues H323, H449, and Y473,
which are characteristic of Rosiglitazone’s full agonism, and the maximal transcriptional
activation of the target genes. Ligand docking assays suggested that the binding mode
of these partial agonists rather implies the involvement of the side chains of the residues
exposed from H3 and H11 and the 11/12 loop, preferably stabilizing H3 through hydropho-
bic bonds to the specific amino acids belonging to this helix (5289, F282, Q283 and Q286).
The authors of these studies proposed designating this hydrophobic region in the branch I
cavity of the PPARy LBD pocket as the “diphenyl pocket”, suggesting that the stabilization
of H3 is a specific feature and a crucial requirement of the partial agonists binding to the
PPARy LBD pocket. Beyond the classifications proposed by the different research groups,
based on the type of binding and the specific branch of the pocket occupied by the different
ligands (agonists, antagonists, or partial agonists), it is reasonable to conclude that most
of the partial agonists do not occupy branch I of the pocket but prefer branches II and IIT
between the H3 helix and the (3-sheet, primarily stabilizing the H3 helix. Full agonists,
instead, are closer to H12, making strong contacts with His 323, Tyr 473, and His 449. Some
partial agonists may also occupy branch I of the pocket like rosiglitazone, but they no
longer contact the His 323, Tyr 473, and His 449 triad. Although some contacts have been
demonstrated for some partial agonists with H12, these interactions do not involve the
triad, because the distance does not allow any bonding. In summary, we may conclude that
partial agonists, like Cladosporol B, ureidofibrate-like derivatives, or chiral phenoxyacetic
acid analogues, by moving away from the H12 helix and closer to the H3 helix, stabilize
the latter instead of the former, thereby exposing novel interfaces with other hypothetical
co-regulators of transcription different from those of full agonists [91-94].

Proteasomal
degradation

\ S
Cell cycle arrest

Figure 9. Cladosporol A actions regulating cell proliferation in colon cancer-derived cells. (1) Increase
in p21wafl/cip1 transcription mediated by PPARy and Sp1. (2) Down-regulation of cyclin D1, cyclin
E, CDK2, and CDK4 expression and their phosphorylation activities. (3) Down-regulation of the
[-catenin-dependent target gene transcription, i.e., cyclin D1 and c-myc. (4) PPARy-dependent
increase in E-cadherin mRNA transcription. (5) Proteasomal degradation of PPARy and [3-catenin.
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Figure 10. Docking of Cladosporol A (green stick) and Cladosporol B (violet stick) into the PPARy
LBD. The O-loop, a flexible loop region between H2 and H3, and (3-sheet region of the LBD
are displayed.

5. Different Tissues, Different Biological Processes, but a Unique Target: PPARYy

Considering the aforementioned results, which elucidate the differential interaction of
Cladosporols with PPARy and the regulation of crucial biological processes, we further
investigated the properties of Cladosporols A and B in 3T3-L1 cells through an in vitro
murine model of preadipocytes committed to differentiation. Our study demonstrated
that Cladosporols A and B inhibit adipogenesis in 3T3-L1 preadipocytes, which have the
ability to differentiate into mature adipocytes. Specifically, both Cladosporols prevented
the mitotic clonal expansion (MCE) of preadipocytes by arresting the cell cycle in the
GO0/GI1 phase [95]. Using real-time polymerase chain reaction (PCR) and western blotting
analyses, we also verified that the mRNA and protein levels of early and late adipogenetic
markers (PPARy and C/EBP«; aP2; and FASN) were significantly reduced by treatment
with Cladosporol A or Cladosporol B (Figure 11).
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Figure 11. Cladosporol actions on 3T3-L1 cell differentiation and HT-29 CRC cell proliferation
and migration.

Given the role of adipose tissue and its fatty acid depots in the tumor microenvi-
ronment, we investigated whether secreted factors (adipokines) from 3T3-L1 cells could
influence HT-29 cell growth, invasion, and migration. We demonstrated that the prolif-
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eration and migration of HT-29 cells were inhibited by a medium derived from 3T3-L1
cells cultured in the presence of Cladosporol A or Cladosporol B. Specifically, we found an
evident reduction in cyclin D1 and 3-catenin and a simultaneous increase in p21wafl/cipl
expression in the HT-29 cells, indicating an evident cell cycle blockage in the HT-29 cells
grown in the 3T3-L1 conditioned medium from cells exposed to either Cladosporols.
Moreover, a significant stimulation of apoptosis was revealed and, in fact, a reduction
in caspase-3 precursor levels was found in the HT-29 cells cultured in the conditioned
medium from 3T3-L1 cells previously treated with either Cladosporols, suggesting an
enhanced programmed cellular death. These findings prompted a molecular mechanism
through which a dysregulated lipid metabolism in mature 3T3-L1 adipocytes and can-
cer promotion and progression in HT-29 cells could simultaneously be influenced by the
use of the same therapeutic tool, i.e., Cladosporols [95]. Leptin and adiponectin are two
adipokines produced by mature adipose tissue that integrate peripheral and central signals,
but they also represent part of the milieu that stimulates the tumor microenvironment
and thus regulates the signaling pathways related to cancer progression. We analyzed
the presence of these important adipokines in 3T3-L1 cells and in the culture medium of
undifferentiated and differentiated 3T3-L1 cells treated with Cladosporol A or Cladosporol
B, respectively. Both Cladosporols reduced the leptin expression level in the cells and in the
medium, while being responsible for a decreased adiponectin expression in the cells, but
promoted adiponectin secretion in the medium [95]. These results strongly suggest that
Cladosporols can regulate the production and availability of crucial hormones that differ-
entiated adipocytes secrete in order to influence the biological properties of neighboring
cells. Our findings suggested a Cladosporol treatment-dependent break in the crosstalk
between 3T3-L1 mature adipocytes and HT-29 cells. The increased adiponectin synthesis
and secretion in the medium from differentiated 3T3-L1 cells treated with Cladosporol
A or Cladosporol B is responsible for the inhibition of HT-29 cell growth and migration
(Figure 11) [95].

More recent data also show that PC-3 cells, derived from metastatic prostate cancer,
were highly sensitive to the same regulation mediated by Cladosporol-treated 3T3-L1
adipocytes [96]. We firstly demonstrated that the inhibition of the growth of PC-3 cells,
caused by both Cladosporols A and B, is mediated by PPARy. This aligns with the results
from other studies indicating that targeting the PPARy2 isoform induces a strong apoptosis
in the most aggressive prostate tumor cells [97,98]. The inhibition of PC-3 cell prolifera-
tion was, indeed, obtained through an increase in apoptosis as proved by the diminished
expression of caspase-3, Bcl-2, and caspase-9, well-known apoptotic markers [96]. In addi-
tion, Cladosporols A and B, by regulating the expression of the proteins involved in cell
proliferation and migration (f3-catenin, E-cadherin, and MMP-9), were responsible for a
reduced capability of the PC-3 cells in proliferating and migrating [96]. Cladosporols A and
B modulated in the opposite manner the synthesis and secretion of leptin and adiponectin
in the 3T3-L1 cells. Therefore, when PC-3 prostate cancer cells were cultured in the medium
from Cladosporol-treated 3T3-L1 mature adipocytes, through an indirect mechanism both
Cladosporols also influenced the proliferation and migration of the PC-3 cells [96]. No-
tably, the higher concentration of adiponectin protein levels in the medium culture of
the Cladosporol-treated 3T3-L1 cells correlated well with the increase in the adiponectin
receptor 1 (Adipo-R1) expression in the PC-3 cells cultured in this Cladosporol-conditioned
medium from the 3T3-L1 cells [96]. These encouraging data interestingly indicated that
adiponectin, poured off in the medium from the 3T3-L1 cells treated with Cladosporols,
interrupts the dialogue between mature 3T3-L1 adipocytes and PC-3 cells in the tumor
microenvironment, promoting a strong inhibition of cell growth and migration [96].

Lipid metabolism and cancer are strictly related, and, thereby, a dysregulated
metabolism of lipids constitutes one of the most relevant hallmarks of cancer. To sustain
the excessive proliferation rate, cancer cells continuously need fatty acids for membrane
synthesis [99-101]. Prostate cancer cells, in particular, rely on increased de novo lipogenesis
to meet the demands for membrane synthesis, redox balance, and the energy storage
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and activation of the intracellular pathways. We investigated whether Cladosporol A
and Cladosporol B played a regulatory role in lipid metabolism. The exposure of PC-3
prostate cancer cells to Cladosporols dramatically inhibited lipid accumulation through
a negative regulation of the enzymes directly involved in lipid metabolism, including
acetyl-CoenzymeA carboxylase (ACC), fatty acid synthase (FAS), fatty acid binding pro-
tein 4 (FABP4), hydroxi-methyl-glutaril-CoenzymeA reductase (HMG-CoAr), and sterol
responsive element binding protein 1 (SREBP-1) [96]. Our experiments showed that the
Cladosporol treatments efficiently diminished the protein amount of these enzymes. Pre-
exposure to GW9662 led to an additional reduction, indicating that the negative regulatory
effect on lipid synthesis was due to Cladosporol binding to the PPARy LBD pocket [96].
Interestingly, the reduction in the synthesis of the enzymes involved in SREBP-1-mediated
cholesterol biosynthesis in PC-3 prostate cancer cells suggests that the inhibition of this
pathway, due to the Cladosporol-PPARy complex action, also impedes the de novo intratu-
moral biosynthesis of androgens. This is particularly relevant for prostate cancer re-growth,
when patients are usually kept in a low androgen concentration condition, because they are
under hormonal ablation therapy [102,103]. We may argue that the Cladosporol-PPARy
complex-mediated blockage of the metabolic pathway stimulating cholesterol synthesis
also inhibited the intratumoral de novo androgen biosynthesis in PC-3 metastatic prostate
cancer-derived cells.

Altogether, the results for cells deriving from different tissues allow us to state that, in
distinctive cell contexts, Cladosporols can modulate different biological processes through
the binding to the same molecular mediator, i.e., PPARy [95,96]. However, the mode
of binding to the PPARy LBD pocket, which determines the choice of the transduction
pathway that is primarily affected by the Cladosporol treatment, is quite different from
that described for PPARy full agonists. In accordance with this way of reasoning, the non-
canonical binding of Cladosporols into the PPARy LBD pocket could be the reason for their
ability to inhibit adipogenesis in 3T3-L1 cells and also to interfere in the lipid metabolism
dysregulation in metastatic PC-3 prostate cancer cells but, at the same time, to limit cell
proliferation and migration in HT-29 CRC as well as in PC-3 cells through the inhibition of
diverse pathways. At this point, a question is obligatory. Is Cladosporol A (or Cladosporol
B) alone responsible for its actions directed towards multiple targets? The answer is likely
no, because, after the interaction of the Cladosporols with the PPARYy receptor, a series
of events follow, one after another, to realize the action of these natural PPARy ligands.
The stabilization of an interaction surface on the PPARY structure, indeed, firstly needs a
few, but more efficient, contacts between the functional groups of the ligands and amino
acid determinants exposed in the PPARy LBD pocket. It is reasonable to think that a
perfect binding of Cladosporols, for example, to the PPARy pocket is obtained through an
adaptation that takes place across time. In a very interesting recent work, Shang and Kojetin
proposed that the binding to the PPARY pocket by ligands happens through a two-phase
fit mechanism: an initial encounter complex is followed by a conformational change into
the final bound state [104]. This mechanism could also be followed by Cladosporols in
their searching for a more stable complex with PPARy. Cladosporol A, indeed, enters
branch I, sits parallel to the H3 helix, assuming a north—south orientation, and interacts
with the amino acid residues Y473, H449, and H327 of the H12 helix with its consequent
stabilization. On the contrary, Cladosporol B does not directly contact the H12 helix (which
is located a little further away) but stabilizes the H3 helix through hydrophobic interactions
with the residues belonging to this helix (5289, F282, Q283, and Q286) [91]. The diverse
binding mode of the two Cladosporols, which arises as a result of searching for the best
and most stable interaction, can be the cause of the LBD structure conformational change
with the exposure of new receptor surfaces necessary for the recruitment of the new and
specific transcriptional co-factors.

These co-factors are capable of directing the action of the Cladosporol/PPARy complex
towards the signal transduction pathways, which can discriminate and choose different
molecular targets in different tissue types, thus generating multiple but specific effects.
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However, the identity of these co-regulators still remains unknown. In this scenario,
covalent modifications of the PPARy receptor, which may occur before or after the co-
regulators’ recruitment, could also play a role in enabling new differential transduction
pathways. Finally, the ability to direct the function of PPARy towards new pathways could
also be dependent on the concentration of the PPARy isoforms in the target tissue and on the
quality of the receptor itself. For instance, understanding which isoform is most prevalent
in a specific tissue and which of these PPARy isoforms preferably binds Cladosporols is an
essential topic. Our experiments in 3T3-L1 mature adipocytes and HT-29 CRC and prostate
PC-3 cells have clarified various aspects of Cladosporol’s role in modulating complex
phenomena occurring in different tissues in the tumor microenvironment. At the same
time, our studies have raised further questions that we must address to understand how
these natural molecules achieve distinct actions in different tissues but with the common
goal of inhibiting cell growth and migration in colon and prostate tumors.

6. Conclusions and Perspectives

We have not fully identified and finely elucidated the differential pathways through
which Cladosporols regulate functions such as cell proliferation and migration and lipid
metabolism in the cells derived from distinctive tissues. However, it is evident that this
behavior of Cladosporols is partially due to their mode of binding to PPARy. While our
studies, alongside those of other investigators, proved a relationship between PPARy and
partial agonists in simple 2D cellular models and in cell-based assays, further experiments
are needed to confirm these findings in in vivo or ex vivo models. The adoption of three-
dimensional (3D) organotypic cell models could bridge the existing gap between the results
coming out from the in vitro and in vivo results. Future research should focus on combining
novel 3D phenotypic cell-based assays, using confocal or multiphoton microscopy with
advanced analytical techniques such as mass spectrometry and a microarray for proteomic,
transcriptomic, and metabolomics analyses. This integrative approach will greatly enhance
our comprehension of the role of Cladosporols in tumor biology and aid in the development
of new therapies targeting novel molecular players.
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Abstract: Peroxisome proliferator-activated receptors (PPARs) belong to a family of nuclear recep-
tors. To date, three types of PPARs, namely PPAR«, PPARS, and PPARYy, have been identified,
demonstrating co-expression across numerous tissues. PPARY is primarily distributed in adipose
tissue, the colon, the immune system, and the retina, while PPAR« is predominantly expressed in
metabolic tissues such as brown adipose tissue, the liver, and the kidneys. Both PPARy and PPAR«x
play crucial roles in various cellular processes. Recent data suggest that the PPAR family, among
other mechanisms, might also be regulated by epigenetic mechanisms. Our recent studies, alongside
numerous others, have highlighted the pivotal roles of DNA methylation and histone modifications
in the regulation of PPARy and PPAR«, implicating them in the deterioration of metabolic disorders
via epigenetic mechanisms. This still not fully understood mechanism of regulation in the nuclear
receptors family has been summarized and described in the present paper. The present review sum-
marizes the available data on PPARy and PPAR« regulation via epigenetic mechanisms, elucidating
the link between the development of metabolic disorders and the dysregulation of PPARy and PPAR«
resulting from these mechanisms.

Keywords: PPARA; PPARG; metabolic syndrome; obesity; DNA methylation; histone modifications

1. Introduction

Peroxisome proliferator-activated receptors (PPARs) belong to the family of nuclear re-
ceptors classified as intranuclear receptors, acting as transcription factors when activated [1].
To date, three types of PPARs have been found to be co-expressed in numerous tissues, but
with various distributions throughout the organism. The identified PPAR nuclear receptors,
namely PPAR«, PPARS, and PPARY, are similar in structure and function [2]. The most
conservative domain across the three types of receptors is the DNA-binding domain (DBD),
which contains two zinc-binding sites. The ligand-binding domain (LBD) is the largest
domain and has four main features: (1) the dimerization interface, (2) ligand-binding
pocket, (3) coregulator-binding surface, and (4) activation function 2 (AF2) [3].

In general, PPARSs, after being activated by a specific ligand, bind to the RXR receptor
to create a heterodimer and further regulate the expression of numerous genes. PPARy
ligands lead to the activation of insulin sensitization genes, mainly involved in adipogenesis,
macrophage metabolism, and inflammatory genes [3,4]. The activation of PPAR« leads to
the upregulation of enzymes involved in fatty acid uptake, transport into mitochondria,
and subsequent oxidation.

Insulin resistance, as well as type 2 diabetes, are classified as disorders in which an
epigenetic component is strongly emphasized [5]. Epigenetics is defined as changes in
gene function that are inherited by mitotic or meiotic cells and are not related to changes in
the DNA sequence [6]. These changes might either enhance or reduce gene expression [7].
Epigenetics is linked with numerous diseases and disorders including cancer, neurodegen-
erative diseases, and metabolic disorders. Environmental factors have a significant impact
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on the DNA methylation profile and histone modifications, leading to the dysregulation
of the expression of numerous genes, including insulin signaling and lipid metabolism
genes [7]. Numerous studies have emphasized the impact of nutrition on human health,
mainly via the epigenetic regulation of numerous processes required for maintaining home-
ostasis. The mechanism linking nutrition with epigenetic modifications is considered as a
factor initiating or leading to numerous disorders, especially metabolic disorders [8].

Epidemiological studies consistently demonstrate a positive association between high-
fat and carbohydrate-rich diets and the incidence of insulin resistance and type 2 diabetes.
Furthermore, sedentary lifestyles exacerbate these effects, highlighting the intricate inter-
play between genetic predispositions and environmental influences in the pathogenesis of
metabolic diseases [9,10]. Understanding the complex interplay between genetic predispo-
sitions and environmental factors is essential for elucidating the pathogenesis of metabolic
diseases such as insulin resistance and type 2 diabetes.

The interplay between environmental factors and genetic predispositions is identified
as one of the many factors contributing to the development of insulin resistance and type 2
diabetes mellitus (T2DM). Epigenetic modifications, such as DNA methylation and histone
modifications, are increasingly recognized as crucial mediators in this relationship [7].
Numerous environmental conditions, as mentioned above, are known to induce epigenetic
changes, thereby potentially predisposing individuals to metabolic disorders. Based on
numerous studies, insulin resistance, obesity, and T2D have been shown to exhibit distinct
alterations in the epigenome that result in the dysregulation of the key gene expression
patterns involved in insulin signaling and /or lipid metabolism. However, the complexity
of genetic and environmental interaction might also result from the inherited patterns of
epigenetic changes, as these modifications can be transmitted via the placenta or sperm,
influencing the offspring’s health and predisposing them to the development of metabolic
disorders [11].

Epigenetic modifications are closely related to numerous diseases and disorders,
including metabolic disorders. The present study describes and unifies available data
regarding the importance of PPARy and PPAR«x in proper insulin signaling and glucose
and lipid metabolism via mechanisms connecting these nuclear receptors with epigenetic
modifications. The present review describes the role of nuclear receptors in the pathogenesis
and development of metabolic syndrome.

2. The Role of PPARY and PPAR« in Insulin Signaling and Glucose and
Lipid Metabolism

PPARG is predominantly distributed in adipose tissue, the colon, the immune system,
and the retina [12]. Four various mRNA transcript variants (PPARG1-4) are generated
through alternative splicing. PPARy plays numerous biological roles, including in the
development, distribution and metabolism of adipose tissue [4]. PPARY is the primary
regulatory factor that controls the insulin signaling pathway and overall insulin sensitivity,
and is necessary for the proper function of mature adipocytes [13-15]. Two main isoforms
of PPARYy are distributed: PPARy1 and PPARY2, where the latter is mostly restricted to
adipose tissue; however, the expression can be induced elsewhere by HFD [16]. It also plays
an essential role in cell differentiation, and the regulation of apoptosis. Moreover, PPARy
inhibits inflammatory processes, exhibits anti-atherosclerosis activity, and improves heart
performance [4,12,17]. First of all, PPARYy is the main agent that regulates adipogenesis by
interaction with other genes that are necessary for the proper maturation of adipocytes
(SRBP, FABP4). In terms of metabolic pathway regulation, the heterodimer PPARy: RXR,
and particularly PPARYy2, has been detected on the following target genes of the glucose
metabolism pathway: H6PD, PGD, GPI1, RPIA, PFKL, PTI1, GPD1, PDK1, and PCK1. It also
regulates lipid metabolism genes, including GPAT3, LPN, LPL, CD36, ACSL1, LIPE, PNPLA2,
and others [17-19]. Additionally, it also has been shown to regulate the expression of the
adiponectin gene (ADIPOQ), adiponectin receptor (ADIPOR?2), and uncoupling protein 1
(UCP-1), and suppress the expression of inflammatory genes [20,21].

90



Biomolecules 2024, 14, 1445

Numerous compounds act as PPARy ligands, including both natural and synthetic
substances. The natural agonists include docosahexaenoic acid, eicosatetraenoic acid, other
polyunsaturated fatty acids, and some monounsaturated fatty acids. The most well-known
group of synthetic ligands of PPARy are the thiazolidinediones, such as troglitazone,
rosiglitazone, and pioglitazone [22]. Numerous agonists of PPARy have been shown to
exhibit positive effects in type 2 diabetic patients, increasing insulin sensitivity, lowering
blood glucose levels, and regulating lipid metabolism. Thus, several synthetic PPARy
ligands are successfully used for the treatment of metabolic disorders, including type 2
diabetes [2,4].

PPAR« is distributed in numerous metabolically active tissues, mainly in the liver
and tissues with an increased degree of mitochondrial oxidation and fatty acid catabolism,
such as brown adipocytes, heart muscle, skeletal muscle, and the kidneys [12]. The role
of PPAR« in glucose homeostasis is not fully understood. PPAR« plays a central role in
regulating the expression of genes involved in fatty acid oxidation, lipid transport, and
lipoprotein metabolism. It mainly promotes fatty acid utilization [12,23]. Through its
effects on lipid metabolism, PPAR« indirectly influences insulin sensitivity. The excessive
accumulation of lipid intermediates, such as diacylglycerols and ceramides, in tissues like
skeletal muscle and liver can impair insulin signaling, leading to insulin resistance [24].
Furthermore, it has been shown that PPARw agonists such as fenofibrate and Wy14643 can
affect glucose homeostasis by increasing insulin sensitivity in adipocytes and muscle cells,
which may be related to reduced lipid accumulation in cells through improved fatty acid
-oxidation [25,26]. It has been also suggested that PPARx impacts glucose homeostasis
and indirectly affects pancreatic function. On the other hand, no relationship between
fibrates and glucose homeostasis in humans has been demonstrated. Further research is
needed to fully understand the role of PPAR« in regulating blood glucose levels [26,27].

The significance of PPAR« in lipid metabolism extends beyond its hepatic functions.
In skeletal muscle, PPAR« activation enhances fatty acid oxidation, providing an essen-
tial energy source during prolonged exercise or fasting states [28]. Moreover, in adipose
tissue, it regulates adipocyte differentiation and lipid storage, impacting the overall en-
ergy balance [28,29]. PPAR«x plays a pivotal role in orchestrating the expression of genes
involved in lipid uptake, oxidation, and synthesis [30]. The activation of PPAR« leads to
the upregulation of fatty acid oxidation enzymes such as acyl-CoA oxidase and carnitine
palmitoyltransferase-1 [31], facilitating the breakdown of fatty acids for energy produc-
tion [32]. Furthermore, PPAR«x is involved in the regulation of lipoprotein metabolism,
particularly in the liver [33]. It enhances the expression of ApoA-I and ApoA-II, key compo-
nents of high-density lipoprotein (HDL), contributing to the reverse cholesterol transport
process. This function of PPARw aids in reducing the levels of low-density lipoprotein
(LDL) cholesterol, thus playing a protective role against atherosclerosis [34]. The activa-
tion of this receptor also results in the induction of lipoprotein lipase (LPL), an enzyme
crucial for the hydrolysis of triglycerides in circulating lipoproteins. Additionally, PPARc
activation promotes the expression of APOC3, an inhibitor of LPL, thereby regulating the
availability of free fatty acids for storage [35]. A summary of both PPARy and PPAR«x
expression and metabolic activity in various tissues of human body is presented in Figure 1.
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Figure 1. Main characteristic of two isoforms: PPARy and PPAR«. Their expression, function and the
list of main ligands that activate the particular peroxisome proliferator are shown [18,36].

3. The Relationship Between Nuclear Receptors and Epigenetic Mechanisms Driving
Metabolic Diseases

The interaction between genetic predispositions and environmental influences plays
a pivotal role in the pathogenesis of these disorders. Notably, dietary patterns rich in
carbohydrates and fats, as well as processed foods, coupled with low physical activity,
have been implicated in exacerbating the risk of developing insulin resistance and type 2
diabetes [37].

Peroxisome proliferator-activated receptors are crucial for proper cell metabolism, and
any impact on the regulation of these genes substantially influences whole cell homeostasis
and metabolism. It has been shown that PPARG is among the first genes divergently
modified in newly onset insulin resistance [38]. In this context, exploring the complex
interplay between epigenetic modifications and metabolic disorders holds promise for
uncovering novel therapeutic targets and preventive strategies. A deeper understanding
of these processes will enhance our ability to mitigate the burgeoning global burden of
insulin resistance and T2D. Specific details of the collected data are presented below and
summarized in Table 1.

3.1. Insights from DNA Methylation Studies

Various studies provide evidence for the simultaneous involvement of epigenetic and
environmental factors in the development of metabolic diseases. The body of literature has
demonstrated a clear relationship between alterations in DNA methylation and the histone
modifications affecting various genes implicated in metabolic pathways. Considering the
pivotal role of transcription factors in the regulation of the expression of numerous genes,
significant attention has been paid to this context.

Numerous studies have indicated the pivotal role of DNA methylation in the regula-
tion of the expression and proper function of PPARG in health and homeostasis, influencing
many important life processes [17,19,38,39]. PPARY is also considered to play a significant
role in the pathogenesis of many diseases, particularly metabolic disorders and the epige-
netic regulation of PPARG; in particular, DNA methylation has a significant impact, mainly
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by regulating PPARG expression. Consequently, the disruption of the expression of the
PPARG gene can lead to various pathologies.

We have recently provided evidence that PPARy undergoes epigenetic regulation,
and any rearrangements lead to numerous metabolic disorders such as obesity or insulin
resistance. Firstly, we have shown that the PPARG promoter is hypermethylated in obese
and type 2 diabetic patients, which correlates with the downregulation of the expression
of numerous genes responsible for proper insulin signal transduction in adipocytes [40].
In vivo studies have revealed that the PPARG promoter is hypermethylated in the adi-
pose tissue of type 2 diabetic patients, both in visceral and subcutaneous adipose tissues.
The hypermethylation positively correlated with the insulin resistance stage (assessed
by HOMA-IR) and negatively with the expression of PPARG. Our observation has been
supported by others who also demonstrated that epigenetic regulation has an impact on
PPARG expression [41-43]. We and others have observed a distinct promoter methylation
pattern in PPARG between various human fat depots, especially between subcutaneous and
visceral adipose tissue. This observation likely arises from the fact that different fat depots
(various types of adipose tissue) perform specific and distinct functions in the human
body. We have observed considerable metabolic differences between SAT and VAT [44]
concerning various aspects such as lipid metabolism, inflammatory state, insulin resistance
induction, and lipid accumulation.

The observations gleaned from the in vivo investigation were subsequently replicated
in vitro in a cell culture study, which enabled us to derive congruent conclusions. We
showed the hypermethylation of the PPARG promoter, which correlated with the downreg-
ulation of PPARG expression in adipocytes with artificially induced insulin resistance [38].
Additionally, we demonstrated that in adipocytes with newly developed insulin resistance,
global DNA methylation was increased, which correlated with the expression of DNMT1
in those cells. Furthermore, the first gene to respond to changes in the DNA methylation
profile due to high-fat diet-induced insulin resistance in adipocytes was PPARG. These
changes in DNA methylation were observed as early as 72 h after insulin resistance in-
duction by a palmitic acid (16:0), mimicking the high-fat diet. Our results might suggest
that PPARG, acting as the transcription factor, may be the first response to the changing
environmental conditions. No other analyzed genes showed dysregulation in either the
expression rate or methylation profile after 72 h of insulin resistance induction [38].

The importance of epigenetic factors in the regulation of PPARs concerning metabolic
diseases has been intensively studied by others as well. Volberg et al. observed differentially
methylated CpG islands of the PPARG promoter in 9-year-old children; these negatively
correlated with the birth weight and BMI of the children at the age of 9 years [43]. Another
study found that a higher risk of type 2 diabetes is associated with the hypermethylation of
the PPARG promoter in the pancreatic islets of diabetic patients, which negatively corre-
lated with insulin secretion [45]. Similar results were obtained by Nilsson et al., where the
hypermethylation of PPARG promoters was shown in type 2 diabetic patients compared
to non-diabetes individuals in adipose tissue [46]. Epigenetic regulation has also been
shown to impact PPARG regulation in non-human subjects. In overweight chickens, the
promoter of Pparg was differentially methylated at three CpG positions compared to lean
chickens [42]. A similar observation was made in db/db mice in terms of the hypermethy-
lation of Pparg promoter in epididymal adipose tissue in comparison to wild-type animals;
this negatively correlated with PPARG expression in the analyzed sample [47]. However,
analyzing the above presented data, in vivo studies in both humans and animals should
be carefully interpretated, as the analyzed tissues generally are composed of numerous
various cells, where the expression profile of genes as well as their methylation status might
vary.

The emerging role of epigenetic regulation, particularly DNA methylation, in PPARG
function and action has been observed in various disorders. The dysregulation of PPARG
methylation has been documented in idiopathic pulmonary fibrosis (IPF) patients. Wei et al.
demonstrated the hypermethylation of PPARG in the lungs of IPF patients, which inversely
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correlated with the expression level and PPARG function [48]. Conversely, demethylation
by 5'aza ameliorates the negative effect of IPF and restores the correct expression and
function of PPARG. Similar results were obtained in the case of liver fibrosis, where the
inflammatory state and liver fibrosis strongly correlated with the hypermethylation of
PPARG, resulting in lower expression [49]. Furthermore, Hardy et al. proposed using the
PPARG methylation status as a biomarker of liver fibrosis [50].

DNA methylation plays a crucial role in the regulation processes essential for adipoge-
nesis, i.e., the formation of mature adipocytes. Proper epigenetic regulation is essential in
this process, which, due to its specificity, is sensitive to external factors. Numerous tran-
scription factors regulate adipogenesis, creating a network that can be easily disturbed [21].
PPARY is a central regulator of adipogenesis because numerous genes possess PPARy-
binding sites. Thus, the hypermethylation of PPARG itself or its target genes might directly
or indirectly link PPARG with the epigenetic regulation of adipogenesis and the metabolism
of mature adipocytes, including a shift towards metabolic disorders. As PPARYy acts as
the nuclear transcription factor, changes in the methylation profile of target genes might
influence its binding to the specific response elements, thereby regulating adipogenesis.
The importance of methylation-specific adipogenesis has been demonstrated, showing
the significant role of PPARy in the differentiation and function of mature adipocytes [21].
We have also previously demonstrated that the methylation of PPARG plays a crucial
role in adipogenesis [51]. Moreover, we have shown that nutritional factors, especially
fatty acids, play a significant role in methylome, including the methylation of PPARG.
This impacts the differentiation process and the phenotype of mature adipocytes, shifting
the adipocyte metabolism toward metabolic disorders [51,52]. There might be several
possible mechanisms that affect how nutritional factors, especially fatty acids, influence
DNA methylation [53]. First, fatty acids directly influence the expression and action of
DNA methyltransferases. Second, ligands of various transcription factors might regulate
epigenetic modification. Lastly, it has been proposed that fatty acids interact with MeCP2
(methyl CpG-binding protein (2), mainly in promoter regions regulating the expression of
numerous genes [53].

Similar to PPARYy;, its isoform PPAR« also undergoes epigenetic regulation, including
DNA methylation [54]. The promoter of PPARA is hypermethylated in type 2 diabetic
patients with non-alcoholic fatty liver disease (NAFLD) [55]. Moreover, PPARA has been
shown to undergo hydroxymethylation modifications that influence its expression, pre-
disposing individuals to NAFLD and the development of metabolic syndrome [56]. Some
studies have demonstrated the various DNA methylation patterns of PPARA in patients
with metabolic syndrome and significant hyperlipidemia [57]. Castellano-Castillo et al.
showed global hypermethylation in the visceral adipose tissue of patients with metabolic
syndrome by assessing the methylation of LINE-1, which positively correlated with BMI
and negatively correlated with insulin sensitivity (assessed by HOMA-IR index).

Furthermore, in addition to global DNA methylation, changes in the site-specific DNA
methylation of numerous genes have been observed. These changes also correlated with
metabolic dysregulation, including genes important for adipogenesis regulation, lipid
metabolism, and inflammation. This suggests that DNA methylation, especially PPARA,
LPL, SCD and TNF-«, is implicated in metabolism dysregulation and the pathogenesis of
metabolic syndrome, involving adipose tissue metabolism dysregulation and the induction
of the anti-inflammatory state [57].

3.2. Insights from the Histones Modifications Studies

Histone modifications are correlated with both the induction and downregulation
of gene expression, depending on the site and type of modification. Generally, histone
acetylation is associated with the induction of gene expression, while histone methylation,
with some exceptions, is associated with gene expression downregulation. Histone acetyla-
tion maintains the negative charge of chromatic by removing the positive charge from the
histone tail, neutralizing it, and thereby reducing its interaction with negatively charged
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DNA. As a result of chromatin relaxation, DNA becomes more accessible to numerous
transcription factors [58]. Histone methylation can involve the mono-, di- or trimethyla-
tion of lysines or arginines of histone tails, and its effect on gene expression can be either
enhancing or repressing, depending on the site and number of methyl groups added [59].
Our results clearly indicate the emerging role of histone modification in the induction of
metabolic disorders, including obesity and insulin resistance. Notably, we have shown
a global negative correlation between specific changes (H3K4me3 and H3K9/14ac) and
insulin resistance, assessed by HOMA-IR [5]. Additionally, we have shown the down-
regulation of SIRT1 and SIRT7, a key family of histones deacetylases in adipocytes with
insulin resistance.

Lastly, we observed the lower enrichment level of H3K4me3 and H3K9/14ac within the
PPARG promoter, which are the main markers of chromatin induction, corresponding with
lower expression. Similar histone modifications and SIRT7 downregulation were observed
in both visceral and subcutaneously derived adipocytes, indicating a similar mechanism of
epigenetic regulation in both fat depots. Furthermore, we previously demonstrated that
SIRT1 and SIRT7 positively correlated with the expression of numerous genes involved in
insulin signaling (INSR, PIK3R1, AKT, SLC2A4) and lipid metabolism (ACC, FASN, SCD-1,
LPL), including PPARG. This suggests the emerging role of histone-modifying genes in
the regulation of energy metabolism [5]. Indeed, numerous other researchers have shown
the regulatory role and impact of Sirtuin family genes on the pathogenesis of metabolic
disorders [60,61]. However, some data have indicated a negative correlation between
PPARG and SIRT1 [62].

Specific histone modifications have previously been correlated with divergent PPARG
expression and the development of metabolic disorders. Castellano-Castillo et al. [63]
reported the lower H3K4me3 enrichment of the PPARG promoter in adipose tissue from
obese individuals compared to lean patients, suggesting an association with increased BMI
and subsequent metabolic deterioration. Histone acetylation is correlated with chromatin
induction and gene expression enhancement. Thus, histone acetylases (HAT) are believed
to be key epigenetic players in adipogenesis and the regulation of energy metabolism [64].
According to Lefterova et al., the increased enrichment of H3K9ac marks was observed
at PPARG binding sites during adipogenesis [65]. In our study, we have shown the lower
H3K9/14ac enrichment of the PPARG promoter itself, as well as downstream targeted
genes [5], in insulin-resistant adipocytes. Among others, Wang et al. [66] demonstrated
that the downregulation of PPARG decreased the expression of SLC1A5, leading to a
predisposition to obesity and insulin resistance. Additionally, PPARG expression was
regulated by H3K27ac or H3K4me3.

The opposing epigenetic-modifying enzymes, specifically the HDAC family, have also
been implicated in both adipogenesis and metabolic regulation via PPARs, mainly PPARG
and PPARA. HDAC:s inhibitors have been shown to be involved in fatty acid metabolism
and to play a protective role in the development of diabetic cardiomyopathy [67]. HDAC
inhibitors also protect against atherosclerosis by enhancing the expression of PPARG [68].
The inhibition of HDACs maintains a higher rate of chromatic acetylation, which is a
primary chromatin activation marker. According to Fu et al., the possible mechanism
linking the activity of HDACs with the PPAR nuclear family (both PPARG and PPARA) is
Cyclin D1 [69]. However, other mechanisms of interaction between PPARG and histone-
modifying enzymes are possible and remain to be elucidated.
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The potential mechanism linking epigenetics (both DNA methylation and histone
modification) with PPARs and the regulation of their expression is presented in Figure 2.
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Figure 2. Schematic mechanism of epigenetic regulation involved in PPARy and PPARy expression
and action, and their effects on cell metabolism. DNMT—DNA methyltransferases; HDAC—histone
deacetylases; HMT—histone methylases, FGF21—Fibroblast growth factor 21; ELOVL6—ELOVL
fatty acid elongase 6; FADS1—fatty acid desaturase 1; FG—fibrogen beta chain; IL-13—interleukin
1 beta; IL-6—interleukin 6; SREBP—sterol regulatory element-binding protein 1; FABP4—fatty acid-
binding protein 4; ADIPOQ—adiponectin; ADIPOR2—adiponectin receptor 2 (graph was prepared
using PowerPoint software 2021).

4. Conclusions

To conclude, the above data provide evidence that epigenetic regulation is one of
the main mechanisms controlling PPAR action, which directly or indirectly affects the
downstream genes responsible for metabolism regulation. Discrepancies in epigenetic
regulation, such as dysregulation in the DNA methylation of histones modifications, might
lead to disruptions in homeostasis and consequently contribute to the pathogenesis of
metabolic disorders.

Understanding epigenetic regulation is crucial for the prevention, prediction, and
future treatment of metabolic disorders. It is very likely that epigenetic-modifying agents
could be effective in managing metabolic disorders.

Author Contributions: Conceptualization, T.D. and M.M.-M.; methodology, M.M.-M. and M.O.;
resources, M.M.-M. and M.O; data curation, M.M.-M. and M.O.; writing—original draft preparation,
M.M.-M. and M.O.; writing—review and editing, T.D. and M.M.-M.; visualization, M.M.-M. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

97



Biomolecules 2024, 14, 1445

References

1. Li,J.; Guo, C.; Wu, J. The Agonists of Peroxisome Proliferator-Activated Receptor-y for Liver Fibrosis. Drug Des. Devel. Ther. 2021,
15, 2619-2628. [CrossRef] [PubMed]

2. Yousefnia, S.; Momenzadeh, S.; Seyed Forootan, F.; Ghaedi, K.; Nasr Esfahani, M.H. The Influence of Peroxisome Proliferator-
Activated Receptor vy (PPARY) Ligands on Cancer Cell Tumorigenicity. Gene 2018, 649, 14-22. [CrossRef] [PubMed]

3.  Chandra, V,; Huang, P; Hamuro, Y.; Raghuram, S.; Wang, Y.; Burris, T.P; Rastinejad, F. Structure of the Intact PPAR-y-RXR-o
Nuclear Receptor Complex on DNA. Nature 2008, 456, 350-356. [CrossRef] [PubMed]

4. Mirza, A.Z,; Althagafi, LI.; Shamshad, H. Role of PPAR Receptor in Different Diseases and Their Ligands: Physiological
Importance and Clinical Implications. Eur. . Med. Chem. 2019, 166, 502-513. [CrossRef]

5. Malodobra-Mazur, M.; Cierzniak, A.; Myszczyszyn, A.; Kaliszewski, K.; Dobosz, T. Histone Modifications Influence the Insulin-
Signaling Genes and Are Related to Insulin Resistance in Human Adipocytes. Int. |. Biochem. Cell Biol. 2021, 137, 106031.
[CrossRef]

6.  Deans, C.; Maggert, K.A. What Do You Mean, “Epigenetic”? Genetics 2015, 199, 887-896. [CrossRef]

7. Zhang, L; Lu, Q.; Chang, C. Epigenetics in Health and Disease. Adv. Exp. Med. Biol. 2020, 1253, 3-55. [CrossRef]

8.  Jiménez-Chillarodn, J.C.; Diaz, R.; Martinez, D.; Pentinat, T.; Ramoén-Krauel, M.; Rib¢, S.; Plosch, T. The Role of Nutrition on
Epigenetic Modifications and Their Implications on Health. Biochimie 2012, 94, 2242-2263. [CrossRef]

9.  Roberts, C.K,; Hevener, A.L.; Barnard, R.]. Metabolic Syndrome and Insulin Resistance: Underlying Causes and Modification by
Exercise Training. Compr. Physiol. 2013, 3, 1-58. [CrossRef]

10. Swarup, S.; Ahmed, I.; Grigorova, Y.; Zeltser, R. Metabolic Syndrome. In StatPearls; StatPearls Publishing: Treasure Island, FL,
USA, 2024.

11.  Bhadsavle, S.S.; Golding, M.C. Paternal Epigenetic Influences on Placental Health and Their Impacts on Offspring Development
and Disease. Front. Genet. 2022, 13, 1068408. [CrossRef]

12.  Wang, Y.-X. PPARs: Diverse Regulators in Energy Metabolism and Metabolic Diseases. Cell Res. 2010, 20, 124-137. [CrossRef]
[PubMed]

13.  Ahmadian, M.; Suh, ].M.; Hah, N.; Liddle, C.; Atkins, A.R.; Downes, M.; Evans, R M. PPARy Signaling and Metabolism: The
Good, the Bad and the Future. Nat. Med. 2013, 19, 557-566. [CrossRef] [PubMed]

14. Imai, T.; Takakuwa, R.; Marchand, S.; Dentz, E.; Bornert, ].-M.; Messaddeq, N.; Wendling, O.; Mark, M.; Desvergne, B.; Wahli, W.;
et al. Peroxisome Proliferator-Activated Receptor Gamma Is Required in Mature White and Brown Adipocytes for Their Survival
in the Mouse. Proc. Natl. Acad. Sci. USA 2004, 101, 4543-4547. [CrossRef]| [PubMed]

15. He, W,; Barak, Y.; Hevener, A.; Olson, P; Liao, D.; Le, J.; Nelson, M.; Ong, E.; Olefsky, ] M.; Evans, R.M. Adipose-Specific
Peroxisome Proliferator-Activated Receptor Gamma Knockout Causes Insulin Resistance in Fat and Liver but Not in Muscle.
Proc. Natl. Acad. Sci. USA 2003, 100, 15712-15717. [CrossRef]

16. Medina-Gomez, G.; Gray, S.L.; Yetukuri, L.; Shimomura, K.; Virtue, S.; Campbell, M.; Curtis, R.K.; Jimenez-Linan, M.; Blount,
M.; Yeo, G.S.H.; et al. PPAR Gamma 2 Prevents Lipotoxicity by Controlling Adipose Tissue Expandability and Peripheral Lipid
Metabolism. PLoS Genet. 2007, 3, e64. [CrossRef]

17.  Medina-Gomez, G.; Gray, S.; Vidal-Puig, A. Adipogenesis and Lipotoxicity: Role of Peroxisome Proliferator-Activated Receptor y
(PPARY) and PPARycoactivator-1 (PGC1). Public Health Nutr. 2007, 10, 1132-1137. [CrossRef]

18. Nielsen, R.; Pedersen, T.A.; Hagenbeek, D.; Moulos, P; Siersbaek, R.; Megens, E.; Denissov, S.; Bergesen, M.; Francoijs, K.-J.;
Mandrup, S.; et al. Genome-Wide Profiling of PPARy:RXR and RNA Polymerase II Occupancy Reveals Temporal Activation of
Distinct Metabolic Pathways and Changes in RXR Dimer Composition during Adipogenesis. Genes Dev. 2008, 22, 2953. [CrossRef]

19. Lehrke, M.; Lazar, M.A. The Many Faces of PPARYy. Cell 2005, 123, 993-999. [CrossRef]

20. Wang, S.; Dougherty, E.J.; Danner, R.L. PPARy Signaling and Emerging Opportunities for Improved Therapeutics. Pharmacol. Res.
2016, 111, 76-85. [CrossRef]

21. Takada, H.; Saito, Y.; Mituyama, T.; Wei, Z.; Yoshihara, E.; Jacinto, S.; Downes, M.; Evans, RM.; Kida, Y.S. Methylome,
Transcriptome, and PPARy Cistrome Analyses Reveal Two Epigenetic Transitions in Fat Cells. Epigenetics 2014, 9, 1195-1206.
[CrossRef]

22. Dumasia, R.; Eagle, K.A.; Kline-Rogers, E.; May, N.; Cho, L.; Mukherjee, D. Role of PPAR- Gamma Agonist Thiazolidinediones
in Treatment of Pre-Diabetic and Diabetic Individuals: A Cardiovascular Perspective. Curr. Drug Targets Cardiovasc. Haematol.
Disord. 2005, 5, 377-386. [CrossRef] [PubMed]

23.  Kersten, S. Peroxisome Proliferator Activated Receptors and Lipoprotein Metabolism. PPAR Res. 2007, 2008, €132960. [CrossRef]
[PubMed]

24. Park, S.S; Seo, Y.-K. Excess Accumulation of Lipid Impairs Insulin Sensitivity in Skeletal Muscle. Int. ]. Mol. Sci. 2020, 21, 1949.
[CrossRef] [PubMed]

25. Lefere, S.; Puengel, T.; Hundertmark, J.; Penners, C.; Frank, A K.; Guillot, A.; de Muynck, K.; Heymann, F.; Adarbes, V.; Defréne,
E.; et al. Differential Effects of Selective- and Pan-PPAR Agonists on Experimental Steatohepatitis and Hepatic Macrophages <.
J. Hepatol. 2020, 73, 757-770. [CrossRef]

26. Lin, Y; Wang, Y.; Li, P. PPAR«: An Emerging Target of Metabolic Syndrome, Neurodegenerative and Cardiovascular Diseases.

Front. Endocrinol. 2022, 13, 1074911. [CrossRef]

98



Biomolecules 2024, 14, 1445

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Black, R.N.A.; Ennis, C.N.; Young, I.S.; Hunter, S.J.; Atkinson, A.B.; Bell, PM. The Peroxisome Proliferator-Activated Receptor
Alpha Agonist Fenofibrate Has No Effect on Insulin Sensitivity Compared to Atorvastatin in Type 2 Diabetes Mellitus; a
Randomised, Double-Blind Controlled Trial. J. Diabetes Complicat. 2014, 28, 323-327. [CrossRef]

Burri, L.; Thoresen, G.H.; Berge, R.K. The Role of PPAR o Activation in Liver and Muscle. PPAR Res. 2010, 2010, 542359.
[CrossRef]

Petersen, K.F.; Dufour, S.; Savage, D.B.; Bilz, S.; Solomon, G.; Yonemitsu, S.; Cline, G.W,; Befroy, D.; Zemany, L.; Kahn, B.B.; et al.
The Role of Skeletal Muscle Insulin Resistance in the Pathogenesis of the Metabolic Syndrome. Proc. Natl. Acad. Sci. USA 2007,
104, 12587-12594. [CrossRef]

Morris, D.L.; Cho, KW.; Zhou, Y.; Rui, L. SH2B1 Enhances Insulin Sensitivity by Both Stimulating the Insulin Receptor and
Inhibiting Tyrosine Dephosphorylation of Insulin Receptor Substrate Proteins. Diabetes 2009, 58, 2039-2047. [CrossRef]

Pawlak, M.; Lefebvre, P; Staels, B. Molecular Mechanism of PPAR«x Action and Its Impact on Lipid Metabolism, Inflammation
and Fibrosis in Non-Alcoholic Fatty Liver Disease. |. Hepatol. 2015, 62, 720-733. [CrossRef]

Montagner, A.; Polizzi, A.; Fouché, E.; Ducheix, S.; Lippi, Y.; Lasserre, F.; Barquissau, V.; Régnier, M.; Lukowicz, C.; Benhamed, F.;
et al. Liver PPAR« Is Crucial for Whole-Body Fatty Acid Homeostasis and Is Protective against NAFLD. Gut 2016, 65, 1202-1214.
[CrossRef] [PubMed]

Todisco, S.; Santarsiero, A.; Convertini, P.; De Stefano, G.; Gilio, M.; Iacobazzi, V.; Infantino, V. PPAR Alpha as a Metabolic
Modulator of the Liver: Role in the Pathogenesis of Nonalcoholic Steatohepatitis (NASH). Biology 2022, 11, 792. [CrossRef]
[PubMed]

Zandbergen, E; Plutzky, J. PPAR« in Atherosclerosis and Inflammation. Biochim. Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2007,
1771, 972-982. [CrossRef] [PubMed]

Fuior, E.V.; Zvintzou, E.; Filippatos, T.; Giannatou, K.; Mparnia, V.; Simionescu, M.; Gafencu, A.V.; Kypreos, K.E. Peroxisome
Proliferator-Activated Receptor « in Lipoprotein Metabolism and Atherosclerotic Cardiovascular Disease. Biomedicines 2023,
11, 2696. [CrossRef]

Rakhshandehroo, M.; Knoch, B.; Miiller, M.; Kersten, S. Peroxisome Proliferator-Activated Receptor Alpha Target Genes. PPAR
Res. 2010, 2010, 612089. [CrossRef]

Fahed, G.; Aoun, L.; Bou Zerdan, M.; Allam, S.; Bou Zerdan, M.; Bouferraa, Y.; Assi, H.I. Metabolic Syndrome: Updates on
Pathophysiology and Management in 2021. Int. . Mol. Sci. 2022, 23, 786. [CrossRef]

Matodobra-Mazur, M.; Cierzniak, A.; Kaliszewski, K.; Dobosz, T. PPARG Hypermethylation as the First Epigenetic Modification
in Newly Onset Insulin Resistance in Human Adipocytes. Genes 2021, 12, 889. [CrossRef]

Shen, Y.; Su, Y;; Silva, EJ.; Weller, A.H.; Sostre-Colon, J.; Titchenell, PM.; Steger, D.J.; Seale, P.; Soccio, R.E. Shared PPAR« /vy Target
Genes Regulate Brown Adipocyte Thermogenic Function. Cell Rep. 2020, 30, 3079-3091.e5. [CrossRef]

Cierzniak, A.; Pawelka, D.; Kaliszewski, K.; Rudnicki, J.; Dobosz, T.; Malodobra-Mazur, M. DNA Methylation in Adipocytes from
Visceral and Subcutaneous Adipose Tissue Influences Insulin-Signaling Gene Expression in Obese Individuals. Int. J. Obes. 2021,
45, 650-658. [CrossRef]

Kosaka, K.; Kubota, Y.; Adachi, N.; Akita, S.; Sasahara, Y.; Kira, T.; Kuroda, M.; Mitsukawa, N.; Bujo, H.; Satoh, K. Human
Adipocytes from the Subcutaneous Superficial Layer Have Greater Adipogenic Potential and Lower PPAR-y DNA Methylation
Levels than Deep Layer Adipocytes. Am. J. Physiol. Cell Physiol. 2016, 311, C322—-C329. [CrossRef]

Sun, Y.N.; Gao, Y.; Qiao, S.P.; Wang, S.Z.; Duan, K.; Wang, Y.X,; Li, H.; Wang, N. Epigenetic DNA Methylation in the Promoters of
Peroxisome Proliferator-Activated Receptor y in Chicken Lines Divergently Selected for Fatness. J. Anim. Sci. 2014, 92, 48-53.
[CrossRef] [PubMed]

Volberg, V.; Yousefi, P.; Huen, K.; Harley, K.; Eskenazi, B.; Holland, N. CpG Methylation across the Adipogenic PPARy Gene and
Its Relationship with Birthweight and Child BMI at 9 Years. BMC Med. Genet. 2017, 18, 7. [CrossRef] [PubMed]
Matodobra-Mazur, M.; Cierzniak, A.; Pawetka, D.; Kaliszewski, K.; Rudnicki, J.; Dobosz, T. Metabolic Differences between
Subcutaneous and Visceral Adipocytes Differentiated with an Excess of Saturated and Monounsaturated Fatty Acids. Genes 2020,
11,1092. [CrossRef] [PubMed]

Ling, C.; Del Guerra, S.; Lupi, R.; Rénn, T.; Granhall, C.; Luthman, H.; Masiello, P.; Marchetti, P.; Groop, L.; Del Prato, S.
Epigenetic Regulation of PPARGC1A in Human Type 2 Diabetic Islets and Effect on Insulin Secretion. Diabetologia 2008, 51,
615-622. [CrossRef] [PubMed]

Nilsson, E.; Jansson, P.A.; Perfilyev, A.; Volkov, P.; Pedersen, M.; Svensson, M.K.; Poulsen, P.; Ribel-Madsen, R.; Pedersen, N.L.;
Almgren, P; et al. Altered DNA Methylation and Differential Expression of Genes Influencing Metabolism and Inflammation in
Adipose Tissue From Subjects With Type 2 Diabetes. Diabetes 2014, 63, 2962-2976. [CrossRef]

Fujiki, K.; Kano, F.; Shiota, K.; Murata, M. Expression of the Peroxisome Proliferator Activated Receptor Gamma Gene Is
Repressed by DNA Methylation in Visceral Adipose Tissue of Mouse Models of Diabetes. BMC Biol. 2009, 7, 38. [CrossRef]
Wei, A.; Gao, Q.; Chen, F; Zhu, X.; Chen, X.; Zhang, L.; Su, X.; Dai, J.; Shi, Y.; Cao, W. Inhibition of DNA Methylation De-Represses
Peroxisome Proliferator-Activated Receptor-y and Attenuates Pulmonary Fibrosis. Br. |. Pharmacol. 2022, 179, 1304-1318.
[CrossRef]

Zhao, Q.; Fan, Y.-C.; Zhao, |.; Gao, S.; Zhao, Z.-H.; Wang, K. DNA Methylation Patterns of Peroxisome Proliferator-Activated
Receptor Gamma Gene Associated with Liver Fibrosis and Inflammation in Chronic Hepatitis B. J. Viral Hepat. 2013, 20, 430-437.
[CrossRef]

99



Biomolecules 2024, 14, 1445

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Hardy, T.; Zeybel, M.; Day, C.P,; Dipper, C.; Masson, S.; McPherson, S.; Henderson, E.; Tiniakos, D.; White, S.; French, ]J.; et al.
Plasma DNA Methylation: A Potential Biomarker for Stratification of Liver Fibrosis in Non-Alcoholic Fatty Liver Disease. Gut
2017, 66, 1321-1328. [CrossRef]

Malodobra-Mazur, M.; Cierzniak, A.; Dobosz, T. Oleic Acid Influences the Adipogenesis of 3T3-L1 Cells via DNA Methylation
and May Predispose to Obesity and Obesity-Related Disorders. Lipids Health Dis. 2019, 18, 230. [CrossRef]

Gomez-Alonso, M.d.C.; Kretschmer, A.; Wilson, R.; Pfeiffer, L.; Karhunen, V.; Seppald, I.; Zhang, W.; Mittelstra3, K.; Wahl, S.;
Matias-Garcia, P.R.; et al. DNA Methylation and Lipid Metabolism: An EWAS of 226 Metabolic Measures. Clin. Epigenetics 2021,
13, 7. [CrossRef] [PubMed]

Gonzaélez-Becerra, K.; Ramos-Lopez, O.; Barron-Cabrera, E.; Riezu-Boj, J.I.; Milagro, F1.; Martinez-Lépez, E.; Martinez, ].A. Fatty
Acids, Epigenetic Mechanisms and Chronic Diseases: A Systematic Review. Lipids Health Dis. 2019, 18, 178. [CrossRef] [PubMed]
Theys, C.; Lauwers, D.; Perez-Novo, C.; Vanden Berghe, W. PPAR« in the Epigenetic Driver Seat of NAFLD: New Therapeutic
Opportunities for Epigenetic Drugs? Biomedicines 2022, 10, 3041. [CrossRef] [PubMed]

Li, Y.Y;; Tang, D.; Du, Y.L.; Cao, C.Y.; Nie, Y.Q.; Cao, J.; Zhou, Y.J. Fatty Liver Mediated by Peroxisome Proliferator-Activated
Receptor-ac DNA Methylation Can Be Reversed by a Methylation Inhibitor and Curcumin. J. Dig. Dis. 2018, 19, 421-430.
[CrossRef]

Wang, J.; Zhang, Y.; Zhuo, Q.; Tseng, Y.; Wang, J.; Ma, Y.; Zhang, J.; Liu, J. TET1 Promotes Fatty Acid Oxidation and Inhibits
NAFLD Progression by Hydroxymethylation of PPARx Promoter. Nutr. Metab. 2020, 17, 46. [CrossRef]

Castellano-Castillo, D.; Moreno-Indias, I.; Sanchez-Alcoholado, L.; Ramos-Molina, B.; Alcaide-Torres, J.; Morcillo, S.; Ocafia-
Wilhelmi, L.; Tinahones, E.; Queipo-Ortufio, M.1.; Cardona, F. Altered Adipose Tissue DNA Methylation Status in Metabolic
Syndrome: Relationships Between Global DNA Methylation and Specific Methylation at Adipogenic, Lipid Metabolism and
Inflammatory Candidate Genes and Metabolic Variables. ]. Clin. Med. 2019, 8, 87. [CrossRef]

Struhl, K. Histone Acetylation and Transcriptional Regulatory Mechanisms. Genes Dev. 1998, 12, 599-606. [CrossRef]

Miller, J.L.; Grant, P.A. The Role of DNA Methylation and Histone Modifications in Transcriptional Regulation in Humans.
Subcell. Biochem. 2013, 61, 289-317. [CrossRef]

Strycharz, J.; Rygielska, Z.; Swiderska, E.; Drzewoski, ].; Szemraj, J.; Szmigiero, L.; Sliwinska, A. SIRT1 as a Therapeutic Target in
Diabetic Complications. Curr. Med. Chem. 2018, 25, 1002-1035. [CrossRef]

Arunachalam, G.; Samuel, S.M.; Marei, I.; Ding, H.; Triggle, C.R. Metformin Modulates Hyperglycaemia-Induced Endothelial
Senescence and Apoptosis through SIRT1. Br. J. Pharmacol. 2014, 171, 523-535. [CrossRef]

Picard, F; Kurtev, M.; Chung, N.; Topark-Ngarm, A.; Senawong, T.; de Oliveira, R.M.; Leid, M.; McBurney, M.W.; Guarente, L.
Sirtl Promotes Fat Mobilization in White Adipocytes by Repressing PPAR-y. Nature 2004, 429, 771. [CrossRef] [PubMed]
Castellano-Castillo, D.; Denechaud, P.-D.; Fajas, L.; Moreno-Indias, I.; Oliva-Olivera, W.; Tinahones, F.; Queipo-Ortufio, M.I;
Cardona, F. Human Adipose Tissue H3K4me3 Histone Mark in Adipogenic, Lipid Metabolism and Inflammatory Genes Is
Positively Associated with BMI and HOMA-IR. PLoS ONE 2019, 14, e0215083. [CrossRef] [PubMed]

Sugii, S.; Evans, R M. Epigenetic Codes of PPARYy in Metabolic Disease. FEBS Lett. 2011, 585, 2121-2128. [CrossRef] [PubMed]
Lefterova, M.L; Zhang, Y.; Steger, D.J.; Schupp, M.; Schug, J.; Cristancho, A.; Feng, D.; Zhuo, D.; Stoeckert, C.J.; Liu, X.S.; et al.
PPARgamma and C/EBP Factors Orchestrate Adipocyte Biology via Adjacent Binding on a Genome-Wide Scale. Genes Dev. 2008,
22,2941-2952. [CrossRef] [PubMed]

Wang, S.; Lin, Y.; Gao, L.; Yang, Z.; Lin, J.; Ren, S.; Li, F; Chen, J.; Wang, Z.; Dong, Z.; et al. PPAR-y Integrates Obesity and
Adipocyte Clock through Epigenetic Regulation of Bmall. Theranostics 2022, 12, 1589-1606. [CrossRef]

Lee, T.-I,; Kao, Y.-H.; Tsai, W.-C.; Chung, C.-C.; Chen, Y.-C.; Chen, Y.-J]. HDAC Inhibition Modulates Cardiac PPARs and Fatty
Acid Metabolism in Diabetic Cardiomyopathy. PPAR Res. 2016, 2016, 5938740. [CrossRef]

Gao, Q.; Wei, A,; Chen, E; Chen, X.; Ding, W,; Ding, Z.; Wu, Z.; Du, R.; Cao, W. Enhancing PPARy by HDAC Inhibition Reduces
Foam Cell Formation and Atherosclerosis in ApoE Deficient Mice. Pharmacol. Res. 2020, 160, 105059. [CrossRef]

Fu, M.; Rao, M.; Bouras, T.; Wang, C.; Wu, K.; Zhang, X.; Li, Z; Yao, T.-P,; Pestell, R.G. Cyclin D1 Inhibits Peroxisome
Proliferator-Activated Receptor Gamma-Mediated Adipogenesis through Histone Deacetylase Recruitment. J. Biol. Chem. 2005,
280, 16934-16941. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

100



biomolecules ﬁw\D\Py

Review

New Insights into the Role of PPARY in Skin Physiopathology

Stefania Briganti, Sarah Mosca, Anna Di Nardo, Enrica Flori * and Monica Ottaviani

Laboratory of Cutaneous Physiopathology and Integrated Center of Metabolomics Research, San Gallicano
Dermatological Institute, IRCCS, 00144 Rome, Italy; stefania.briganti@ifo.it (S.B.); sarah.mosca@ifo.it (S.M.);
anna.dinardo@ifo.it (A.D.N.); monica.ottaviani@ifo.it (M.O.)

* Correspondence: enrica.flori@ifo.it

Abstract: Peroxisome proliferator-activated receptor gamma (PPARY) is a transcription factor ex-
pressed in many tissues, including skin, where it is essential for maintaining skin barrier permeability,
regulating cell proliferation/differentiation, and modulating antioxidant and inflammatory responses
upon ligand binding. Therefore, PPARYy activation has important implications for skin homeostasis.
Over the past 20 years, with increasing interest in the role of PPARs in skin physiopathology, con-
siderable effort has been devoted to the development of PPARY ligands as a therapeutic option for
skin inflammatory disorders. In addition, PPARYy also regulates sebocyte differentiation and lipid
production, making it a potential target for inflammatory sebaceous disorders such as acne. A large
number of studies suggest that PPARYy also acts as a skin tumor suppressor in both melanoma and
non-melanoma skin cancers, but its role in tumorigenesis remains controversial. In this review, we
have summarized the current state of research into the role of PPARY in skin health and disease
and how this may provide a starting point for the development of more potent and selective PPARy
ligands with a low toxicity profile, thereby reducing unwanted side effects.

Keywords: PPARs; skin physiology; inflammatory skin disease; skin cancer; sebaceous gland; lipids

1. Introduction

Peroxisome proliferator-activated receptors (PPARs) are a class of nuclear receptor
proteins that act as transcription factors regulating target gene expression. Since their
identification in the 1990s [1], PPARs have been the focus of many studies in the literature
due to their role in several critical biological processes, such as energy homeostasis and
inflammation [2-5].

PPARs are known to be classically activated by binding to specific ligands, as well as
other members of the nuclear receptor superfamily. Following ligand interaction, PPAR
undergoes a conformational change that allows it to form heterodimers with the 9-cis
retinoid X receptor (RXR) (Figure 1A). The nature of the ligand is important in driving
the genomic PPAR response, leading to the recruitment of several co-activators or co-
repressors [6].

The resulting complex is able to bind specific DNA sequences in their promoter
regions, known as PPAR response elements (PPREs), thereby regulating the expression
of target genes involved in a range of physiological processes related to inflammation,
metabolism, and cell differentiation [5,7]. In addition to the transcriptional activation and
repression, an additional mechanism described in the literature is that PPARs can also act
as transrepressors of genes primarily associated with pro-inflammatory pathways through
a protein—protein PPRE-independent interaction with other transcription factors, such as
NF-kB and AP1 [8,9].

There are three PPAR isoforms, PPAR«, PPARB /6, and PPARY, which share structural
and sequence homology but differ in tissue distribution, ligand selectivity, and receptor
responsiveness, demonstrating their ability to regulate distinct sets of genes [2,10-13]. The
size of the ligand-binding cavities of PPARs is comparable, with about 80% of the amino
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acids conserved. Nevertheless, amino acid sequence variations between PPARs affect the
specificity of the ligands (Figure 2) [14].
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Figure 1. PPARs signaling and functions. (A) Schematic representation of the ligand-dependent
PPARs activation. The ligand nature leads to the recruitment of several co-activators or co-repressors,
important in driving the PPAR genomic actions. Cytoplasmic PPARs, by interacting with other tran-
scription factors, such as NF-kB, elicit non-genomic effects by negatively regulating pro-inflammatory
gene expression (B) Principal roles exerted by the different PPARs isoforms in skin homeostasis.
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Figure 2. Three-dimensional structure and ligand binding pocket aminoacid sequences of three PPAR
isoforms. (A) 3D structure of PPAR« (117G [15]), PPARB /& (3TKM [16]), and PPARYy (2F4B [17]).
(B) Structure-based sequence alignment of hPPAR« (UniProt ID Q07869), hPPAR3 /6 (UniProt ID Q03181),
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and hPPARy (UniProt ID P37231). For each aligned residue pair, “:” is for conserved substitutions,
“.” denotes semi-conserved substitutions, and “*” denotes identical residues. Residues binding
ligands are highlighted in yellow.

All PPAR isoforms are expressed in the human skin and are involved in various cellu-
lar functions, including cell proliferation and differentiation [4,18-20] (Figure 1B). PPAR«
and PPARYy are known to induce sebocyte differentiation and are involved in keratinocyte
differentiation and epidermal lipid synthesis, with a critical role in epidermal barrier re-
pair [21,22]. In particular, the activation of PPARy leads to the inhibition of keratinocyte
proliferation, promoting terminal epidermal differentiation instead [23,24]. PPARB /¢ is
involved in skin wound healing, lipid synthesis, keratinocyte survival, migration, and
sebocyte maturation [25-28]. Several studies in the literature show that activation of PPAR«x
and PPARy is associated with the inhibition of melanocyte proliferation and stimulation of
pigmentation, whereas PPARB /6 does not yet appear to affect melanocytes [29-32]. Fur-
thermore, cutaneous immune cells, such as Langerhans and T cells, express all three PPARs
isoforms, highlighting their importance in exerting anti-inflammatory effects [4,33,34].
Therefore, the dysregulation of PPAR expression is associated with inflammatory skin
disorders and skin malignancies, suggesting their potentiality as therapeutic targets using
specific ligands [20].

Typically, PPARs are activated by binding specific ligands that can be natural or
synthetic compounds. Fatty acids and their derivatives are examples of endogenous lig-
ands, while synthetic ligands include therapeutic drugs such as thiazolidinediones (TZDs)
(PPARY agonists) and fibrates (PPARx agonists) [2,6,35,36]. In particular, TZDs, such as pi-
oglitazone, and WY14643 are some of the receptor ligands that have demonstrated promise
in the management of a range of skin conditions, including psoriasis, atopic dermatitis, and
skin cancers [20,28,37,38]. Moreover, it has been discovered that PPARy agonists decrease
skin fibrosis and accelerate wound healing [39,40]. However, PPAR modulators should
be carefully evaluated to determine their efficacy and potential side effects [6,37]. Data in
the literature show concerns about possible cardiovascular hazards and carcinogenicity
associated with PPAR agonist use, especially PPAR«/y dual agonists [41]. TZDs, which
are known for their effectiveness in treating type 2 diabetes due to their ability to improve
glycaemic control and induce insulin sensitivity, are not good candidates for long-term
therapies, such as chemotherapy for skin cancer, due to their lack of specificity and harmful
side effects [42—47]. Much attention is therefore being paid to the development of new
classes of selective and potent PPARy modulators retaining the beneficial activity of PPARy
agonists while eliminating many of the undesirable side effects [6].

In this review, we have attempted to describe current knowledge of PPARy in skin
physiopathology as the main cutaneous therapeutic target in skin inflammatory disorders
and cancer.

2. Methods
2.1. Three-Dimensional Crystal Structure of PPARs and Sequence Alignment
The 3D structures of hPPARx, hPPARf /5, and hPPARy were obtained by using the
US RCSB PDB (RCSB.org) data center for the global Protein Data Bank (PDB) archive of 3D
structure data for large biological molecules, with PDBentries of 117G [15], 3TKM [16], and
2F4B [17], respectively. Ligands and water in crystal structures were removed (Figure 2A).
The amino acids sequence alignment of the three receptors was obtained by using
UniProt Align of hPPAR«x (Q07869), hPPARR /6 (Q03181), and hPPARy (P37231) (UniProt:
the Universal Protein Knowledgebase 2002-2024; current release 2024).

2.2. Chemical Structures Drawing

The chemical structures of the most representative PPARy activators (Figure 3) were
created using ACD/ChemSketch (Freeware) Version 2022.2.3 Software (Advanced Chem-
istry Development, Inc., Toronto, Canada).
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3. PPARy Modulation and Skin Barrier Homeostasis

The structure and composition of the outermost layer of the epidermis, the stratum
corneum (SC), are related to the proper functioning of the skin barrier, mediating the
maintenance of water and electrolyte balance and preventing dehydration [48,49]. The
SC consists of corneocytes, which are anucleated, terminally differentiated keratinocytes
embedded in a lamellar lipid matrix, and provide a barrier to the movement of water
and electrolytes [50,51]. The process of differentiation of keratinocytes into corneocytes
is also associated with the expression of specific proteins, such as keratin, fillagrin, trans-
glutaminase, involucrin, and loricrin, which have the function of forming the structural
scaffolds of the extracellular lipid matrix [50]. Moreover, these proteins are also targets
of PPAR activation [52]. In addition, differentiating keratinocytes secrete ceramides, the
predominant lipid species in the extracellular matrix, which play an important role in the
water-holding and barrier functions of the SC [51]. As epidermal lipid metabolism and
skin barrier function are closely linked, modulation of lipid metabolism by PPAR ligands
was tested for its effects on the skin barrier. During keratinocyte differentiation induced by
high calcium concentration, the levels of PPARy increase along with the terminal differenti-
ation [18]. In terminally differentiated keratinocytes, PPARYy levels increase 5-fold, peaking
in the suprabasal layer [53].

Several studies in epidermal keratinocytes or mice have shown that either the overex-
pression of PPARYy or its activation by agonists can have beneficial effects on skin barrier
function. PPARy induces a shift in the balance between differentiation and proliferation
towards differentiation, leading to the normalization of terminal differentiation of epi-
dermal keratinocytes and a reduction in their proliferation rate [24]. The treatment of
animals with PPARy agonists also reduces the proliferation rate of epidermal keratinocytes,
and this anti-proliferative effect is more rapid in recovering epidermis with a disrupted
skin barrier [23,54,55]. In mice knockout for epidermal PPARYy, a significant reduction
in the transcription of several genes associated with lipid barrier formation has been re-
ported [21,56]. In human epidermal equivalents, barrier disruption mediated by chemical
agents such as SDS or acetone resulted in reduced PPAR?y gene expression levels, suggest-
ing that PPARY signaling is closely correlated with epidermal barrier fitness [57]. PPARy
ligands may therefore represent useful therapies for various inflammatory skin conditions
characterized by epidermal barrier impairment.

4, PPARYy and the Sebaceous Gland

The Sebaceous Gland (SG) is an epithelial appendage with an acinar structure con-
sisting of sebocytes; SG is part of the pilosebaceous unit, and its development is closely
associated with the formation of the hair follicle (HF) during skin morphogenesis [58,59].
SG expresses all PPAR isoforms. However, PPARy seems to be a crucial and necessary
requirement for SG genesis and homeostasis [60-63]. Mice with a targeted deletion of
PPARY show the dramatic downregulation of transcripts encoding for genes related to
gland development and sebum production, leading to an asebia phenotype. The almost
complete ablation of SGs is also associated with a slow hair cycle, altered HF morphology,
and skin inflammation, indicating the importance of PPARy not only for the SG but likely
for the whole pilosebaceous unit [21,63-65]. Due to its role in SG specification, PPARy
can also be considered a fate determinant for SG cell reprogramming; in fact, the pres-
ence of a PPARy agonist in the culture medium of epidermal stem cells is necessary to
induce their differentiation into sebocytes [66]. More recently, it has been proven that the
stable overexpression of PPARY alone is sufficient to drive human keratinocyte conversion
into culture-expandible SG cells, with gene expression patterns and functional properties
mimicking sebocytes, particularly in terms of lipid synthesis. Furthermore, in mice, the
intradermal injection of these “induced SG cells” gives rise to a de novo SG-like struc-
ture capable of producing a lipidomic profile closely related to those expected for native
SG [63,66].
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In addition to its relevance in SG morphogenesis, PPARy also plays a key role in the
maintenance of the SG primary function, namely sebum production, since its expression is
associated with sebocyte differentiation. Sebocytes undergo multiple cell state transforma-
tions moving toward the sebaceous duct and reach their maturation at the distal end of the
SG which constitutes about 20-50% of the SG volume [58,63,67] Variation in the differentia-
tion stage of sebocytes thus characterizes the layered structure of the SG. The peripheral
zone is made up of undifferentiated and proliferative sebocytes, whereas differentiating
sebocytes, which synthesize and accumulate lipids in cytoplasmic droplets that notably
increase their size, constitute the SG maturation zone. Finally, in the necrotic zone, mature
and terminally differentiated sebocytes undergo a specialized form of cell death called
holocrine secretion, releasing sebum on the skin surface through the HF infundibulum
and the sebaceous duct [58,68-70]. Together with the increase in lipid production, more
differentiated sebocytes of the central zone of the gland highly express PPARY in contrast
to sebocytes present in the SG peripheral zone, underlining the importance of this tran-
scription factor in lipid synthesis and metabolism [62,71,72]. PPARY activation resulted, in
fact, in lipidogenic induction and increased sebum secretion in sebocyte cell lines (SZ95,
SEB-1) and human skin, respectively [62,72]. Moreover, PPARy expression in the different
SG zones correlates with the expression of androgen receptors and androgen-metabolizing
enzymes, indicating the cooperative role of PPARy towards androgenic activity. This
interplay is also observed in the SZ95 experimental model, where PPARY induction pro-
duced increased sensitivity to testosterone [62,67,73-75]. Further investigation of the role of
PPARY in the SG may help to better define the still underestimated and not fully explored
SG activity and function.

5. PPARYy and Skin Inflammation

Inflammatory responses promote acute or chronic diseases characterized by excessive
production of arachidonic acid-derived eicosanoids, inflammatory cytokines, and adhesion
molecules [76]. Skin inflammation is a strictly regulated process. PPARs represent one of the
main regulators, and their activation by nitrated fatty acid derivatives and cyclopentenone
prostaglandins, which are products formed in the late stages of the inflammatory reaction,
results in the inhibition of core elements of the inflammatory reaction [9]. Multiple direct
and indirect mechanisms promote the anti-inflammatory effects of PPARs, which are
involved in the regulation of immune cells and the resolution of skin inflammation [3].
Numerous inflammatory mediators and cytokines are inhibited by PPARy ligands in
various cell types, including monocytes/macrophages, epithelial cells, smooth muscle cells,
endothelial cells, dendritic cells, and lymphocytes [77-79]. Additionally, PPARY regulates
the biological activities of Langerhans cells [80,81] and decreases the expression of adhesion
molecules [82]. PPARy agonists promote the differentiation of hemopoietic progenitor
cells in Langherans cells [83], whereas the pro-inflammatory cytokines inhibit this process.
Increased expression of PPARY affects the maturation and function of Langerhans cells,
mainly by accelerating lipid metabolism [84] and fatty acid oxidation [85]. In addition, the
PPAR-signaling pathway enhances immunogenicity and T cell priming by Langerhans
cells [86]. PPARY is involved in the differentiation and proliferation of T cells and plays a
crucial role in their activation following antigen recognition, causing rapid changes in their
phenotype. A shift from a resting state to a state with a much higher metabolic demand
follows stimulation of the T cell receptor, activating, in turn, PPARy and inducing the genes
involved in glucose and fatty acid uptake [87,88]. The activated CD4+ T cells differentiate
into several subpopulations with different inflammatory and metabolic phenotypes, namely
Th1, Th2, Th17, and Treg [89]. Various PPARYy agonists reduce proliferation, inhibit Th1
and Th17 differentiation, and promote Treg differentiation of CD4+ T cells [33,90,91].

In macrophages, PPARy regulates polarization, maturation, epigenetics, and metabolism.
In particular, PPARy modulates the polarization of pro-inflammatory M1 macrophages
into anti-inflammatory M2 macrophages [92]. In addition, after stimulation with LPS, a
condition that drives M1 polarization, macrophages knockout for PPARy produce high
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levels of pro-inflammatory cytokines, such as IL-1, which are considered markers of M1
polarization [79]. PPARYy also plays a role in CD36 expression, oxLDL uptake, and foam cell
formation by macrophages [93]. PPARYy deficient macrophages have, in fact, diminished
capacity to uptake and degrade OxLDL [94]. Notably, not only cholesterol uptake but
also its efflux is under the transcriptional control of PPARy through the cassettes of the
ABCAL1 family [94]. Furthermore, the overexpression of dominant-negative PPARgamma
in macrophages results in the upregulation of pro-inflammatory cytokines/chemokines
and expansion of myeloid-derived suppressor cells (MDSCs), leading to inflammation,
immunosuppression, and tumorigenesis [95]. These data suggest that the PPARgamma
signaling pathway and its downstream gene products are essential for controlling chronic
inflammation (especially MDSC homeostasis) and tumorigenesis.

PPARY is a key regulator of the functional maturation of dendritic cells (DC), driving
the induction of immunogenic T cell responses versus immune tolerance. Klotz et al.
demonstrated that pharmacological modulation of PPARY signaling in murine DC reduced
the expression of costimulatory molecules and IL-12 associated with the maturation process
and significantly inhibited the ability of DC to prime naive CD4+ T cells in vitro [96].
In addition, CD4+ T cells primed by PPARy-activated DCs failed to express Thl and
Th2 cytokines and did not respond to further T cell receptor-mediated stimulation with
secondary clonal expansion [96]. The authors proposed that PPARy controls DC function in
a complex manner that allows the survival of Ag-reactive CD4+ T cells but induces CD4+ T
cell anergy instead of immunity upon secondary Ag encounter. Conversely, PPARy ablation
increased DC immunogenicity, suggesting that PPARy may act as a constitutive regulator
of DC suppression [96]. The activation of PPARy with 15d-PG]J2 or troglitazone inhibits
Toll Like Receptor-mediated activation of the MAP kinase and NF-kB pathways and results
in a reduced capacity of DC to stimulate T cell proliferation. This highlights the inhibitory
effect of PPARY activation on DC maturation [97]. Through its ability to reduce the activity
of transcription factors, such as AP-1, STAT, NF-kB, and NFAT, PPARy negatively regulates
inflammatory gene expression in skin immune cells [98,99]. The formation of inhibitory
complexes between PPARy and the aforementioned transcription factors is called trans-
repression [100] and leads to the suppression of pro-inflammatory cytokine genes and
the downregulation of cyclooxygenase-2/COX-2/PTGS2 expression, thereby reducing the
production of prostaglandins [101]. Due to its anti-inflammatory effects, PPARy has been
the subject of numerous studies in recent years to elucidate pathogenetic mechanisms and
develop new therapies for inflammatory skin diseases.

6. PPARY Agonists/Modulators in Skin Disease Management
6.1. Atopic Dermatitis and Contact Dermatitis

Atopic dermatitis (AD) is a chronic relapsing inflammatory skin disease, which may
be associated with IgE-dependent diseases like allergic asthma, food allergy, and allergic
rhinitis. AD patients have skin barrier impairment within crusted erythematous areas,
associated with epidermal hyperplasia, scaling, and lichenification [102]. Loss-of-function
mutations in the filaggrin gene are a major predisposing factor for the manifestation of
AD, increasing the permeability of the skin [103]. However, not only do patients with
mutations show decreased filaggrin levels in the skin but inflammatory processes in general
also decrease filaggrin expression in people not carrying the respective mutation [104].
Skin injury often triggers AD, allowing increased penetration of environmental allergens
and inducing a cytokine milieu that favors a Th2 response [52]. Although information
on PPARy in AD is conflicting, the systemic administration of PPARy ligands improved
experimental skin allergy in mice [105] and the intensity of clinical symptoms in patients
with severe AD [106]. Despite the evidence that AD patients may benefit from PPARy
agonists, the clinical observations derive from a small number of patients, so the potential
role of PPARy modulation in the treatment of AD should be evaluated in future controlled
trials.
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PPARYy agonists may maintain mast cell homeostasis by inhibiting the maturation of
their precursors, reducing mast cell phenotypic markers and viability, inhibiting degranula-
tion, and inducing cell apoptosis [107]. These data suggest that PPARy ligands may serve
as effective anti-inflammatory reagents in the treatment of mast cell-related diseases, such
as allergic reactions and contact dermatitis. However, recent data report that PPARYy is
essential for the promotion of ‘type 2’ immune responses that are typically associated with
allergic diseases, highlighting the contrasting role of PPARy in allergic inflammation [108].
The high availability of PPARYy ligands in the environment is thought to play a key role in
the increase in allergic diseases worldwide [108]. This effect is mainly observed with PPARy
ligands from environmental pollutants. The discovery and testing of compounds that can
bind PPARy but primarily activate anti-inflammatory responses may be a valid strategy to
counteract or mitigate the negative effects of environmental PPARy activators. Remarkably,
50% of children with AD develop asthma later in life, and the risk of developing hay fever
is up to 75% [109]. This typical sequence of allergic manifestations is called the “atopic
march” [110,111]. Glucocorticoids (GCs) are the standard anti-inflammatory drugs used to
treat AD and attempt to halt the atopic march. However, GCs have detrimental side effects
on the integrity of the epidermal barrier [112-115]. Therefore, the combination of GCs with
therapies, such as PPARy ligands, that have an anti-inflammatory effect while maintaining
the integrity of the skin barrier is an interesting topic for study [115]. The activation of the
glucocorticoid receptor (GR) has been shown to contribute to the anti-inflammatory effects
of PPARY activity [116]. Deckers et al. developed a murine model that mimics the atopic
march. In this model, skin inflammation is associated with a mixed Th2/Th17 phenotype
and severe airway inflammation induced by dust mite challenges. Combined activation of
GR/PPARy suppresses local skin inflammation to a greater extent than single activation but
appears insufficient to prevent the allergic immune response in the lung, even though the
severity of asthma is effectively reduced by counteracting the Th17 response [117]. Thus,
GR/PPARY co-activation represents a potent remedy against allergic skin inflammation
and worsening of atopic march.

The beneficial effects of PPARy modulators in AD therapy are, therefore, mostly
related to in vitro/in vivo studies with cell cultures and animal models, whereas conflicting
data are reported in patients. Therefore, controlled clinical studies are needed to test the
therapeutic efficacy of PPARy modulators.

6.2. Psoriasis

Psoriasis is a multifactorial inflammatory skin disorder, generally considered a poly-
genic, immune activation-dominated disease characterized by keratinocyte hyperplasia
and disturbed differentiation [118]. The interaction between psoriatic keratinocytes and
cells of the immune system is a crucial element in the development of psoriatic lesions
since keratinocytes produce chemokines to attract T cells to the inflammatory site [119].
Due to their pro-differentiating, anti-proliferative, and immunomodulatory effects, PPARy
may play a central role in the pathogenesis and treatment of psoriasis. In psoriatic lesional
skin, the expression of PPARY is decreased [98,120]. In a 3D tissue-engineered psoriatic
skin model characterized by the reduced expression of PPARY, the addition of DHA, a
long-chain n-3 polyunsaturated fatty acid, regulates the differentiation of psoriatic ker-
atinocytes and promotes the synthesis of anti-inflammatory lipid mediators through its
ability to activate the PPARy pathway [121]. According to the studies performed on mice,
either the overexpression of PPARY or its activation by agonists may potentially produce
variable beneficial effects on the skin. In skin hyperproliferative disease murine models,
the treatment of animals with PPARy agonists (troglitazone, rosiglitazone, pioglitazone,
and BP-1107) suppresses inflammatory signals, reduces the proliferation rate, and normal-
izes terminal differentiation of epidermal keratinocytes [23,122,123]. A disruption of fatty
acid metabolism and associated PPARY signaling was revealed by whole transcriptome
sequencing [124] and mRNA expression profiling [125] of psoriatic lesions and adjacent
normal skin. The PPARYy signaling pathway is proposed as a key regulatory factor in
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the pathogenesis and a potential therapeutic target of psoriasis. Sobolev et al. combined
experimental results and network functional analysis to reconstruct the model of down-
regulated PPARY signaling in psoriasis and tested the hypothesis that low PPARy levels
may alter the activity of cellular signaling pathways in the skin, facilitating the chronic
inflammatory and immune response in human psoriatic lesions [120]. They found higher
expression of STAT3, RORC, FOXP3, and IL17A genes overall with low PPARy mRNA
levels in psoriatic lesions. Their data support the hypothesis that PPARy attenuates the
expression of genes involved in the development of psoriatic lesions and show that the
regulation of PPARy expression by FOSL1 and by the STAT3/FOSL1 feedback loop may
be central in psoriatic skin and T cells [126]. Based on this evidence, the modulation of
PPARy may have therapeutic potential in psoriasis. Several clinical studies show that
PPARYy agonists are effective in normalizing the key morphological features of psoriasis.
Patients receiving systemic treatment with TDZs troglitazone or pioglitazone showed
reduced hyperplasia and normalized histological features of lesional skin [23,127-131].
However, oral rosiglitazone was not more effective than placebo in patients with moderate
to severe chronic plaque psoriasis [132]. Topical rosiglitazone was also ineffective [133],
suggesting that differences in the ability to modulate PPARy may explain the different
therapeutic responses. In patients with psoriasis, PPARy agonists may also have an ad-
ditive effect in combination with typical antipsoriatic drugs. Pioglitazone improved the
effect of acitritin [134], methotrexate [135,136], or other antipsoriatic drugs [137] and in-
creased the effectiveness of phototherapy in eligible psoriasis patients [138]. However, like
many other drugs, TZD therapies have unwanted side effects due to their simultaneous
action on different cells and non-specific off-target effects. TZDs promote adipogenesis and
adipocyte maturation, leading to adipocyte hypertrophy, and induce edema, weight gain,
and increased risk of cardiovascular events and bone fractures in patients [98]. The new
generation of PPARYy agonists is expected to retain the beneficial properties of TZDs while
significantly reducing the disruption of lipid and glucose metabolism, which is actively
involved in the side effects observed in patients. A recently discovered non-TZD agonist
of PPARy, GED-0507-34L, binds to PPARy with relatively high affinity and reduces the
inflammatory response by inhibiting NF-kB and upregulating the expression of IkBa, as
well as suppressing the prostaglandin-endoperoxide synthase 2 (PTGS2) in normal human
epidermal keratinocytes and lymphocytes [101]. In IL21-induced psoriasis-like skin lesions
in mice, topical application of GED-0507-34L reduces the accumulation of cellular infiltrate
and epidermal hyperplasia, suggesting that this PPARy modulator may potentially ben-
efit patients with psoriasis [101]. A Phase I clinical trial in psoriasis patients (Reg. No.:
GEDO0507-PSO-01-12, USA) showed that, unlike TZDs, GED-0507-34L had no serious side
effects other than redness and itching in the treated areas (in 1 of 24 treated patients) [98].
However, despite the increasing development of new agonists, the potential benefits of
new PPARy modulators in the treatment of psoriasis need to be confirmed in clinical trials
to ensure that the increase in efficacy is balanced by a reduction in potential side effects in
long-term therapy.

6.3. Vitiligo

Vitiligo is a relatively common skin disorder characterized by a reduction in the num-
ber and function of melanocytes, resulting in hypopigmented or depigmented skin lesions
affecting 0.5-1% of the world’s population. Several factors including genetics, autoim-
munity, oxidative stress, melanocyte apoptosis, and neurological mechanisms have been
implicated in the pathogenesis of vitiligo [139]. The destruction of melanocytes within
vitiligo lesions is mediated by the differentiation of DCs, leading to the transformation
of CD4+ T cells into Th1 or Th17 lymphocytes, which secrete various pro-inflammatory
cytokines such as IFN-y, TNF-«, and IL-17, further damaging melanocytes and activating
B lymphocytes to produce antibodies against autoantigens such as tyrosinase, tyrosin
hydroxylase, and Sox10 [73,140-142]. Simultaneously, CD8+ T cells are activated and
exert their destructive effect on melanocytes [143]. Improving the understanding of the
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inflammatory pathways in the pathogenesis of vitiligo and identifying more therapeutic
methods to promote the proliferation and function of melanocytes has been a hot topic in
the field of vitiligo treatment. In a recent study, a comprehensive bioinformatics analysis
was conducted to explore potential genes and signaling pathways associated with vitiligo
and metabolic diseases [144]. PPARy pathway genes were significantly downregulated
in vitiligo samples, and the drug-gene interaction analysis suggested that the PPARy
agonist rosiglitazone may activate the EDNRB gene expression to enhance melanogene-
sis. Thus, exploring the role of the PPARYy pathway may provide new insights into the
pathogenesis and discovery of potential therapeutic targets of vitiligo. Treatment of vitiligo
melanocytes and fibroblasts with pioglitazone ameliorates mitochondrial alterations by
reducing ROS generation, restoring mitochondrial membrane potential, increasing ATP lev-
els, and increasing anaerobic glycolytic enzyme expression and protein levels [145]. In the
same study, pioglitazone reverses premature melanocyte senescence in vitiligo. Recently,
pioglitazone was found to ameliorate defective differentiation/barrier constitution and
reduce inflammatory mediator production in vitiligo keratinocytes [146]. This suggests that
PPARy activation may preserve and enhance skin barrier homeostasis in vitiligo patients,
potentially counteracting the effects of environmental stressors and subsequent triggering
of inflammation. Further clinical studies are needed to investigate the efficacy of selective
modulators of PPARY as a therapy to treat and/or slow the clinical manifestations of
vitiligo and its spread.

6.4. Acne

Acne is one of the most common SG-related inflammatory disorders, in which the
altered SG activity, characterized by both quantitative and qualitative sebum alterations,
plays a pivotal role. This abnormal sebum production contributes to and affects the other
pathogenetic factors, namely follicular hyper-keratinization, inflammation, and C. acnes
colonization, representing the driving multifactorial process of the disease. Due to its role
in sebocyte differentiation and lipid production, PPARYy has been considered a possible
target for the treatment of acne [70,147,148]. In addition to PPARy, SG activity is also
regulated by insulin and insulin-like growth factor (IGF1), indicated by growing evidence
as important hormonal triggers in acne development [149-155]. In SZ95 sebocytes, insulin
stimulates lipogenesis, as well as inflammation, through PI3K-Akt-mTOR signaling. As far
as lipid induction is concerned, insulin challenge gives rise to qualitative lipid composition
mimicking acne sebum in terms of eicosanoid production, and thus in terms of lipo-
inflammatory process driven by eicosanoid-producing enzymes, such as lipoxygenase
(LOX) [22,67,148,156,157]. The magnitude of the insulin effect depends on the sebocyte
differentiation stage. In fact, the reduced expression of PPARY in low differentiated SZ95
sebocytes is associated with a higher level of both insulin and insulin-like growth factor-1
receptors (IR, IGF1R), and with the consequent up-modulation of Akt-mTOR signaling,
leading to higher responsiveness of these cells to insulin stimulus in comparison with more
differentiated sebocytes. Furthermore, the reduced level of PPARy may also be associated
with a higher inflammatory reaction after insulin stimulation due to the increase in LOX
activity, which can also result in the production of IL6 and IL8 cytokines, beyond eicosanoid
increase, in sebocytes [22,148,156]. Accordingly, in vivo data in acne skin demonstrated
lower levels of PPARY together with increased AKT-mTOR signaling as well as higher
5-LOX expression and eicosanoid levels [158-160]. The PPARy modulation by the selective
and newly designed agonist N-Acetyl-Ged-0507-34-Levo (NAC-GED0507; GMG-43AC) is
able to counteract the acne-like altered lipogenesis and inflammatory process produced
by insulin treatment in SZ95 sebocytes. The induction of sebocyte differentiation and thus
the increase in PPARYy expression by NAC-GED is considered the basis for the correct
sebocyte response to insulin stimulation, leading to improved sebum composition. In
addition, parallel anti-inflammatory effects of PPARy were observed through the reduction
in LOX activity and antagonism of the NF-kB pathway [22,156]. The clinical efficacy of
topical NAC-GEDO0507 gel was demonstrated and then confirmed by a phase 1 and phase
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2 trial, respectively. The knowledge gained so far identifies PPARy modulation as a key
element to be taken into account in novel and effective therapeutic strategies for acne
treatment [156,161].

6.5. PPARy and Skin Aging

Aged skin is characterized by structural and functional changes in the dermis, which
include the formation of lines and wrinkles, increased pigmentation, loss of elasticity and
firmness, and gray skin [162,163]. Skin aging is the hallmark of prolonged UV exposure,
which causes photoaging, and intrinsic aging-related factors, such as collagen breakdown,
by increasing the expression levels of metalloproteinase (MMP) enzymes [164-166]. En-
dogenous systems for photoprotection include epidermal thickening, pigmentation, and
complex antioxidant and DNA repair systems [167-169]. Excessive production of ROS is
known to be an initiator and promoter of intrinsic aging and photoaging [170]. UV-induced
skin inflammation is associated with both intrinsic and extrinsic skin aging processes
through the release of pro-inflammatory cytokines by the accumulation of ROS [171-173].
Since intracellular oxidative stress is mainly related to the decline of endogenous antioxi-
dants, such as reduced glutathione and catalase with UV exposure and aging, treatment
with exogenous antioxidants would be an effective approach to prevent the progression
of skin aging [174,175]. The PPAR family, through its ability to modulate inflammatory
response and antioxidant defense, can modulate the balance between MMP activity and
collagen expression to maintain skin homeostasis and counteract skin aging. Several
studies have suggested that PPARy represents a therapeutic target for the photoaging
process, as it is able to inhibit the expression of MMPs and AP-1 and modulate oxidative
stress-sensitive pathways [176,177]. Intensive studies of PPAR« /vy dual modulators have
revealed their importance in age-related inflammation and photoaging as regulators of
cytokines, MMPs, and NF-kB [178-180]. Decreased PPARYy activity is closely related to
chronic inflammation associated with the aging process in vivo. Pioglitazone treatment
contributes to attenuating several age-related disorders in aged apoE-/- mice, thereby
representing a promising protective therapy against aging and age-related diseases [181].
Aging impairs epidermal re-growth during wound healing and results in lower expression
of peroxisome proliferator-activated receptor gamma coactivator-1 alpha (Pgc-1a) [182].
In addition, it has been reported that PPARy modulates UVB-induced COX-2 expression
and subsequent synthesis of PGE2, a lipid mediator that suppresses collagen synthesis in
dermal fibroblasts by partially interfering with TGF-p signaling [183,184]. In UVB-exposed
human keratinocytes, chimyl alcohol reduces cellular damage by suppressing COX-2
mRNA expression and PGE2 synthesis and stimulates the intracellular defense system
against ROS through Nrf2 signaling activated by a PPAR-y-dependent mechanism [185].
3-O-laurylglyceryl ascorbate, an amphipathic derivative of ascorbic acid, scavenges intra-
cellular ROS and stimulates intracellular antioxidants such as GSH through the PPARy and
Nrf2 signaling pathways [186].

The ability of PPARy modulators to counteract the photo-aging process has been
extensively studied in experimental models of cell senescence. Due to the key role of
oxidative stress in the photoaging process, the transformation of proliferating skin cells into
photoaged cells under conditions of artificially elevated ROS levels resembles premature
senescence. Therefore, stress-induced premature senescence (SIPS) models can be useful
tools to investigate the biological and biochemical mechanisms involved in photo-induced
skin damage. PPARY activation has been demonstrated to reduce age-related inflammation
and aging progression in an H,O,-induced SIPS cell phenotype [187]. In human dermal
fibroblasts induced to SIPS by PUVA (a single sub-cytotoxic exposure to UVA in the pres-
ence of activated 8-methoxypsoralen), a decrease in PPARYy expression and activity is an
early event associated with the induction of a senescence-like phenotype [188,189]. Azelaic
acid, a nine-carbon linear saturated dicarboxylic acid, and 2,4,6-octatrienoic acid, a member
of the parrodiene family, increase the transactivation of PPARy and counteract PUVA-SIPS
markers, including long-term growth arrest, flattened morphology, increased synthesis
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of MMPs, increased degradation of ECM, and senescence-associated beta-galactosidase
staining, and also interfere with ROS-dependent cellular signaling mechanisms [188,189].
In a reproducible photo-damaged model of mouse dermal fibroblasts treated with repeated
UVB exposures, rosiglitazone counteracts the photoaging process [190]. Taken together,
PPARy modulation may counteract both intrinsic and extrinsic skin aging processes. How-
ever, further investigation is needed to develop new therapeutic or preventive approaches
with oral or topical administration of PPARy modulators while limiting potential side
effects such as lipid accumulation due to increased adipocyte differentiation.

7. PPARY and Skin Cancer

Over the past twenty years, considerable progress has been made in understanding
the role of PPARY in skin cancer. UV exposure is the major cause of skin carcinogenesis.
This process involves DNA damage and alterations in signaling pathways essential for cell
proliferation, survival, oxidative stress, inflammation, immunosuppression, differentiation,
remodeling, and apoptosis [191-193].

7.1. Non-Melanoma Skin Cancer (NMSC)

The ability of PPARy activation to induce terminal differentiation, afford photoprotec-
tive effects, and inhibit cell growth and inflammation has been demonstrated in several
in vitro studies using malignant skin cell types and in animal studies using murine skin
tumor models, suggesting that PPARy agonists may act as tumor suppressors.

The study by Sahu et al. provides evidence that epidermal PPARYy plays a protective
role in suppressing UVB-induced NMSC formation and progression in mice. Indeed, mice
lacking epidermal PPAR (PPARY -/-°P! mice) show a marked increase in photocarcino-
genesis associated with UVB-induced apoptosis, inflammation, barrier dysfunction, and
epidermal hyperplasia [56]. A marked increase in TNF-o expression has been demon-
strated in the same mouse model. In addition, the PPARY agonist rosiglitazone reverses the
systemic immunosuppression induced by chronic UVB [21]. Park et al. show the protective
effects of a PPARa/y dual agonist on inflammatory responses, epidermal thickness, and
lipid peroxidation associated with chronic UVB exposure [194]. Furthermore, mice lacking
the PPARY heterodimerization partner RXR« in epidermal keratinocytes show increased
apoptosis, altered epidermal proliferation, and augmented DNA damage in response to
UVB exposure [195]. The studies by Ren and Konger and Balupillai et al. support the
idea that PPARy activation may be a potential pharmacological target for the prevention
or treatment of skin cancer by suppressing tumor-promoting chronic inflammation asso-
ciated with UV exposure, as well as by enhancing antitumor immune responses in the
skin [196,197]. More recently, reports on human epidermoid carcinoma cells demonstrate
the ability of PPARy ligands to inhibit cell growth by regulating the expression of cell
cycle-associated proteins and inducing terminal differentiation [198-200]. These results
are consistent with the observed reduced anchorage-dependent clonogenicity and marked
tumor volume inhibition in ectopic xenografts [199].

The activation of PPARy by the parrodiene derivative 2,4,6-octatrienoic acid (Octa)
prevents cutaneous UV damage by acting on the different skin cell populations [189,201].
Most interestingly, Octa promotes antioxidant defense, greater cell survival, and the effec-
tive removal of UV-induced DNA damage in human keratinocytes and human epidermal
skin equivalents [202]. In line with our results, Babino et al. proved the good tolerability
and long-term efficacy of a medical device containing Octa and urea in the reduction in
grade III actinic keratoses (AKs) [203], skin lesions resulting from chronic and excessive
UV exposure with a certain risk of becoming cancerous [204,205]. In addition, topical
application of sunscreen containing inorganic filters and Octa has been shown to protect
against the formation of sunburn cells, reduce the number of apoptotic keratinocytes, and
prevent UV-induced molecular alterations [206]. More recently, Flori et al. demonstrated
the ability of Octa and its derivative A02 to antagonize, through PPARYy activation, the
TGF-f1-mediated changes associated with the epithelial-mesenchymal transition (EMT)
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process in a human squamous cell carcinoma cell line. Most interestingly, both compounds
counteracted the TGF-1-mediated activation of EMT-related signaling pathways, cell
migration capacity, cell membrane lipid remodeling, and the release of bioactive lipids
involved in EMT. In addition, in vivo experiments in a mouse model with cutaneous pa-
pillomas showed that the same PPARY ligands, applied topically, were able to reduce the
number of lesions and tumor area [200].

In terms of human epidemiological evidence, a large population-based retrospective
cohort study in Taiwan suggests that the long-term use of the PPARYy agonist rosiglitazone
in patients with type 2 diabetes mellitus may be associated with a lower risk of NMSC [207].
Unfortunately, there is little direct evidence from clinical trials on the feasibility of using
PPARYy modulators for the prevention and/or treatment of keratinocyte-derived cancers.
However, data from the literature strongly support the hypothesis that targeting PPARy
may represent a potential pharmacological target for the prevention or treatment of skin
cancer. Current knowledge could be considered as a starting point for developing more
potent and selective chemopreventive or chemotherapeutic PPARy ligands with a low
toxicity profile, thus reducing unwanted side effects.

7.2. Melanoma

Some evidence in the literature suggests that PPARy may be involved in protecting
against melanoma, although current knowledge is limited and controversial. Similar to
non-melanoma skin cancers, growth inhibition via PPARYy activation has been described
in melanoma. Most of these studies used melanoma cell lines and treatment with PPARy
agonists in vitro [193]. The study by Botton et al. shows that the PPARY ligand ciglitazone
inhibits melanoma cell growth by inducing both cell cycle arrest via a PPARy-dependent
pathway at low concentrations of the compound and apoptosis at higher concentrations
and independently of PPARY activation. Furthermore, in vivo treatment of nude mice with
ciglitazone significantly impairs the development of human melanoma xenografts [208]. In
addition, the PPARy ligand 15-deoxy-D12,14 prostaglandin ]2 (15d-PGJ2) has been shown
to induce cell cycle arrest in several melanoma cell lines and to inhibit tumor cell migra-
tion, tumor-associated fibroblast proliferation, and endothelial cell tube formation [209].
A connection between the o-melanocyte stimulating hormone (x-MSH) and PPARYy in hu-
man melanocytes and melanoma cells has been identified, resulting in reduced melanoma
cell proliferation associated with cell cycle withdrawal [32,210,211]. In line with these
findings, Borland et al. demonstrated that overexpression and/or activation of PPARy by
rosiglitazone inhibits cell proliferation and anchorage-dependent clonogenicity in a human
melanoma cell line. This effect is reflected in the observed inhibition of ectopic xenograft
tumorigenicity [199]. Moreover, Konger et al. demonstrate that B16F10 melanoma tumor
growth is enhanced in syngeneic PPARy -/-°P! mice, indicating that loss of epidermal
PPARy acts through indirect mechanisms to regulate tumor growth. Moreover, the pretreat-
ment of mice with rosiglitazone counteracts B16F10 tumor growth induced by UVB [212].
A clinical study on patients with late metastatic stage melanoma shows a significantly
prolonged progression-free survival in the group of patients that received chemotherapy
in combination with pioglitazone compared to the group that received chemotherapy
alone [213]. In contrast to these literature data showing a potential efficacy of PPARy acti-
vation in the prevention or treatment of melanoma, a cohort study conducted in diabetic
patients treated with pioglitazone suggests that the use of the TZD class of PPARY ligands
is associated with an increased risk of melanoma [214]. In line with this evidence, Pich et al.
show that rosiglitazone induces a tumorigenic paracrine communication program in a sub-
set of human metastatic melanoma cells involving the secretion of cytokines, chemokines,
and angiogenic factors, leading to the activation of non-malignant stromal cells of the tumor
microenvironment. Moreover, in vivo data show that a rosiglitazone-supplemented diet
promotes melanoma tumor growth in xenografts, accompanied by increased inflammation
and angiogenesis [215]. The role of PPARYy agonists in tumourigenicity is complex [216].
The co-occurrence of data suggesting both beneficial and tumorigenic effects of PPARy
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ligands indicates a great complexity in the mechanisms of PPARY action in relation to
the tumor context and microenvironment. Therefore, the role of PPARYy in melanoma
remains to be elucidated. Further clinical studies are needed to determine whether PPARy
modulators may have a beneficial role in the prevention and/or treatment of melanoma.
Therapeutic modulation of PPARY should, therefore, be considered with caution.

8. Conclusions

Over the past 20 years, considerable progress has been made in understanding the
role of PPARY in skin physiopathology. Keratinocyte differentiation, barrier permeability
maintenance, sebaceous gland development and function, and inflammatory response are
all processes regulated by PPARy transcriptional activity. Alteration and/or disruption
of these physiological functions are associated with the onset of skin disorders. The
development of drugs targeting PPARY is an area of active research, with PPARy agonists
being considered potential future dermatology therapeutics (Table 1; Figure 3).

Table 1. Therapeutic targeting of PPARY in skin diseases. Beneficial effects of PPARy activation in
various skin disorders, listing the most tested molecules and the corresponding references.

Skin Condition

PPARY Beneficial Effects

PPARY Activators

References

Atopic Dermatitis,
Contact Dermatitis

Promotion of anti-inflammatory
responses

Maintenance of mast cell homeostasis
Maintenance of barrier integrity and
homeostasis

pioglitazone,
ciglitazone

[107,115,116]

Psoriasis

Reduction in the expression of genes
involved in the development of psoriatic
lesions

Normalisation of lesional skin
Reduction in epidermal

hyperplasia

troglitazone, rosiglitazone,
pioglitazone, BP-1107,
GED-050734L

[23,98,101,122—
126,134-138]

Vitiligo -

Enhancement of melanogenesis
Reduction in mitochondrial alterations
Reduction in ROS generation

Reversal of premature melanocyte
senescence

Improvement of defective

differentiation /barrier constitution

rosiglitazone,
pioglitazone

[145,146]

Acne -

Reduction in altered lipogenesis
Anti-inflammatory activity
Improvement of sebum composition

NAC-GEDO0507

[22,156,161]

Skin Aging

Modulation of aged-related inflammation
by inhibition of pro-inflammatory gene
expression

Reduction in aging progression and
age-related disorders

pioglitazone, azelaic acid,
kojyl cinnamate ester
derivatives, octa, rosiglitazone

[177,181,188-190]

Non-melanoma
skin cancer

Antioxidant defense

Reduction in UV-dependent DNA
damage

Inhibition of cell growth and induction of
terminal differentiation

Antagonization of the EMT

process

rosiglitazone, octa, A02

[21,198-200,202]

Melanoma

Inhibition of cell growth

Induction of cell cycle arrest

Inhibition of tumor cell migration
Reduction in melanoma cell proliferation

ciglitazone,15d-PG]J2,
rosiglitazone, pioglitazone

[193,199,209,212,213]
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Figure 3. Representative PPARY activators. Chemical structures of the most tested PPARy activators

related to skin pathophysiology. Thiazolidinedione (TZD).

A major challenge for future research will be the development of novel PPARYy ligands
capable of selectively activating the different patterns of genes involved in the desired
beneficial activity while reducing unwanted side effects through the design of ligands
with a low toxicity profile. Much work is needed to fully characterize the pharmacological
activity and specificity of these compounds.
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Abstract: Nuclear hormone receptors exist in dynamic equilibrium between transcriptionally active
and inactive complexes dependent on interactions with ligands, proteins, and chromatin. The
present studies examined the hypothesis that endogenous ligands activate peroxisome proliferator-
activated receptor-f3/0 (PPARB/9) in keratinocytes. The phorbol ester treatment or HRAS infection
of primary keratinocytes increased fatty acids that were associated with enhanced PPAR/ activity.
Fatty acids caused PPARf /5-dependent increases in chromatin occupancy and the expression of
angiopoietin-like protein 4 (Angptl4) mRNA. Analyses demonstrated that stearoyl Co-A desaturase
1 (Scd1) mediates an increase in intracellular monounsaturated fatty acids in keratinocytes that act
as PPARB /5 ligands. The activation of PPAR{3 /5 with palmitoleic or oleic acid causes arrest at
the G2/M phase of the cell cycle of HRAS-expressing keratinocytes that is not found in similarly
treated HRAS-expressing Pparb/d-null keratinocytes. HRAS-expressing Scd1-null mouse keratinocytes
exhibit enhanced cell proliferation, an effect that is mitigated by treatment with palmitoleic or oleic
acid. Consistent with these findings, the ligand activation of PPARB /6 with GW0742 or oleic acid
prevented UVB-induced non-melanoma skin carcinogenesis, an effect that required PPAR{3 /5. The
results from these studies demonstrate that PPAR /6 has endogenous roles in keratinocytes and can
be activated by lipids found in diet and cellular components.

Keywords: peroxisome proliferator-activated receptor; ligands; cell cycle; fatty acids; UVB-induced
non-melanoma skin cancer

1. Introduction

Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription
factors. Three subtypes of PPARs exist, PPARx, PPARB /6, and PPARY, each with some
unique yet overlapping functions [1]. After ligand binding, PPARs heterodimerize with
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retinoid X receptor (RXR) causing the recruitment of other proteins used to remodel
chromatin and alter the expression of PPAR target genes (e.g., histone acetyl transferases,
RNA polymerase) [2]. Cells respond to specific ligands/signals and modulate cellular
activities to maintain homeostasis by interacting with PPARs. Transcriptional regulation
mediated by PPARs is dynamic. There are several dynamic mechanisms that modulate
nuclear receptor activity including the following: (1) those that impact the availability
of endogenous/exogenous ligands, (2) those that influence the relative expression of the
receptor, and (3) those that modulate accessory proteins for chromatin remodeling [3-
6]. For example, non-esterified fatty acids released from adipose and transported to the
liver during periods of fasting are endogenous ligands for PPAR« [7]. In this mechanism,
the ligand activation of PPARx by endogenous fatty acids increases the expression of
target genes encoding lipid transporters, lipid binding proteins, and fatty acid-catabolizing
enzymes that facilitate the production of energy from lipid substrates to meet the needs
of the cells during periods of fasting [7]. This PPAR«-specific mechanism is particularly
critical to meet the energy demands of cells during periods of fasting [8], a cellular state
that predominates daily in most species.

The relative expression of PPARs has been used to help determine important roles of
these transcription factors in different cells and tissues. For example, PPARx expression
is relatively high in hepatocytes, and this is reflected by the requirement of this receptor
for the oxidation of fatty acids to generate energy in the liver, a tissue that is central in
the homeostatic regulation of lipid metabolism [7]. In contrast, PPAR/$ is constitutively
expressed at a relatively high level in epithelial cells including those in the intestine and
skin, in particular in keratinocytes [9,10]. Based on studies using synthetic ligands and
transgenic models, it is now recognized that PPAR[ /4 has important functional roles in
epithelial cells [11,12]. The ligand activation of PPAR{ /5 inhibits the proliferation of both
mouse primary keratinocytes and human keratinocytes by inducing terminal differentiation
through a PPARf /8-dependent mechanism [12]. The topical application of a PPARB /3
ligand is also chemopreventive against chemically induced non-melanoma skin cancer
through a PPAR3/-dependent mechanism that targets premalignant tumors as a decrease
in keratoacanthomas is only noted in ligand-treated wild-type mice but not in Pparb/d-null
mice [13-15]. Interestingly, the inhibition of cell proliferation by PPAR[ /6 in keratinocytes
is greater in cells expressing high levels of HRAS [13] mediated by PPARf /$-dependent
negative selection against HRAS-expressing cells by inducing a mitotic block at the G2/M
phase of the cell cycle [16].

Synthetic ligands and genetic manipulations in cells, tissues, and animal models have
also been instrumental for elucidating the role(s) of PPARs. However, the identification
and functional characterization of endogenous PPAR ligands remain elusive [17]. There
is evidence indicating that keratinocytes exhibit constitutive transcriptional activity of
PPAR /6 in the absence of any exogenous ligands [6]. The expression of more than four
hundred genes is altered when PPARf /5 is ablated in mouse primary keratinocytes [6].
Moreover, previous studies suggested that an endogenous PPARf /6 ligand is produced in
keratinocytes after treatment with phorbol ester [18]. For these reasons, the hypothesis that
an endogenous PPAR /6 ligand exists and can be identified and functionally characterized
in keratinocytes was examined in the present study.

2. Materials and Methods
2.1. Keratinocyte Culture

Two-day-old neonates from either Pparb/d wild-type, Pparb/d-null [19], Scd1 wild-type,
or Scdl-null mice [20] were used to isolate primary keratinocytes and cultured as previously
described [21]. As previous studies suggested that an endogenous PPAR(3 /6 ligand is
produced in keratinocytes after treatment with phorbol ester (phorbol-12-myristate-13-
acetate; TPA) [18], 80-90% confluent keratinocytes were cultured in medium containing
25 ng TPA /mL for eight hours as described previously [18]. Four 100 mm culture dishes
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were used per treatment. After this treatment, cells were trypsinized, and the cytosol was
isolated after differential centrifugation (100,000 g) for one hour.

2.2. HPLC Fractionation

The cytosolic fraction was diluted with 1 volume cytosol/2 volumes solvent (hex-
ane/ethyl acetate; 1:1), vortexed, and then centrifuged (3000 rpm). Two hundred milligrams
of anhydrous sodium sulfite was added to each sample, then dried under nitrogen, and re-
suspended in 99% hexane, 1% isopropanol, 0.1% acetic acid. These lipid-enriched fractions
were then used to separate compounds using high-performance liquid chromatography
(HPLC). HPLC purifications were performed using a Waters system, consisting of a Waters
600E multi-solvent delivery unit and controller coupled with a Waters 996 photodiode
array detector (Waters, Milford, MA, USA). The system was integrated and operated using
Waters Millenium®? software (version 3.20). Normal-phase HPLC purification was per-
formed on a LiChrosphere 5 um Silica-60 (4.6 x 250 mm) column (Supelco, Bellefonte, PA,
USA) using a hexane/isopropanol/acetic acid solvent system [989:10:1 (v/v/v)] applied at
1 mL/min with a linear gradient increase in isopropanol concentration of 2.5%/min over
30 min. Fractions were collected every minute, dried under nitrogen, and resuspended in
100% ethanol before the examination of PPARB /5 activity.

2.3. Quantitative Polymerase Chain Reaction (gPCR)

Primary mouse keratinocytes were isolated from 2-day-old neonates as described
previously [21]. Keratinocytes were cultured in low-calcium (0.05 mM) Eagle’s minimal
essential medium with 8% chelexed fetal bovine serum at 37 °C and 7% CO, [21]. The
keratinocytes were cultured until they were approximately 80% confluent and were then
treated with either 0.2 uM GW0742 (positive control), 100 uM linoleic acid, 100 uM oleic
acid, or 100 uM palmitoleic acid. After 8 h of treatment, total mMRNA was isolated from the
cells using TRIZOL and following the manufacturer’s recommended protocol (Invitrogen,
Carlsbad, CA, USA). The mRNA encoding Angiopoietin-like 4 (Angptl4) was quantified using
quantitative real-time polymerase chain reaction (qQPCR) analysis. The cDNA was generated
using 2.5 ug total RNA with the MultiScribe Reverse Transcriptase kit (Applied Biosys-
tems, Foster City, CA, USA). Primers were designed for real-time PCR using the Primer
Express software (Version 3.0, Applied Biosystems, Foster City, CA, USA). The sequence
and GenBank accession number for the forward and reverse primers used to quantify
mRNAs was Angptl4 (NM_020581) forward, 5-TTCTCGCCTACCAGAGAAGTTGGG-3,
and reverse, 5'-CATCCACAGCACCTACAACAGCAC-3'. The mRNA was normalized to
the gene encoding glyceraldehyde 3-phosphate dehydrogenase (Gapdh; BC083149) using
the following primers: forward, 5-GGTGGAGCCAAAAGGGTCAT-3/, and reverse, 5'-
GGTTCACACCCATCACAAACAT-3'. qPCR reactions were carried out using SYBR green
PCR master mix (Finnzymes, Espoo, Finland) in the iCycler and detected using the MyiQ
Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA). The follow-
ing conditions were used for PCR: 95 °C for 15,94 °C for 10 s, 60 °C for 30 s, and 72 °C for
30 s and repeated for 45 cycles. The PCR included a no-template control reaction to control
for contamination and/or genomic amplification. All reactions had >95% efficiency. The
relative expression levels of mRNA were normalized to Gapdh and analyzed for statistical
significance using a one-way analysis of variance (Prism 5.0, GraphPad Software Inc., La
Jolla, CA, USA).

2.4. ChIP Assays

Pparb/d wild-type or Pparb/d-null primary keratinocytes were treated for 3 h with
vehicle (DMSO), GW0742 (0.2 uM), palmitoleic acid (100 uM), or oleic acid (100 pM).
Cross-linking was performed using 1% formaldehyde for 10 min with gentle agitation,
followed by the addition of glycine to a final concentration of 125 mM for an additional
10 min of gentle agitation. Cells were washed twice with PBS before the addition of lysis
buffer (50 mM Tris-HCI pH 8, 1% SDS, 10 mM EDTA, and protease inhibitor cocktail). The
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DNA was sheared to obtain 500-1500 base pair fragments with the Diagenode Biorup-
tor™ (Diagenode, Sparta, NJ, USA). Protein A agarose (Santa Cruz Biotechnology, Dallas,
TX, USA) beads were blocked with a solution of 1 pg/pL bovine serum albumin and
0.1 pg/pL salmon sperm DNA (Invitrogen) for 1 h prior to use. The sheared chromatin
(2 units of 260 nm quantified DNA per immunoprecipitation) was precleared for 1 h with
blocked protein A agarose before being immunoprecipitated with specific antibodies for
rabbit IgG (Santa Cruz Biotechnology), acetylated histone H4 (Upstate Biotechnology,
Charlottesville, VA, USA), or PPARB /5 [9]. After 3 h, immune complexes were captured
by the addition of blocked protein A agarose and were incubated overnight. The re-
covered beads were washed three times with a low-salt wash buffer (20 mM Tris-HC1
pH 8, 2 mM EDTA, 0.1% sodium deoxycholate, 1% Triton-X, 150 mM NaCl, and pro-
tease inhibitor cocktail), once with a high-salt wash buffer (20 mM Tris-HCl pH 8, 2 mM
EDTA, 0.1% sodium deoxycholate, 1% Triton-X, 500 mM NacCl, and protease inhibitor
cocktail), and once with TE8 (10 mM Tris-HCI pH 8, 1 mM EDTA). The immune com-
plexes were released by the addition of elution buffer (100 mM NaHCOj3, 1% SDS), and
the cross-links were reversed by overnight incubation at 65 °C. Immunoprecipitated DNA
was purified by phenol/chloroform/isoamyl alcohol (25:24:1) extraction and subjected
to real-time PCR analysis for occupancy at a response element of the known PPAR{ /6
target gene angiopoietin-like protein 4 (Angptl4). The primer set for Angptl4 was designed
based on a previous identification of PPREs in the intron 3 coding sequence [22,23]. The
primers for Angptl4 were 5'-CTAGCCAAGTAGAGGAAAGTTCAGAGC-3' (forward) and
5'-CCAATCCCTCGGGCAGCTAGC-3' (reverse). Real-time PCR reactions were carried
out as previously described in the RNA analysis section. Each PCR reaction included a
no-template control to detect contamination, and all PCR reactions had greater than 85% ef-
ficiency. The specific values were normalized to treatment inputs and verified to be greater
than rabbit IgG controls. Accumulation was determined based on fold accumulation as
normalized to the control treatment.

2.5. HRAS Infection

The Hras retrovirus was generated from 12 producer cells as described previously [24].
The virus titer was determined to be between 1 and 2 x 107 transforming units/mL using
an NIH-3T3 focus-forming assay. Primary keratinocytes from newborn mice were prepared
and cultured as previously described [21]. Keratinocytes were infected with the Hras
retrovirus for two days at an estimated multiplicity of infection (M.O.I) of 1-12. Cells were
subsequently cultured in control medium or medium containing palmitoleic acid, oleic
acid, or the positive control GW(0742.

2.6. Reporter Assays

Previously described plasmids containing the ligand-binding domain of mouse or
human PPARB /6 fused to the DNA binding domain of the yeast transcription factor Gal4
under the control of the SV40 promoter and the UAS-firefly luciferase reporter under
the control of the Gal4 DNA response element were used to examine ligand activity [25].
Luciferase activity was measured using a luciferase reporter assay kit (Promega, Madison,
WI, USA) and a Turner TD-20/20 Luminometer (Turner BioSystems, Sunnyvale, CA, USA)
following the manufacturer’s recommended procedures. Luciferase activity was normal-
ized to the beta-galactosidase activity of each sample. The fold induction of normalized
luciferase activity was calculated relative to vehicle-control cells (DMSO) and represents
the mean of three independent samples per treatment group.

2.7. Quantitative Western Blot Analyses

Cell lysates and samples used for Western blots, and immunoprecipitations were
prepared as previously described [9,26]. Western blot analysis using radioactive detection
methods was performed as previously described [9]. The primary antibodies used were
as follows: Acyl CoA carboxylase (ACC); fatty acid synthase (FAS); fatty acid desaturasel/2
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(FADS1, FADS2); very-long-chain fatty acid elongase 6 (ELOVLS6); cytochrome-b5 reductasel
(CYB5R1); and stearoyl CoA desaturasel (SCD1), (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), or anti-3-ACTIN (Rockland, Gilbertsville, PA, USA). The anti-PPAR{ /6 antibody was
previously described [9]. Original figures can be found in Supplementary Materials.

2.8. Flow Cytometry

Control and HRAS-expressing Scd1 wild-type or Scd1-null keratinocytes were cultured
with or without GW0742, oleic acid, or palmitoleic acid for twenty-four hours and were
stained with bromodeoxyuridine (BrdU) and/or propidium iodide and analyzed for cell
cycle progression as previously described [16,27,28]. The percentage of cells at each phase
of the cell cycle was determined with FCS Express software (version 4.00).

2.9. Coulter Counting and BrdU Labeling of Keratinocytes

Control and HRAS-expressing Scd1 wild-type and Scd1-null keratinocytes were cul-
tured with or without GW0742, oleic acid, or palmitoleic acid for six days as described
above. The average cell number was determined using a Coulter counter as previously
described [29]. After five days, cells were labeled with BrdU for twenty-four hours and
immunohistochemical analysis was performed to determine the average number of BrdU-
labeled cells as previously described [29].

2.10. GC/MS

Pparb/d wild-type keratinocytes, with or without HRAS infection, were cultured for
seventy-two hours. Cells were trypsinized, homogenized, and fatty acids were quantified
using GC/MS as previously described [30].

2.11. Topical Tetradecanoylphorbol-13-Acetate (TPA)Treatment in Wild-Type and Scd1-Null Mice

Scdl wild-type and Scdl-null female mice aged 6-8 weeks, on an Sv/129 genetic
background, were used for these studies [20]. Mice were shaved to remove back hair,
and twenty-four hours later, either 25 ng of TPA (Sigma Chemical Co., St. Louis, MO,
USA) dissolved in 200 pL of acetone or 200 puL of acetone was applied to the shaved
area. Forty-eight hours post-TPA application, mice were euthanized, and the skin was
removed and snap-frozen in liquid nitrogen. A section of skin was removed and placed
in 10% phosphate buffered formalin for immunohistochemistry to assess the relative
immunoreactivity for PCNA, keratin 5, or the nucleus as previously described. Skin
samples were fixed with phosphate buffered formalin, embedded in paraffin, and sectioned
at 5 um thickness. Hematoxylin and eosin staining was performed using standard methods.
Immunofluorescence staining was performed as previously described [29]. The following
primary antibodies were used: anti-keratin 5 or anti-PCNA. Slides were kept in dark
containers. Samples were washed three times and incubated with secondary antibodies
at room temperature. The following secondary antibodies were used: anti-rabbit, anti-
mouse, and anti-rat conjugated to AlexaFluor488 or AlexaFluor647. Stained slides were
mounted in the mounting reagent containing DAPI for nuclei staining. The quantification
of positive/negative cells was conducted manually using Image] (version 1.46).

2.12. UV-Induced Skin Cancer Using Pparb/d-Null Crossed with SKH Mice

Female SKH1 mice (Pparf/5+/* or PparB/6—/~) were UVB-irradiated (180 m]/cm?)
3 times per week for 25 weeks. The amount and frequency of UVB irradiation as well as the
timeframe for this study was designed based on methods used in a previously published
UVB-induced tumor study [28]. UV-emitting lights that produce wavelengths in the UVB
and UVC range were used for this study. UVC light was specifically prevented from
reaching the mouse by using a filter that reflects wavelengths higher than UVB. The time of
irradiation exposure was calculated prior to each UVB- irradiation by using the intensity of
the emitted UVB light which was measured with a UVB-specific radiometer. Irradiation was
immediately followed by a topical dorsal application of 200 uL of vehicle control (acetone),
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the highly specific PPAR( /8 ligand (1.0 uM GW(0742), or 25 uM oleic acid. The rationale for
the concentration of GW0742 and oleic acid used was based on previous studies showing
that these concentrations are in the range that can activate PPARB /6 [31,32]. The topical
dorsal application of control or ligand solution started in week 1. The lesion incidence,
multiplicity, and volume were measured and recorded once per week. The lesion incidence
for each mouse is defined as the week when the first measurable lesion appeared. The
lesion multiplicity for each mouse is defined as the total number of lesions found weekly.
Within 6 h after the last irradiation of week 25, mice were euthanized by overexposure to
carbon dioxide and cervical dislocation. The sample sizes ranged from 7 to 11 mice per
treatment group. Data were analyzed for statistical significance using ANOVA and the
Bonferroni post hoc test (Prism 10.0, GraphPad Software, San Diego, CA, USA). Differences
between treatment groups were considered significant when p < 0.05.

3. Results
3.1. PPARB/S Activity Is Increased in the Cytosol of Keratinocytes Post-TPA Treatment

Previous studies suggest that endogenous PPAR[ /5 ligand(s) are produced in ker-
atinocytes after treatment with TPA [18]. Since TPA activates phospholipases causing
the release of fatty acids in keratinocytes [33], the organic fraction of cytosol obtained
from either control mouse primary keratinocytes or mouse keratinocytes treated acutely
with TPA were examined. Consistent with this past study [18], one fraction of organic
keratinocyte cytosol caused an increase in PPAR[3 /b reporter activity compared to controls
(Figure 1A). Since TPA activates phospholipases causing the release of fatty acids in ker-
atinocytes including linoleic and oleic acids [33], keratinocytes were cultured in linoleic,
oleic, or palmitoleic acid, and the expression of the PPAR[3 /5 target gene, angiopoietin-like
protein-4 (Angplt4), was measured. The expression of Angptl4 mRNA was increased in
wild-type primary keratinocytes in response to the synthetic ligand GW0742 and with
linoleic acid, oleic acid, and palmitoleic acid compared to controls (Figure 1B). This effect
was mitigated in Pparb/d-null keratinocytes (Figure 1B). Further, ChIP analyses demon-
strated that palmitoleic acid increased the occupancy of PPAR{3 /6 on the Angplt4 PPRE,
and this effect was not observed in similarly treated Pparb/d-null keratinocytes (Figure 1C).

3.2. HRAS Activates PPARB/S

TPA activates PKCo and other proteins including HRAS [34,35]. Thus, the impact
of HRAS in keratinocyte signaling was examined. Interestingly, wild-type keratinocytes
expressing HRAS exhibit an increased expression of Angptl4 mRNA compared to controls,
and this effect was muted in Pparb/d-null keratinocytes (Figure 2A,B). Interestingly, the
basal expression of Angptl4 mRNA was higher in Pparb/d-null keratinocytes compared to
wild-type keratinocytes (Figure 2A), consistent with past studies showing that the basal
expression of this gene is constitutively negatively regulated by PPARB /8 [36]. The expres-
sion of PPAR /6 was not influenced by HRAS or GW0742 (Figure 2B). However, HRAS
expression caused an increase in PPAR[3 /0 reporter activity for both mouse and human
isoforms, comparable to that observed with the positive control GW0742 (Figure 2C).
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Figure 1. Phorbol ester (TPA) increases PPARB /6 transcriptional activity in keratinocytes. (A) A
reporter assay was used to detect PPAR /6 activity in cytosolic isolates obtained from mouse primary
keratinocytes after fractionation using HPLC. (B) Fatty acids known to be released by TPA treatment
in wild-type keratinocytes increase the PPAR /5-dependent expression of Angptl4 mRNA, and this
effect is absent in similarly treated Pparb/d-null keratinocytes. n = 5 independent biological replicates.
(C) A ChIP assay showing increased promoter occupancy on known Angptl4 PPRE by palmitoleic
acid in wild-type keratinocytes (+/+), an effect lacking in similarly treated Pparb/d-null keratinocytes
(=/-), n =5 independent biological replicates. Values represent the mean 4 SD. Values with different
letters are significantly different, p < 0.05. * Significantly different than control, p < 0.05.
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Figure 2. Activated HRAS increases PPARB /3 transcriptional activity. (A) qPCR of Hras (left panel)
or Angptl4 (right panel) in mock-infected or HRAS-infected Pparb/d wild-type and Pparb/d-null
keratinocytes with increasing M.O.I. n = 6 independent biological replicates. (B) Representative
Western blot analysis of PPARB /6 expression in HRAS-infected wild-type keratinocytes without
GW0742 (C) or treated with GW0742 (GW). PC: positive control (COS cell lysate). (C) Luciferase assay
in primary keratinocytes transiently transfected with either mouse (left panel) or human (right panel)
PPAR /5-GAL4 fusion protein and UAS-luciferase plasmids. n = 6 independent biological replicates.
Values represent mean + SD. Values with different letters are significantly different, p < 0.05.

3.3. Bioinformatic Analyses Reveals Role of PPARB/S in Lipid Metabolism

Bioinformatic analyses were performed using previously published microarray data
from Pparb/d wild-type or Pparb/d-null keratinocytes and HRAS-expressing Pparb/d wild-
type or Pparb/d-null keratinocytes, with or without the ligand activation of PPARB /6 with
GW0742 (GEO accession number GSE32498 [6,16]). Of particular interest were the mRNAs
that were co-modulated by the PPARB /5 ligand GW(0742 and HRAS in both wild-type
and Pparb/d-null keratinocytes (Figure 3A). There was overlap in the expression of twelve
genes (Acsl3, Lss, Tmtc2, Bnip3, Syngrl, Angptl4, Fosll, Gm5246, Insigl, Fgfopl, Phgdh,
and Acsbgl) that occurred (Figure 3B), but the expression of these genes was generally
higher in HRAS-expressing wild-type keratinocytes as compared to HRAS-expressing
Pparb/d-null keratinocytes (Figure 3C). Six genes were regulated specifically by PPARB /&
(Figure 3B, Scd1, Gdpd1, Erc2, Vwa8, AU18091, and Snal). Since SCD1 is rate-limiting for
monounsaturated fatty acid synthesis, qPCR analyses of control or HRAS-expressing wild-
type or Pparb/d-null keratinocytes were performed to examine other enzymes that regulate
lipogenesis (Figure 4A). The expression of Fads1, Fads2, Fads3, Cyb5r1, and Scd1 mRNAs
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was increased by HRAS in wild-type keratinocytes compared to controls, and this effect
was mirrored by the ligand activation of PPAR(3 /6 with GW0742 in HRAS-expressing wild-
type keratinocytes (Figure 4A). This effect was mitigated in Pparb/d-null HRAS-expressing
keratinocytes and in response to GW0742 (Figures 3C and 4A). Based on qPCR analyses, the
expression of Acc, Cyb5r2, Elovl6, Fasn, and Scd2 mRNAs was not differentially expressed in
response to HRAS or GW0742 compared to controls. To determine whether the differential
mRNA expression detected by qPCR analyses was similar for proteins, Western blot
analyses were performed (Figure 4B). The ligand activation of PPARB /6 with GW0742
did not influence the expression of any protein except CYB5R1 in wild-type keratinocytes,
which was relatively higher, compared to the control (Figure 4B). Consistent with mRNA
analyses, the relative expression of FADS1, FADS2, ELOLV6, CYB5R1, and SCD1 proteins
was higher in HRAS-expressing wild-type keratinocytes, and this effect was not noted in
HRAS-expressing Pparb/d-null keratinocytes (Figure 4B). These data suggest that the HRAS-
dependent modulation of PPARB/$ signaling could influence monounsaturated fatty acid
synthesis and that these fatty acids may act as ligands for this receptor (Figure 4C).
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Figure 3. HRAS activation and GW0742 treatment induces common gene expression. (A) Overlap
between the mRNAs that are induced by HRAS, and mRNAs are induced by the PPARB /5 ligand
GWO0742 in primary keratinocytes. Only genes that are induced by >1.5 folds by either HRAS or
GWO0742 are included. n = 3 independent biological replicates. (B) A Venn diagram showing that
6 of 19 genes induced by GW0742 in wild-type keratinocytes are also induced by HRAS only in
wild-type keratinocytes. In contrast, there was overlap in 12 genes between genotypes and treatments.
(C) A plot of the fold change in genes in B induced by HRAS either in Pparb/d wild-type (x-axis) or
Pparb/d-null keratinocytes (y-axis). Note that these genes are induced to a much higher fold by HRAS
in wild-type keratinocytes compared to Pparb/d-null keratinocytes.
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Figure 4. Activated HRAS increases expression of fatty acid synthesis genes. (A) gPCR of key fatty
acid synthesis mRNAs in Pparb/d wild-type and Pparb/d-null keratinocytes treated with GW0742 or
HRAS infection. n = 3-5 independent biological replicates. (B) Representative quantitative Western
blot analysis of key fatty acid synthesis genes in Pparb/d wild-type and Pparb/d-null keratinocytes
treated with GW0742 or HRAS infection. n = 4 independent biological replicates. (C) Diagram show-
ing de novo fatty acid synthesis pathway influenced in these studies. Values represent mean =+ SD.
Values with different letters are significantly different, p < 0.05. * Significantly different than control,
p <0.05.

3.4. HRAS Increases Oleic and Palmitoleic Acid Levels in Primary Keratinocytes and
Activates PPARB/S

To determine whether changes in the expression of lipogenic proteins found in HRAS-
expressing keratinocytes influenced the synthesis of lipids, GC-MS analysis was performed.
The expression of HRAS in keratinocytes caused an increase in the amount of palmitoleic
acid, oleic acid, eladic acid, and linoleic acid compared to controls (Figure 5A). ChIP
analyses showed that oleic acid increased the occupancy of PPARB /6 on the Angplt4 PPRE
in wild-type keratinocytes similar to that observed with the synthetic PPARf /6 ligand
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GW0742, but this did not occur in Pparb/d-null keratinocytes (Figure 5B). As SCD1 is the
rate-limiting enzyme catalyzing the synthesis of monounsaturated fatty acids (in particular
for oleic and palmitoleic acids [37]), these observations collectively suggested that HRAS
activation causes the synthesis of fatty acids that activate PPAR{/ in keratinocytes. Since
the ligand activation of PPAR{3/ results in the negative selection of cells expressing higher
levels of the HRAS oncogene by inducing a mitotic block [16], cell cycle progression was
examined. Consistent with previous studies, the ligand activation of PPARf /6 in HRAS-
expressing keratinocytes caused mitotic arrest at the G2/M phase of the cell cycle, and this
effect was also observed in response to oleic acid or palmitoleic acid compared to controls
(Figure 6). Importantly, this effect was not found in similarly treated HRAS-expressing
Pparb/d-null keratinocytes (Figure 6).
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Figure 5. HRAS-expressing keratinocytes have higher palmitoleic and oleic acid levels, which are
PPARp /b ligands. (A) Quantification of levels of key fatty acid in mock-infected or HRAS-infected
Pparb/d wild-type keratinocytes by GC-MS. Data are compiled from three independent experiments.
n = 5-6 independent biological replicates. (B) ChIP-qPCR analysis of Ac-H4 and PPARB /5 binding
to mouse Angptl4 gene promoter in response to GW0742 or oleic acid treatment in Pparb/d wild-type
or Pparb/d-null keratinocytes. n = 3 independent biological replicates. Values represent mean =+ SD.
* Significantly different than control, p < 0.05.
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Figure 6. Palmitoleic and oleic acids induce G2/M arrest in HRAS-expressing keratinocytes through
PPARf /d-dependent mechanism. Representative DNA histograms (A) and quantification of per-
centage of cells in G2/M phase, n = 3 independent biological replicates, (B) of mock-infected or
HRAS-expressing Pparb/d wild-type or Pparb/d-null keratinocytes treated with GW0742, palmitoleic
acid or oleic acid or 72 h. Representative peak of cells in G2/M phase shown above bar in each panel
in (A). n = 3 independent biological replicates. Values in (B) represent mean =+ SD. * Significantly
different than control, p < 0.05.

3.5. Oleic Acid and Palmitoleic Acid Inhibit Hyperplasia in Keratinocytes

HRAS-expressing Scd1-null keratinocytes exhibited enhanced cell proliferation com-
pared to the wild-type control (Figure 7), a phenotype remarkably similar to Pparb/d-null
keratinocytes [16]. Interestingly, GW(0742, oleic acid and palmitoleic acid all rescued this
phenotype in Scd1-null keratinocytes compared to controls (Figure 7). Similarly, topical
treatment with TPA caused epidermal hyperplasia in wild-type mice, and this effect was
exacerbated in Scd1-null mice compared to the control (Figure 8). Similar to that observed
with in vitro primary keratinocytes, this phenotype of the TPA-treated Scd1-null mouse
skin was remarkably similar (Figure 8) to that observed in TPA-treated Pparb/d-null mouse
skin that exhibited enhanced epidermal hyperplasia compared to controls [19]. More im-
portantly GW0742, palmitoleic acid, and oleic acid inhibited TPA-induced hyperplasia in
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ScdIl-null mice (Figure 8). Collectively, these results suggest that the supplementation of
exogenous monounsaturated fatty acids can rescue the hyperplasia phenotypes of Scd1-null
mice, likely via the ligand activation of PPARf /5.
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Figure 7. Palmitoleic and oleic acids rescue enhanced cell proliferation of HRAS-expressing ker-

atinocytes resulting from Scd1 ablation. (A) Cell counts of HRAS-expressing keratinocytes isolated
from wild-type (Scd1*/*), Scd1 knock-out (Sed1~/~), and Sed1~/~ treated with GW0742, palmitoleic
acid, or oleic acid for 6 days post-HRAS expression. n = 3—6 independent biological replicates.
(B) BrdU-positive cells were identified by immunofluorescence after 6 days of HRAS expression.
n = 4-6 independent biological replicates. Values represent mean + SD. * Significantly different than
control, p < 0.05.
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Figure 8. Palmitoleic and oleic acids rescue enhanced cell proliferation and hyperplasia resulting from
Sed1 ablation. (A) H&E staining of mouse skin from wild-type and Scd1~/~ mice treated topically once
with TPA and with or without GW0742, palmitoleic acid, or oleic acid for 48 h. n = 3-10 independent
biological replicates. The 100 pm scale in (A) is the same for images in (B). (B) Representative
immunofluorescence of PCNA (red), keratin 5 (green), and DAPI (blue), and (C) quantification of
percentage of PCNA-positive cells in skin of wild-type and Scd1~/~ mice treated with TPA and with
or without GW0742, palmitoleic acid, or oleic acid for 48 h. Higher percentage of PCNA-positive cells
shown with white arrows. 1 = 3-10 independent biological replicates. Values represent mean =+ SD.
* Significantly different than control, p < 0.05.

3.6. PPARB/S-Dependent Inhibition of UV B-Induced Skin Cancer with Oleic Acid and
Synthetic Ligand

The ligand activation of PPARR /6 with GW0742 is chemopreventive against chem-
ically induced skin cancer [13-15]. This effect requires PPARB /% as the inhibition of
malignant conversion was only noted in ligand-treated wild-type mice but not in ligand-
treated Pparb/d-null mice [13-15]. The chemopreventive effect of the ligand activation of
PPARf /6 on the tumor incidence, tumor multiplicity, and tumor volume of UVB-induced
skin tumors was examined in SKH-1 mice crossed with Pparb/d-wild-type or Pparb/d-null
mice. The onset of UVB-induced tumor formation was delayed in SKH1 X Pparb/d*/* mice
by either the topical application of oleic acid or GW0742 as compared to controls, and this
effect was not observed in GW(0742-treated or SKH1 X Ppurb/d’/ ~ mice (Figure 9A). The
incidence of UVB-induced tumor formation was slightly delayed in SKH1 X Pparb/d—/~
mice by the topical application of oleic acid as compared to controls, but this effect was not
observed in GW(0742-treated or control SKH1 X Pparb/d’/ ~ mice (Figure 9A). The ligand
activation of PPAR( /6 with either GW0742 or oleic acid inhibited tumor multiplicity in
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SKH1 X Pparb/d*/* mice from weeks 17 to 25, and this effect was not observed in similarly
treated or SKH1 X Pparb/d—/~ mice (Figure 9B). Tumor multiplicity was higher during
the last 5 weeks of treatment in all groups of SKH1 X Pparb/d—/~ mice compared to in
SKH1 X Pparb/d*/* mice (Figure 9B). The average tumor volume was not influenced by
the ligand activation of PPARP /5 with either GW0742 or oleic acid in SKH1 X Pparb/d**
mice (Figure 9C). The average tumor volume was greater from weeks 23 to 25 in SKH1 X
Pparb/d~/~ mice compared to control SKH1 X Pparb/d*/* mice (Figure 9C). Interestingly,
the average tumor volume was lower from weeks 23 to 25 in SKH1 X Pparb/d—/~ mice
in response to treatment with either GW0742 or oleic acid compared to control SKH1 X
Pparb/d—/~ mice (Figure 9C).
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Figure 9. Ligand activation of PPARB /5 with oleic acid or GW0742 inhibits UVB-induced skin cancer.
SKH mice were crossed with Pparb/d wild-type or Pparb/d-null mice and irradiated with or without
topical application of PPAR{3 /6 ligands after irradiation. Onset of tumor formation (A), number of
tumors per mouse (B), and average tumor size (C) were measured weekly. n = 7-11 independent
biological replicates. Each point represents mean 4 S.D. * p < 0.05 compared with control.

4. Discussion

The premise for these studies is based on seminal work by the Wahli research group
in 2001 suggesting that keratinocytes are a source of PPAR(3 /6 ligands [18]. The results
from the present studies extend this original observation by showing that oleic acid and
palmitoleic acid are increased in keratinocytes by HRAS, and this modulates PPARB /&
activities in these cells. This is consistent with the observation that TPA causes the release
of fatty acids in keratinocytes [33]. That endogenous ligands exist and dynamically modu-
late gene expression in keratinocytes is strongly supported by previous studies showing
that the genetic silencing of Pparb/d in keratinocytes causes alterations in the constitutive
expression of hundreds of PPARB /6 target genes [6]. Additionally, increasing the basal
expression of PPAR3 /8 is known to inhibit the size and growth of tumors derived from
human skin, neuroblastoma, breast cancer, melanoma, and testicular cancer cell lines im-
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planted in mice, in the absence of exogenous ligands (reviewed in [12,38]). The constitutive,
nuclear localization of PPAR{ /6 is also relatively high in epithelial cells and PPARB /&
co-immunoprecipitates with its heterodimerization partner, RXR [9]. These observations
strongly support the hypothesis that PPARB /5 is constitutively active and has critical roles
in normal, basal keratinocyte physiology including the induction of terminal differentia-
tion [39-41]. This appears particularly true for epithelial cells such as those found in the
intestine or skin where the basal expression of PPAR/? is relatively high compared to
other tissues in mice and humans [9,10].

SCDL1 is the rate-limiting enzyme that catalyzes the synthesis of monounsaturated
fatty acids including oleic and palmitoleic acids [37]. The results from the present studies
show that high HRAS activity in keratinocytes caused a greater expression and activity
of SCD1, and this effect requires PPARR /5. This is consistent with the higher levels of
palmitoleic acid and oleic acid found in keratinocytes by increasing HRAS activity. As
the ligand activation of PPARf /5 causes the negative selection of cells expressing higher
levels of HRAS by inducing a mitotic block at the G2/M phase of the cell cycle [16], it
is critical to note that oleic acid, palmitoleic acid, and GW0742 prevented an increase in
the percentage of cells remaining in the G2/M phase of the cell cycle induced by TPA in
Scd1-null keratinocytes. Similarly, the epidermal hyperplastic response induced by TPA
was exacerbated in Scd1-null mice, a phenotype that is remarkably similar to the phenotype
noted in TPA-treated Pparb/d-null mice [15,19,40,42]. Importantly, palmitoleic acid, oleic
acid, and GW0742 all reversed the TPA-induced hyperplasia in Scd1-null epidermis. These
observations collectively support the hypothesis that HRAS-expressing cells synthesize
PPARf /8 ligands to inhibit the cell proliferation of mutant cells, likely the result of inducing
terminal differentiation. Future studies should consider an examination of SCD1 inhibitors,
as well as the influence of other monounsaturated fatty acids, to complement and extend
the present studies.

The observations made in Scd1-null mouse skin support previous studies demon-
strating that the ligand activation of PPAR{ /6 with a synthetic ligand inhibits chemically
induced skin carcinogenesis [13-15]. Interestingly, a higher expression of SCD1 is neg-
atively associated with cancer cell growth and progression [43], and altered levels of
monounsaturated fatty acids produced by SCD1 can both inhibit or promote cancer cell
survival [43]. In contrast, UV exposure causes the inhibition of SCD1 expression and lower
levels of fatty acids in human skin [44]. This is consistent with the present results showing
that oleic and palmitoleic acid can act to inhibit UV-induced non-melanoma skin cancer.
Given the growing incidence of non-melanoma skin cancer [45], further studies should ex-
amine whether the dietary administration of these lipids may prevent this disease. Further
studies are also needed to delineate how SCD1-dependent regulation impacts PPAR[ /5
function (and vice versa) in other cancers. These observations are also consistent with
several two-stage chemical carcinogenesis studies showing that the ligand activation of
PPARf /& inhibits skin carcinogenesis caused by the topical administration of dimethyl-
benzanthracene (DMBA) and TPA [13-15]. As the malignant conversion of tumors in the
DMBA /TPA model requires the mutation of HRAS, the present studies suggest that the pro-
duction of PPAR3 /5 ligands during the time course of a two-stage chemical carcinogenesis
bioassay may contribute to the observed inhibition noted in the previous studies [13-15].
Whether this mechanism reflects a negative feedback loop to prevent the proliferation of
mutant keratinocytes requires additional evaluation. Since UVB-induced skin cancer is
dependent on mutations in the TP53 gene, the sensitivity of TP53 mutant cells to the effects
of the ligand activation of PPARf /8 should be further examined. Another study found
that UV-induced skin carcinogenesis was mitigated in SKH1 X Pparb/d-null compared
to SKH1 X Pparb/d wild-type mice and that this effect was modulated by the regulation
of SRC expression [46]. The results from the present studies cannot be compared to the
former studies for several reasons. First, the UV light source used for the latter studies used
both UVB and UVA [46], whereas the present studies used only UVB and eliminated the
impact of UVA/UVC by using a filter. This is important to note because UVB is thought
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to be the most predominant source of solar radiation that causes cyclobutane pyrimidine
dimers and pyrimidine (6-4) photoproducts [47-49] and is more commonly used for skin
carcinogenesis bioassays. Second, the Pparb/d-null mice used for both studies used different
approaches to silence PPAR( /6 expression. It remains possible that an off-target event(s)
in the two transgenic lines underlie this difference. Lastly, important symbiotic roles of
bacteria, viruses, and fungi are being revealed that may impact many routes of exposure.
Thus, it is also possible that differences in the skin microbiome impacts results from these
two studies. Further work is needed to clarify these issues.
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Abstract: Leptin, acting centrally or peripherally, has complex effects on cardiac remodeling and heart
function. We previously reported that central leptin exerts an anti-hypertrophic effect in the heart
via cardiac PPARf /6 activation. Here, we assessed the impact of central leptin administration and
PPARf /8 inhibition on cardiac function. Various cardiac properties, including QRS duration, R wave
amplitude, heart rate (HR), ejection fraction (EF), end-diastolic left ventricular mass (EDLVM), end-
diastolic volume (EDV), and cardiac output (CO) were analyzed. Central leptin infusion increased
cardiac PPARf /6 protein content and decreased HR, QRS duration, and R wave amplitude. These
changes induced by central leptin suggested a decrease in the ventricular wall growth, which was
confirmed by MRI. In fact, the EDLVM was reduced by central leptin while increased in rats co-treated
with leptin and GSK0660, a selective antagonist of PPARB /6 activity. In summary, central leptin
plays a dual role in cardiac health, potentially leading to ventricular atrophy and improving heart
function when PPAR( /6 signaling is intact. The protective effects of leptin are lost by PPARB /5
inhibition, underscoring the importance of this pathway. These findings highlight the therapeutic
potential of targeting leptin and PPAR{ /5 pathways to combat cardiac alterations and heart failure,
particularly in the context of obesity.

Keywords: PPARf/§; leptin; MRI; cardiac remodeling; Wistar rat

1. Introduction

Accumulating evidence indicates that an excess of nutrient intake is harmful to the
heart as a result of its role in cardiac remodeling [1,2]. In fact, cardiovascular diseases (CVD)
represent a significant global health burden, especially among individuals with obesity
and its associated metabolic disturbances, including metabolic syndrome and diabetes.
Obesity and insulin resistance are recognized inducers of cardiac hypertrophy. While
cardiac hypertrophy, which involves the enlargement of heart muscle cells, is the more
commonly discussed form of remodeling, cardiac atrophy is also an important aspect.

Interestingly, multiple studies have shown that an atrophic pattern caused by reduced
fuel supply to the heart leads to a lower cardiovascular risk profile. This is characterized
by a decreased cardiac workload due to enhanced metabolic efficiency and alterations in
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signaling pathways associated with cardiac remodeling, potentially improving cardiac
function and efficiency [1,3,4]. Although the mechanisms behind cardiac atrophy resulting
from metabolic unloading are still not well understood, some researchers have suggested
that signals from the intermediary metabolism of energy-providing substrates might play
significant roles [1].

Leptin, a hormone predominantly secreted by adipose tissue, is well-known for its
role in regulating energy balance by inhibiting hunger, thereby reducing food intake
and promoting energy expenditure. Moreover, the circulating levels of leptin correlate
positively with body mass index (BMI), reflecting the body’s fat stores. Leptin, acting
through the long isoform of the leptin receptor (Ob-Rb) in the hypothalamus, stimulates
both thyrotropin-releasing hormone (TRH) and corticotropin-releasing hormone (CRH)
secretion by the paraventricular nucleus (PVH), mediating leptin’s stimulation of the
sympathetic nervous system (SNS) [5]. Nevertheless, the neural circuitry that integrates
leptin and other metabolic signals to control energy homeostasis and body weight remains
poorly defined.

Beyond its metabolic functions, leptin has been shown to exert complex effects on the
cardiovascular system. Notably, leptin influences cardiac structure and function, supported
by studies demonstrating its involvement in both hypertrophic and protective mechanisms
within the heart [6,7].

For instance, studies in obese and leptin-deficient mouse models (0b/ob and db/db) [8,
9] suggest leptin might protect against LV hypertrophy during the progression of obesity.
Importantly, it has been demonstrated that chronic intracerebroventricular (ICV) leptin
infusion protects the heart from adverse remodeling and cardiac contractile dysfunction
after myocardial infarction (MI) [10].

Despite these insights, the overall effects of leptin on cardiac remodeling in humans
remain largely unknown. Recently, a cross-sectional study by Kamimura et al. [11] exam-
ined the relationship between plasma leptin concentrations and LV structure and function
indices in a community-based cohort of 1172 African Americans with preserved EF. The
study found sex- and BMI-specific associations between leptin levels and LV mass, suggest-
ing that leptin’s protective effects against LV hypertrophy might be more pronounced in
certain subpopulations.

Similarly, PPARB /6 plays a significant role as a nuclear receptor acting as a nutrient
sensor. Activation of PPAR /6 regulates various inflammatory processes, lipid metabolism,
and energy utilization pathways, which collectively enhance cardiac efficiency and protect
against metabolic stress [10,11]. Moreover, enhancing PPARR /$ activity, either through
natural means or pharmacological intervention, represents a potential therapeutic approach
to mitigate the metabolic complications associated with obesity. Therefore, we propose
that PPAR{3 /6 may interact with leptin signaling pathways, potentially influencing cardiac
remodeling and function in response to metabolic stress and nutrient availability.

In fact, recent data from our laboratory support a potential protective role of central
leptin signaling against cardiac hypertrophy and provide new insights into the mechanisms
by which leptin, acting at a central level, activates PPAR{3 /5, harmonizing anti-hypertrophic
responses, redox state, proteasome-dependent protein degradation, and autophagy in
the heart [12]. Therefore, balancing their activities could help manage obesity and its
comorbidities, which often include insulin resistance and cardiovascular diseases. However,
the in vivo mechanisms underlying the effects of both leptin and PPAR3/6 on cardiac
structure and function are not fully understood.

In this study, we focused on investigating the influence of central leptin on heart rate
and cardiac output in normoleptinemic rats with normal leptin sensitivity. Specifically, we
aimed to establish in vivo the role of PPAR[3 /6 on cardiac remodeling when the stimulus
applied to induce it was the activation of central leptin signaling. To achieve this, we
administered the selective PPAR[ /$ antagonist GSK0660.

Our findings support the concept that leptin, acting centrally, induces an atrophic
pattern in the heart and contribute to a healthier myocardial profile [10,12]. More impor-
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tantly, our data indicate that administration of the PPAR(3/6 antagonist led to a condition
resembling left ventricular hypertrophy (LVH) in obesity, characterized by an abnormal
increase in left ventricular myocardial volume while still maintaining a preserved ejection
fraction. This supports the notion that pharmacological inhibition of PPARf3 /5 throughout
the body abolishes the central actions of leptin in cardiac remodeling.

2. Materials and Methods
2.1. Experimental Animals

Experiments were performed on 3-month-old male Wistar rats. All the animals
were fed with a standard chow diet and water and maintained in ventilated-controlled
quarters (20-25 °C temperature, 50-55% humidity, daily 12-h light cycle 7 a.m.-7 p.m.).
Animals were randomly housed individually to control their food intake and thereby
avoid differences in adipose tissue weight and serum levels of hormones and metabolites
that depend on the amount of feed eaten by animals. Body weight and food intake
were monitored daily during all the treatments. Animals were handled according to the
European Union’s laws (2010/63/EU) and following Spanish regulations (RD 53/2013) for
laboratory animals’ use. The experimental protocols were approved by the Institutional
Scientific Ethics Committee under project license es PR-31-2019. All efforts were made to
reduce the number of animals used and minimize animal suffering.

2.2. Intracerebroventricular Leptin Administration

Leptin infusion was performed as previously described [12,13]. Rats were anesthetized
in an induction chamber with 4% isoflurane (0.8 L /min oxygen flow) (Pharmacia-Upjohn,
Barcelona, Spain) and then were placed in a stereotaxic frame (David Kopf, Los Angeles,
CA, USA) with a thermal blanket below. Leptin or saline (PBS) was administered for 7 days
in the lateral ventricle through a cannula connected to an osmotic minipump (Alzet, Palo
Alto, CA, USA), with a releasing rate of 1 uL/h and filled with 0.0082 pg/uL (0.2 ug/day)
rat leptin (Sigma), or its vehicle (saline). To analyse the effect of central infusion of leptin,
rats were treated with either saline (SS, n = 5) or leptin (Lep, n = 5) for 7 days. A third group
of rats (PF, n = 5) was treated with saline and pair-fed to the amount of food consumed
by the leptin-treated group. Body weight and food intake were measured daily during
the experiment.

2.3. Pharmacological Administration of the PPARB/S Antagonist GSK0660

To analyse the contribution of PPAR{ /0, we administer in vivo GSK0660, a selective
antagonist inhibitor of PPAR[ /9, to a group of rats at a dose that does not induce toxic side
effects but abolished the effects on body weight mediated either by central leptin infusion
or by caloric restriction in pair-fed rats, as previously described [11,12]. Briefly, GSK0660
was diluted first in DMSO (less than 1%) and later in 0.9% NaCl. Then, it was infused
daily intraperitoneally (i.p; 1 mg/kg per day) for 7 days in the PF+GSK0660 (n = 5) and
Lep+GSK0660 (n = 5) group of rats. Control groups PF+DMSO (n = 5) and Lep+DMSO
(n = 5) received an intraperitoneal injection of the vehicle at 2 mL/kg (0.062% DMSO) in
parallel. Seven days after minipump implantation, the animals were fasted overnight. Rats
were anesthetized by CO, inhalation and killed by decapitation. Blood was removed and
centrifuged (2000x g, 15 min), and serum was recovered and frozen in liquid nitrogen at
—70 °C until use. Hearts were rapidly excised and washed twice in Henseleit buffer at
37 °C. After removing the major blood vessels and connective tissue, hearts were dried and
weighed. Epididymal (eWAT), perirenal (PrWAT), and brown adipose tissue (BAT) were
rapidly excised and weighted. The tibia from each animal was dissected, and after removing
the muscle, the length of the tibia was measured using a digital micrometer caliper, and
the heart weight/tibial length ratio was calculated. Hereafter, atria were removed, and
both ventricles were used in all analyses after being flash-frozen in liquid nitrogen and
stored at —70 °C until use. The hypothalamic regions were carefully dissected as previously
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described [14]. After that, hypothalamic regions were frozen in liquid nitrogen and stored
at —70 °C until further processing.

2.4. Biochemical Assessment

Serum hormone and metabolite levels were measured as described [12,13,15] following
the manufacturer’s instructions. Glucose was measured using an Accutrend Glucose
Analyser, (#05050472223, Roche, Basel, Switzerland), leptin was quantified using a Rat Elisa
Kit (#RD291001200R, Biovendor, Heidelberg, Germany), and insulin was determined using
a Rat Elisa Kit (#10-1251-01, Mercodia, Uppsala, Sweden).

2.5. Quantitative Transcription Analysis with Real-Time Polymerase Chain Reaction (gqRT-PCR)

RNA from the hypothalamus was obtained using All Prep DNA/RNA /Protein Mini kit
(Cat. No. 80004, Qiagen, Venlo, The Netherlands) following the manufacturer’s instructions.
The cDNA was synthesised from 1.5 pg of DNase-treated RNA. Relative quantification of
the long isoform of the leptin receptor (Ob-Rb), corticotropin-releasing hormone (Crh), and
thyrotropin-releasing hormone (Tr1) mRNA levels was performed by real-time PCR according
to the manufacturer’s protocol on an ABI PRISM 7500 FAST Sequence Detection System
instrument and software (PE Applied Biosystem, Foster City, CA, USA). To standardize the
amount of cDNA added to the reaction, amplification of endogenous control 185 rRNA was
included in separate wells using VIC (TagMan Assay) or primers as a real-time reporter. The
AACT method was used to calculate the relative differences between experimental conditions
and control groups as a fold of change in gene expression. Details about the genes used in
this study are provided in Supplementary Data Table S1.

2.6. Western Blot Analysis

100 mg of frozen ventricles were ground under liquid N, before homogenization
(2 mL buffer/g tissue) in Henseleit buffer (1 mM PMSE, 100 mM EDTA, 2 mM Na3zVOy,
10 pg/mL leupeptin, 10 ug/mL aprotinin and 1 pg/mL pepstatin), using a manual Dounce
homogenizer, followed centrifugation at 800 x g for 5 min at 4 °C to produce a total extract.
Protein lysates (equal amounts of 50 jig) were separated under reducing conditions (10%
polyacrylamide concentration gels) SDS-PAGE. Samples were previously mixed with SDS
sample buffer and boiled at 95 °C for 10 min. Proteins were transferred to nitrocellulose
sheets (0.2 pm, Bio-Rad, Hercules, CA, USA) and incubated overnight (12-16 h) at 4 °C with
the appropriate primary antibodies, followed by incubation at room temperature for 2 h
with corresponding secondary antibody conjugated with horseradish peroxidase. Primary
polyclonal antibody was anti-PPAR[ /6 (1:1000, ab23676) and anti-{3-actin (1:1000, ab8226)
from Abcam, Cambridge, UK. The secondary antibody used was goat anti-rabbit conju-
gated with horseradish peroxidase (1:4000, 172-1019) from Bio-Rad, Madrid, Spain. Blots
were repeated three times to ensure the reproducibility of the results. The immunocom-
plexes formed were visualized using the ECL Western-blotting detection kit (Amersham
Biosciences, Inc., Piscataway, NJ, USA), and the images were subjected to a densitometric
analysis with a G-Box Densitometer. Bands were quantified by scanning densitometry with
the exposure in the linear range using Gene Tools software (Syngene, Cambridge, UK).
Samples from rats infused with vehicle, leptin, or GSK0660 in all experimental conditions
were run on the same gel to allow a direct comparison. 3-actin was used as a control for
protein loading.

2.7. Cardiac Magnetic Resonance Imaging and Analysis

Magnetic Resonance Imaging (MRI) studies were performed in a Bruker Biospec
70/30 scanner using a combination of a linear coil (for transmission) with a cardiac phase
array coil (for reception). Animals were anesthetized with isoflurane (3% for induction
and 1% for maintenance) and placed in an MRI-adapted stereotaxic holder. Respiration
rate and ECG were continuously monitored during the scans (SA Instruments). MRI
acquisition protocol included an initial flash sequence to center the Field of View (FOV)
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and plan the short axis (Table 1). Each short-axis slice (total n = 20) was acquired with an
integrated sequence.

Table 1. MRI parameters for LVEF acquisition.

Repetition time 8 ms
Echo time 2.5 ms
Slices thickness 1.5 mm
FOV 40 x 40 mm
Matrix 256 x 256
Resolution 0.156 x 0.156

FOV: Field of View.

Cardiac function and morphology were assessed from the cinema sequences using
the freely available software Segment v4.0 R11044b (http://segment.heiberg.se, accessed
on 29 Jaunary 2024) [16]. The primary outcome measure was the LVEF (left ventricular
ejection fraction), determined by cardiac MRI. Segmentation of the left ventricle was
performed manually. Papillary muscles were included when defining endo- and epicardial
borders. Definitions of end-diastole and end-systole were calculated by the software.
Following manual LV segmentation, the software calculated end-diastolic volume (EDV),
end-diastolic left ventricular mass (EDLVM), ejection fraction (EF), and cardiac output
(CO) automatically [17,18]. Regional wall analyses were performed on a slice-by-slice basis,
according to the user manual. In brief, the left ventricle was covered by five short-axis
slices (one slice in the base/three slices in the middle/one slice in the apex; Figure 1).

BASE (Slice 1) | MID (Slice ) | APEX (Slice 7)

EPICARDIAL AND ENDOCARDIAL PLANIMETRY

PF+DMSO PF+GSK0660 LEP+DMSO LEP+GSK0660

Figure 1. Multiplane assessment of the left ventricular wall by MRI. The figure shows a representative
image base to apex (base [base], mid zone [mid] and apex [ape]) short axis end of diastole (End-
Diastole, ED) and the end of systole (End-Systole, ES; upper panel). Additionally, a representative
image of the planimetry of the epicardium (yellow line) and endocardium (blue line) used for the
analysis of the four treated groups is shown (lower panel).
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2.8. Statistical Analysis

Data are expressed as mean + SEM. Statistical analysis was performed using the
GraphPad Prism version 8.0.2 for Windows (GraphPad Software). Differences between
the two groups were assessed using the unpaired Student’s ¢-test. Significant differences
between more than two groups were assessed by one-way ANOVA followed by the Tukey
test as a post-hoc analysis (different letters indicate significant differences). Specific analysis
and symbols used have been specified in each figure legend. A p value of <0.05 was
considered statistically significant. The number of rats used per experiment is stated in
each figure legend.

3. Results and Discussion
3.1. Validation of Central Leptin Infusion and Pharmacological Inhibition of PPARB/S Activity

In this work, we infused leptin ICV in 3-month-old Wistar rats for 7 days to stimulate
PPARS /6 activity in the heart and co-administered GSK0660 (i.p) to abolish the effects of
this transcription factor in leptin-treated rats. Initially, we wanted to confirm the ability
of exogenous leptin to activate hypothalamic leptin signaling through its own receptor
by measuring the hypothalamic mRNA levels of the long-form Ob-Rb leptin receptor
and those of Crh and Trh, two target genes for the action of leptin in saline, pair-fed and
leptin-treated rats. As expected, leptin-induced hypothalamic Ob-Rb, Crh, and Trh gene
expression compared to the saline and pair-feeding, indicating that central leptin sensitivity
was maintained during the 7 days of leptin treatment and supporting its role in regulating
energy balance and metabolic processes (Table 2).

Table 2. Effects of central leptin on hypothalamic and cardiac gene expression levels.

Hypothalamic Gene SS PF LEP
Ob-Rb 1.0+0.32 27+£02P 3.7+04°
Crh 094012 0.64+0.1° 1.96 +0.1°¢
Trh 114012 094012 2.6+03P

Hypothalamic mRNA levels of Ob-Rb, Crh, and Trh in leptin (Lep) or saline-infused rats (SS and PF). The values
are expressed relative to the SS group. Statistical analysis was performed using one-way ANOVA followed by
Tukey’s test. Data are the mean + SEM (n = 5 per treatment). Different letters indicate significant differences
(p < 0.05). Groups: SS: saline-infused rats fed ad libitum; PF: saline-infused pair-fed rats; Lep: leptin-infused rats.

We next confirmed that chronic central infusion of leptin increased PPAR[3 /6 protein
content in the heart, compared to the saline and pair-feeding (Figure 2), highlighting its
role in leptin’s cardiac effects. Moreover, the pharmacological inhibition of PPAR{ /9§, via
the in vivo administration of the selective antagonist GSK0660, blunted the induction of
PPARf /6 in the heart mediated by central leptin (Figure 2).

3.2. Effect of Leptin-GSK0660 Co-Treatment on Biological Characteristics of the Rats

Confirming previous data [13,15], rats infused with central leptin (Lep+DMSO) did not
change significantly their body weight (Figure 3A), average food consumption (Figure 3B),
and adiposity (Table 3) compared to pair-fed groups infused with vehicle (PF+DMSO).
The intraperitoneal (i.p) administration of GSK0660 during 7-day (Lep+GSK0660 and
PF+GSK0660) abolished the effects on body weight and food intake (Figure 3A,B) mediated
either by central leptin infusion (Lep+GSK0660) or by caloric restriction (PF+GSK0660) in
pair-fed rats.

Central leptin infusion did not induce changes in serum glucose and leptin levels
compared to the pair-fed group infused with vehicle (PF+DMSO) (Table 3), as previously
reported [12]. Nevertheless, GSK0660 treatment notably increased serum levels of insulin
(Table 3), indicating that GSK0660 induced insulin resistance in 3-month-old Wistar rats.

149



Biomolecules 2024, 14, 1028

g
°
Il

L
o%*g :‘f = a a a

x Y

® & & & .
PPARB/S(54kDa)| " e WS S §

0.5+
B-actin (42kDa)| e S——— — g

0.0- —— -
SS P'F LEPLEPOG'SKOGGO

Figure 2. Effect of central leptin on PPARf /5 protein levels in the heart. Western-Blot analysis of
PPARf /% in 50 pg of total extracts from cardiac ventricles after central saline or leptin infusion.
The values are expressed relative to the SS group. Data are the mean + SEM (n = 5) per group
of animals. Statistical analysis was performed using one-way ANOVA followed by Tukey’s test.
Different letters indicate significant differences (p < 0.05). Groups: SS: saline-infused rats fed ad
libitum; PF: saline-infused pair-fed rats; Lep: leptin-infused rats; Lep+GSK0660: leptin-infused rats
and treated with GSK0660. A representative Red Ponceau staining of the nitrocellulose membrane for
total protein normalization prior to immunodetection and the quantitative densitometry readings of
PPARf /& protein from the Western-Blot analysis are depicted in Figure S1 and Table S2, respectively,
in the Supplemental Data.
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Figure 3. Variation in body weight (A) and food intake (B) after 7 days of central administration of
leptin plus DMSO, leptin plus GSK0660, or vehicle-infused pair-fed rats plus DMSO and vehicle-infused
pair-fed rats plus GSK0660. Data are the mean = SEM (n = 5) per group of animals. Differences between
two groups were assessed using the unpaired Student’s t-test (# p < 0.05 Lep+GSKO0660 vs. Lep+DMSO;
*p < 0.05 PF+GSK0660 vs. PF+DMSO; Figure 2A,B). Groups: PF+DMSO: vehicle-infused pair-fed rats
plus DMSO; PF+GSK0660: vehicle-infused pair-fed rats plus GSK0660; Lep+DMSO: leptin plus DMSO;
Lep+GSK0660: leptin plus GSK0660.

In small animals with rapid changes in body weight, as in rats, the normalization of
heart size relative to body weight is not a good indicator of adverse cardiac remodeling
development [19]. Instead, as the heart weight/tibia length index remains constant after
maturity [19], we used this index to analyze the effects of leptin and GSK0660 on cardiac
remodeling. As observed in Figure 4, this index did not show significant differences
between rats treated for 7 days with leptin or vehicle, indicating that leptin treatment did
not seem to induce a significant alteration of the ventricular wall. However, in the group of
animals treated with GSK0660, the ratio was slightly higher compared to its control group
treated with DMSO (Figure 4).
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Table 3. Effects of central leptin on adipose tissue weights (g) and serum profiles.

PF + DMSO PF + GSK0660 LEP + DMSO LEP + GSK0660
PriVAT (g) 462 +0.867 486 +1° 3.04£085? 371 £0.682
eWAT (g) 421+0362 4.80+0.862 3.10+0.542 3.53+0402
BAT (g) 0.424+0.052 0.40 £ 0.07 2 0.29 +£0.022 0.39 £0.042
Serum glucose (mg/dL) 9+19? 105 +£ 122 112 +£122 118 £10?
Serum leptin (ng/mL) 1.07+0.12 1.60 £052 1.10£+03% 114 £03°
Serum insulin (ng/mL) 249+08? 267 £06% 246 +£06° 519 +21b

Variations in adipose tissue mass (eWAT, PrWAT and BAT), glucose (mg/dL), leptin (ng/mL) and insulin (ng/mL)
values in the serum of animals after 7 days of central administration of leptin plus DMSO, leptin plus GSK0660 or
vehicle-infused pair-fed rats plus DMSO and vehicle-infused pair-fed rats plus GSK0660. Data are the mean + SEM
(n = 5) per group of animals. One-way ANOVA followed by Tukey test (different letters indicate significant
differences, p < 0.05). Groups: PF+DMSO: vehicle-infused pair-fed rats plus DMSO; PF+GSK0660: vehicle-
infused pair-fed rats plus GSK0660; Lep+DMSO: leptin plus DMSO; Lep+GSK0660: leptin plus GSK0660; PrWAT:
peritoneal white adipose tissue; e WAT: epididymal white adipose tissue; BAT: brown adipose tissue.
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Figure 4. Graphic representation of heart weight/tibia length ratio (mg/mm). Data are the mean
+ SEM (n = 5) per group of animals. Differences between the two groups were assessed using
the unpaired Student’s t-test (p < 0.05). Groups: PF+DMSO: vehicle-infused pair-fed rats plus
DMSO; PF+GSK0660: vehicle-infused pair-fed rats plus GSK0660; Lep+DMSO: leptin plus DMSO;
Lep+GSK0660: leptin plus GSK0660.

3.3. Effect of Leptin-GSK0660 Co-Treatment on Cardiac Electrical Properties

To gain a deeper insight into the effects of central leptin on cardiac electrical properties
and remodeling, we studied the influence of central leptin treatment in the absence or presence
of GSK0660 on cardiac function by analyzing both electrical and physiological patterns.

Left ventricular hypertrophy (LVH) is defined as an increase in left ventricular mass
(LVM) associated with structural changes in the myocardium. This occurs in response
to mechanical and/or neurohormonal stimuli, leading to an increased workload on the
myocyte, which, under biomechanical stress, can induce hypertrophy development [20].

It has previously been reported that ventricular wall thickening is associated with
changes in cardiac depolarization and repolarization states, manifested as altered patterns
in the duration and amplitude of the QRS complex, as well as QT interval prolonga-
tion [21,22]. Accordingly, we used this approach to assess cardiac function and electrical
activity in our experiments.
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Indeed, as presented in Table 4, we compare the mean values of QRS duration, R wave
amplitude as a representation of the QRS complex voltage, and corrected QT duration
(QTc) at baseline (t0) and final time points of the treatments (t7) to underscore physiological
changes or other alterations in cardiac structure.

Table 4. ECG signal at (t0) and final time (t7).

QRS Duration (ms) R Amplitude (mV)
AQRS (ms) AR (mV)
to t7 to0 t7
PF+DMSO 22.7+5.1 19.6 £5.1 —3.14+322 147 + 19 149 + 24 20+£152
PF+GSK0660 28.8 +5.7 26.3+5.0 —254+362 103 + 26 95 +7 -8+ 1449
LEP+DMSO 292 +7.1 204 +3.8* —88+362 137 + 23 93 +12* —44 +13b
LEP+GSK0660 214+ 3.0 171+ 8 —434+382 126 + 12 132 + 27 6+13°
QT Duration (ms) QTc Duration (ms)
AQT (ms) AQTc (ms)
to t7 to t7
PF+DMSO 719 £ 134 709 £ 11.1 —-1.0+£7842 62+12 564+ 0.8 —06+06?
PF+GSK0660 652+ 7.3 55.1+7.3 —10.1 £4.9b 54406 42+05* —-124+042
LEP+DMSO 79.9 + 10.5 65.5 +12.1 —1444+72b 69+ 1.0 56+ 1.1 -134+072
LEP+GSK0660 553+ 7.2 60.3 + 3.6 5.0+ 3.62¢ 4.6 £0.6 51403 05+03b

Duration of the QRS wave (ms), the amplitude of the R wave (mV), the duration of the QT interval (ms), and
the duration of QTc (QT corrected by Bazett’s formula) of the rats belonging to the four treatment groups at
baseline and end time. Values are expressed relative to control rats (PF+DMSO). Results are the mean 4+ SEM
(n = 5) per group of animals. Differences between the two times were assessed using the unpaired Student’s
t-test (* p < 0.05 t7 vs. t0). Differences between treatments were assessed using one-way ANOVA followed by
the Tukey test (different letters indicate significant differences, p < 0.05). Groups: PF+DMSO: vehicle-infused
pair-fed rats plus DMSO; PF+GSK0660: vehicle-infused pair-fed rats plus GSK0660; Lep+DMSO: leptin plus DMSO;
Lep+GSK0660: leptin plus GSK0660.

The QRS duration and R wave amplitude in lead II voltages, at different times, showed
a reduction in the group of animals treated with central leptin, being significant only for the
R wave amplitude measurement. These changes suggest a decrease in abnormal ventricular
wall growth, which could be indicative of a more atrophic pattern. This is in consonance
with previous studies performed in rodents [10,12]. Interestingly, these differences were not
observed in the group of animals treated with the PPAR[3 /6 antagonist. By comparison, QTc
duration only increased in the group of animals treated with the PPAR(3 /5 antagonist when
comparing baseline (t0) and final time (t7), indicating a potential alteration in ventricular
repolarization, which can have implications for arrhythmogenesis and electrical instability.

In fact, the longer QRS duration and higher R wave voltage are used as measures of
relative sensitivity and specificity of abnormal ventricular wall growth, which, in com-
bination with other physiological parameters, facilitate the detection of left ventricular
hypertrophy. The results presented in this work indicate that rats treated with the PPAR /5
antagonist present an altered ECG, possibly due to increased ventricular wall thickness,
contrasting with the characteristic atrophic pattern observed in rats treated centrally with
leptin, suggesting that the effects observed with central leptin treatment are mediated by
leptin-specific pathways rather than PPAR( /6 signaling.

Given that PPAR[ /6 has been implicated in the regulation of ion channels and cellular
processes involved in cardiac repolarization [23-25], antagonism of PPAR /6 may disrupt
these processes, leading to QT prolongation.

Moreover, previous studies have demonstrated the role of disturbed PPAR[3 /6 activity
in the development of metabolic syndrome and its components, including insulin resis-
tance [26], which are associated with QT interval prolongation and increased cardiovascular
risk [25,27-29].
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On the other hand, it is known that leptin signaling improves insulin sensitivity,
which is important for changing QTc duration and potentially reducing arrhythmogenic
risk [30,31]. Improved insulin sensitivity through effective leptin signaling can lead to better
regulation of glucose and lipid metabolism, thereby stabilizing cardiac electrophysiology
and reducing the likelihood of QTc prolongation and related arrhythmias.

In addition to these measures facilitating screening of early-stage pathology devel-
opment (QRS duration, R amplitude, and long QTc), an increase in heart rate (HR) can
be used as an indicator of poor prognosis. Various studies associate increased mortality
with an elevated heart rate, finding a positive correlation between the two. Similarly, some
authors suggest that reducing HR could be used as a potential target for treating patients
with heart failure [32].

As seen in Table 5, animals treated with central leptin were able to reduce heart rate,
which was not observed in animals additionally treated with the PPAR /6 antagonist.
In the GSK0660-treated groups (PF+GSK0660 and Lep+GSK0660), an increase in heart
rate was induced compared to their controls (PF+DMSO and Lep+DMSO). Surprisingly,
a significant increase in R-R interval duration (ms) occurred in pair-fed control animals
treated with the vehicle (PF+DMSO).

Table 5. Sinus rhythm (R-R interval, R-R) and mean heart rate (HR) for treated groups.

R-R INTERVAL (ms) Heart Rate (bpm)
AR-R (ms) AHR (bpm)
t0 t7 t0 t7
PF+DMSO 136 + 6 159 £ 7% 23+41° 210 £ 22 274 £30* 64 +16.64°
PF+GSK0660 145+ 4 196 + 31 * 51 +14.0° 205+ 12 275 +34* 70+ 16127
LEP+DMSO 135+ 5 139+ 4 4+29°¢ 231 + 30 219 +20 —12+16.12°
LEP+GSK0660 141 +4 142 + 6 1+£32¢ 199 +4 224 +£14* 25+651°¢

Sinus rhythm (R-R), measured in milliseconds (ms), and heart rate (HR), measured in beats per minute (bpm) of
the rats belonging to the four treatment groups at baseline and final time. Values are expressed relative to control
rats (PF+DMSO). Results are the mean £ SEM (n = 5) per group of animals. One-way ANOVA followed by Tukey
test (different letters indicate significant differences, p < 0.05). Differences between the two times were assessed
using the unpaired Student’s t-test (* p < 0.05 t7 vs. t0). Differences between treatments were assessed using
one-way ANOVA followed by the Tukey test (different letters indicate significant differences, p < 0.05). Groups:
PF+DMSO: vehicle-infused pair-fed rats plus DMSO; PF+GSK0660: vehicle-infused pair-fed rats plus GSK0660;
Lep+DMSO: leptin plus DMSO; Lep+GSK0660: leptin plus GSK0660.

This result indicates that central leptin signaling may act as a regulator against the
development of cardiac arrhythmias, probably due to its ability to impact cardiomyocyte
size [33,34], improve insulin sensitivity, and modulate the autonomic nervous system
activity and the expression of ion channels involved in cardiac repolarization [30,31].
Interestingly, Lin et al. [35] have suggested that circulating leptin directly modulates cardiac
electrical properties, including heart rate and QT interval, via its receptors expressed
in cardiac tissue. These findings suggest a mechanism by which leptin may influence
cardiovascular function independently of the central pathways, indicating the potential
implications of dysregulated leptin signaling in cardiovascular disorders, including the
development of bradycardia, QT interval prolongation, and ventricular arrhythmias.

Therefore, while the precise role of leptin in protecting against cardiac arrhythmias
is still being elucidated, our data suggests that central leptin actions may have beneficial
effects on cardiac electrophysiology and rhythm regulation

3.4. Effect of Leptin-GSK0660 Co-Treatment on Cardiac Remodeling and Function

Next, we evaluated alterations in cardiac function using Magnetic Resonance Imaging
(MRI) to monitor the response to the progression of central leptin or vehicle treatment. As
expected, at baseline (t0), there were no differences in ejection fraction (EE, %) between
groups (Figure 5). However, a decrease in EF was induced at the final time (t7) in the
Lep+GSK0660 group, which was statistically significant compared to its control group
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(Lep+DMSO). This decrease only fell below the 50% threshold when the PPAR[3 /6 activity
was inhibited in the central leptin-treated group (Lep+GSK0660). Although EF% values
are considered borderline between 41 and 49% [36-38], this should not be considered an
indicator of heart failure development; instead, it indicates a loss of contractile capacity.
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Figure 5. EF values (%) obtained after analysis of the MRI images with the Segment program at t0 (A)
and t7 (B) times. Values are expressed relative to control rats (PF+DMSO). Results are the mean + SEM
(n = 5) per group of animals. One-way ANOVA followed by Tukey test (p < 0.05). Differences between
treatments were assessed using the unpaired Student’s t-test (* p < 0.05) Lep+GSK0660 vs. Lep+DMSO.
Groups: PF+DMSO: vehicle-infused pair-fed rats plus DMSO; PF+GSK0660: vehicle-infused pair-fed
rats plus GSK0660; Lep+DMSO: leptin plus DMSO; Lep+GSK0660: leptin plus GSK0660.

Studies in animal models and some human studies have shown that high-fat diets can
lead to cardiac dysfunction, including reduced ejection fraction, as evidenced [39,40]. These
effects appear to be mediated by various mechanisms, including inflammation, oxidative
stress, mitochondrial dysfunction, and insulin resistance, all of which can impair cardiac
contractility and function. While these studies primarily focus on insulin resistance and
mitochondrial dynamics in heart disease, there could be implications for the role of leptin
signaling in cardiac function. Importantly, vehicle-treated and centrally leptin-treated
groups showed preserved ejection fraction after 7 days of treatment (Figure 5).

As already mentioned, analysis of MRI allows for a more effective estimation of
variations in ventricular mass. We observed that animals treated with the vehicle did not
present differences in end-diastolic left ventricular mass (EDLVM) (Figure 6) at baseline
and post-treatment times. However, in animals treated centrally with leptin, EDLVM was
significantly greater in the group where PPAR /& action was blocked using GSK0660.
Surprisingly, these animals already showed differences in ventricular mass at baseline.
These differences increased at the final time (t7), with EDLVM being significantly greater in
this group (Lep+GSKO0660).

Thus, this study supports that central leptin treatment at a low dose (0.2 pg/day)
promotes an atrophic pattern in the myocardium and that PPAR[3 /6 is required for leptin
signaling to remodel cardiac tissue in rats with normal leptin sensitivity.

To measure the potential impact of increased ventricular mass on ventricular filling
volume, end-diastolic volume (EDV) was measured at the final time (t7). Although differ-
ences were not significant, a slight decrease in final ventricular filling volume was observed
for the group of animals with dual treatment (ICV-Leptin and IP-GSK0660) (Figure 7).
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Figure 6. EDLVM values, expressed in gr, obtained after analysis of the MRI images with the Segment
program at t0 (A) and t7 (B) times. Values are expressed relative to the control group (PF+DMSO).
Results are the mean + SEM (n = 5) per group of animals. One-way ANOVA followed by Tukey
test (p < 0.05). Differences between treatments were assessed using the unpaired Student’s t-test
(#p < 0.05) Lep+GSK0660 vs. Lep+DMSO. Groups: PF+DMSO: vehicle-infused pair-fed rats plus
DMSO; PF+GSK0660: vehicle-infused pair-fed rats plus GSK0660; Lep+DMSO: leptin plus DMSO;
Lep+GSK0660: leptin plus GSK0660.
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Figure 7. EDV values at t7, expressed in uL, obtained after analysis of the MRI images with the
Segment program. Values are expressed relative to the control group (PF+DMSO). Results are the
mean + SEM (n = 5) per group of animals. One-way ANOVA followed by Tukey test (p < 0.05).
Groups: PF+DMSO: vehicle-infused pair-fed rats plus DMSO; PF+GSK0660: vehicle-infused pair-fed
rats plus GSK0660; Lep+DMSO: leptin plus DMSO; Lep+GSK0660: leptin plus GSK0660.
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Finally, possible changes in cardiac output (CO) were studied. As seen in Figure 8,
the differences in ventricular mass did not induce changes in CO pre- and post-treatment,
despite an increase in the Lep+GSK0660 group (t7) being observed, which was not sig-
nificant (p = 0.078). The lack of significant changes in CO may be attributed, at least in
part, to compensatory mechanisms that were initially induced during the development of
hypertrophy to prevent an increase in CO [41]. These compensatory mechanisms could
involve various physiological adaptations aimed at maintaining cardiac output despite
changes in ventricular mass. One such mechanism could involve an increase in heart rate
(HR), which was observed in the animal treated with leptin and the PPARf /8 antagonist
(Lep+GSKO0660), as depicted in Figure 8.
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Figure 8. CO values (mL/min) obtained after analysis of the MRI images with the Segment program
at t0 (A) and t7 (B) times. Values are expressed relative to the control group (PF+DMSO). Results are
the mean + SEM (n = 5) per group of animals. One-way ANOVA followed by Tukey test (p < 0.05).
Differences between treatments were assessed using the unpaired Student’s t-test (p < 0.05). Groups:
PF+DMSO: vehicle-infused pair-fed rats plus DMSO; PF+GSK0660: vehicle-infused pair-fed rats plus
GSK0660; Lep+DMSO: leptin plus DMSO; Lep+GSK0660: leptin plus GSK0660.

Finally, supporting the cardioprotective effects of central leptin reported herein in
normoleptinemic adult rats with normal leptin sensitivity, we have previously reported
that leptin, acting in the central nervous system, regulates cardiac lipid metabolism increas-
ing the expression of genes involved in the myocardial intracellular lipolysis (ATGL and
HSL) and mitochondrial/peroxisomal fatty acid utilization (PDK4, UCP3, Acox1), whereas
decreased those involved in TAG synthesis (SCD-1 and DGAT1), leading these changes
to a significant reduction in cardiac TAG and TBARS content [15]. In addition, central
leptin markedly increased heart glucose transport independently of insulin. Moreover,
the pharmacological inhibition of PPAR{ /5 decreased the effects induced by central lep-
tin on the expression of genes involved in lipid metabolism and increased cardiac TAG
content [15]. These results support that central leptin plays a critical role in protecting the
heart from excess lipid accumulation that, when uncontrolled, can drive cardiac lipotox-
icity [7] and align with the suggestion of Baskin and Taegtmeyer [1] who proposed that
signals from intermediary metabolism of energy-providing substrates are likely mediators
of atrophic remodeling.

Beyond the regulation of cardiac metabolism and protection against cardiac lipotoxic-
ity, we have recently demonstrated that, in adult rats with normal leptin sensitivity, central
leptin-induced an atrophy-related gene program in cardiac tissue activating FoxO1/3 [12],
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master regulators of the atrophy program [42,43], increasing the content of Atrogin-1
and MUREF-1, proteins involved in limiting cardiac hypertrophy. Besides, central leptin
activated the anti-hypertrophic kinase GSK33, while the phenotypic markers of cardiac
hypertrophy atrial natriuretic peptide (ANP) and 3-myosin heavy chain, gene product of
Myh7 were decreased in response to central leptin infusion. Finally, the pharmacological
inhibition of PPARB /9, via in vivo administration of the selective antagonist GSK0660,
blunted the induction of FOXO1/3, Atrogin-1, MuRF1, and GSK3f in the heart mediated
by central leptin infusion [12].

On the other hand, central leptin inhibited mTORC1 pathway by decreasing protein
and basal phosphorylation levels of mMTORC1, RAPTOR protein abundance, and basal
phosphorylation levels of 4E-BP1 and S6K1. These data may suggest that central leptin
modulates the mTORC1 pathway to suppress anabolic processes in the heart [12]. In this
sense, it is known that the inhibition of the mTORC-56K1 pathway regresses established
cardiac hypertrophy in mice with transverse aortic constriction [44].

Taken together, the results presented in this study and our prior findings [12,15]
suggest that central leptin may exert cardioprotective effects in adult rats with normal
leptin sensitivity by facilitating atrophic remodeling, potentially linked with metabolic
unloading. This process could imply the induction of FoxO1/3, the inhibition of mTORC1,
and the activation of PPARB/$ pathways.

In addition, this study examines the impact of central leptin infusion and the pharma-
cological inhibition of PPAR /6 on cardiac remodeling and cardiac function in Wistar rats.
We confirm that leptin may have protective effects against abnormal ventricular growth, as
confirmed by MRI, while PPAR( /5 antagonism might lead to changes in cardiac electrical
activity indicative of left ventricular hypertrophy (LVH). Our results provide new insights
into the physiological mechanisms by which the leptin-PPAR[3/ crosstalk impacts cardiac
remodeling and cardiac function in rats.

In contrast, treatment with the PPAR[ /3 antagonist GSK0660 resulted in increased
QTc duration, indicating potential alterations in ventricular repolarization and an increased
risk of arrhythmias. Hence, antagonists like GSK0660 could potentially be used to study
metabolic pathways but might also have implications for disrupting energy balance if not
used appropriately.

These results underscore the importance of leptin in mediating cardiac remodeling
through metabolic pathways. Future research should focus on identifying specific metabolic
intermediates and signaling pathways involved in leptin’s cardioprotective effects. Under-
standing these mechanisms could provide new insights into potential therapeutic strategies
for managing cardiac diseases linked with metabolic disorders.

4. Conclusions and Future Directions

This study explores the specific interactions between leptin and PPAR( /5 in cardiac
function. It was conducted using animal models with normal leptin sensitivity. However,
the findings support that inhibition of PPAR /6-associated pathways may interfere with
central leptin’s beneficial effects in the heart, which may be relevant in patients with
conditions like generalized lipodystrophy where leptin therapy is used to mitigate cardiac
hypertrophy [45]. Further research is needed to explore the long-term effects of leptin and
PPARf /& modulation on cardiac health.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/biom14081028/s1; Table S1: Primers sequences of genes used for
quantification of mRNAs by qRT-PCR; Figure S1: Representative Red Ponceau staining of the nitro-
cellulose membrane for total protein normalization prior to immunodetection; Table S2: Quantitative
densitometry analysis of PPAR( /6 protein bands from the Western-Blot.

Author Contributions: Conceptualization, A.A. and N.G.; Funding acquisition, A.A. and N.G.;
Investigation, B.R., C.P. and L.M.; Methodology, B.R., C.P., L M. and M.B.; Project administration,
A.A. and N.G; Resources, A.A. and N.G.; Software, B.R. and M.B.; Supervision, A.A. and N.G.;

157



Biomolecules 2024, 14, 1028

Validation, C.P., A.A. and N.G.; Visualization, B.R., C.P. and L.M.; Writing—original draft, B.R. and
N.G.; Writing—review & editing, A.A. and N.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Ministerio de Ciencia, Innovacién y Universidades, Spain,
under project grants RT12018-098643-B-100. Ministerio de Ciencia e Innovacion, Spain, under project
grants PID2021-1282430B-100. University of Castilla-La Mancha, Spain and the European Regional
Development Fund (FEDER) under project grants 2021 GRIN-30987.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data will be made available on request.

Acknowledgments: The authors acknowledge their gratitude to Sergio Moreno for the excellent
technical assistance.

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

References

1.  Baskin, K.K,; Taegtmeyer, H. Taking Pressure off the Heart: The Ins and Outs of Atrophic Remodelling. Cardiovasc. Res. 2011,
90, 243-250. [CrossRef] [PubMed]

2. Gibb, A.A.; Hill, B.G. Metabolic Coordination of Physiological and Pathological Cardiac Remodeling. Circ. Res. 2018, 123, 107-128.
[CrossRef] [PubMed]

3. Sudi, S.B.; Tanaka, T.; Oda, S.; Nishiyama, K.; Nishimura, A.; Sunggip, C.; Mangmool, S.; Numaga-Tomita, T.; Nishida, M.
TRPC3-Nox2 Axis Mediates Nutritional Deficiency-Induced Cardiomyocyte Atrophy. Sci. Rep. 2019, 9, 9785. [CrossRef] [PubMed]

4. Bacova, B.S.; Andelova, K.; Sykora, M.; Egan Benova, T.; Barancik, M.; Kurahara, L.H.; Tribulova, N. Does Myocardial Atrophy
Represent Anti-Arrhythmic Phenotype? Biomedicines 2022, 10, 2819. [CrossRef] [PubMed]

5. Morris, D.L.; Rui, L. Recent advances in understanding leptin signaling and leptin resistance. Am. J. Physiol. Endocrinol. Metab.
2009, 297, E1247-E1259. [CrossRef] [PubMed]

6. Karmazyn, M.; Purdham, D.M.; Rajapurohitam, V.; Zeidan, A. Leptin as a Cardiac Hypertrophic Factor: A Potential Target for
Therapeutics. Trends Cardiovasc. Med. 2007, 17, 206-211. [CrossRef]

7. Hall, M.E.; Harmancey, R.; Stec, D.E. Lean Heart: Role of Leptin in Cardiac Hypertrophy and Metabolism. World ]. Cardiol. 2015,
7,511-524. [CrossRef] [PubMed]

8. Me, H.; Mw, M,; Je, H.; De, S. Rescue of Cardiac Leptin Receptors in Db/Db Mice Prevents Myocardial Triglyceride Accumulation.
Am. ]. Physiol. Endocrinol. Metab. 2014, 307, E316-E325. [CrossRef]

9. Barouch, L.A.; Berkowitz, D.E.; Harrison, RW.; O’'Donnell, C.P; Hare, ].M. Disruption of Leptin Signaling Contributes to Cardiac
Hypertrophy Independently of Body Weight in Mice. Circulation 2003, 108, 754-759. [CrossRef]

10. Gava, EN,; da Silva, A.A.; Dai, X.; Harmancey, R.; Ashraf, S.; Omoto, A.C.M.; Salgado, M.C.; Moak, S.P;; Li, X.; Hall, ].E.; et al.
Restoration of Cardiac Function After Myocardial Infarction by Long-Term Activation of the CNS Leptin-Melanocortin System.
JACC Basic Transl. Sci. 2021, 6, 55-70. [CrossRef] [PubMed]

11. Kamimura, D.; Suzuki, T.; Wang, W.; de Shazo, M.; Hall, ].E.; Winniford, M.D.; Kullo, 1.].; Mosley, T.H.; Butler, K.R.; Hall, M.E.
Higher Plasma Leptin Levels Are Associated with Reduced Left Ventricular Mass and Left Ventricular Diastolic Stiffness in Black
Women: Insights from the Genetic Epidemiology Network of Arteriopathy (GENOA) Study. Hypertens. Res. 2018, 41, 629-638.
[CrossRef] [PubMed]

12.  Rubio, B.; Mora, C.; Pintado, C.; Mazuecos, L.; Fernandez, A.; Lopez, V.; Andrés, A.; Gallardo, N. The Nutrient Sensing Pathways
FoxO1/3 and mTOR in the Heart Are Coordinately Regulated by Central Leptin through PPAR( /8. Implications in Cardiac
Remodeling. Metabolism 2020, 115, 154453. [CrossRef] [PubMed]

13. Mazuecos, L.; Pintado, C.; Rubio, B.; Guisantes-Batan, E.; Andrés, A.; Gallardo, N. Leptin, Acting at Central Level, Increases
FGF21 Expression in White Adipose Tissue via PPARB /8. Int. ]. Mol. Sci. 2021, 22, 4624. [CrossRef]

14. Rodriguez, M.; Pintado, C.; Torrillas-de la Cal, R.; Molt6, E.; Gallardo, N.; Andrés, A.; Arribas, C. Ageing Alters the Lipid Sensing
Process in the Hypothalamus of Wistar Rat. Effect of Food Restriction. Nutr. Neurosci. 2022, 25, 1509-1523. [CrossRef] [PubMed]

15. Mora, C.; Pintado, C.; Rubio, B.; Mazuecos, L.; Lopez, V.; Ferndndez, A.; Salamanca, A.; Barcena, B.; Fernandez-Agullo, T.;
Arribas, C.; et al. Central Leptin Regulates Heart Lipid Content by Selectively Increasing PPAR (3/6 Expression. ]. Endocrinol.
2018, 236, 43-56. [CrossRef] [PubMed]

16. Heiberg, E.; Sjogren, J.; Ugander, M.; Carlsson, M.; Engblom, H.; Arheden, H. Design and Validation of Segment--Freely Available
Software for Cardiovascular Image Analysis. BMC Med. Imaging 2010, 10, 1. [CrossRef] [PubMed]

17.  Schweins, M.; Gibel, R.; Raitza, M.; Vasudevan, P.; Lemcke, H.; Joksch, M.; Schildt, A.; Kurth, J.; Lindner, T.; Meinel, EG.; et al.

Multi-Modal Assessment of a Cardiac Stem Cell Therapy Reveals Distinct Modulation of Regional Scar Properties. ]. Transl. Med.
2024, 22, 187. [CrossRef]

158



Biomolecules 2024, 14, 1028

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

Lang, C.I; Vasudevan, P.; Doring, P.; Gébel, R.; Lemcke, H.; Lindner, T.; Steinhoff, G.; Krause, B.J.; Vollmar, B.; Meinel, EG.; et al.
Expedient Assessment of Post-Infarct Remodeling by Native Cardiac Magnetic Resonance Imaging in Mice. Sci. Rep. 2021,
11, 11625. [CrossRef] [PubMed]

Yin, EC.; Spurgeon, H.A.; Rakusan, K.; Weisfeldt, M.L.; Lakatta, E.G. Use of Tibial Length to Quantify Cardiac Hypertrophy:
Application in the Aging Rat. Am. J. Physiol. 1982, 243, H941-H947. [CrossRef] [PubMed]

Samak, M.; Fatullayev, J.; Sabashnikov, A.; Zeriouh, M.; Schmack, B.; Farag, M.; Popov, A.-E; Dohmen, PM.; Choi, Y.-H.;
Wahlers, T.; et al. Cardiac Hypertrophy: An Introduction to Molecular and Cellular Basis. Med. Sci. Monit. Basic Res. 2016,
22,75-79. [CrossRef] [PubMed]

Domain, G.; Chouquet, C.; Réant, P; Bongard, V.; Vedis, T.; Rollin, A.; Mandel, F; Delasnerie, H.; Voglimacci-Stephanopoli,
Q.; Mondoly, P; et al. Relationships between Left Ventricular Mass and QRS Duration in Diverse Types of Left Ventricular
Hypertrophy. Eur. Heart ]. Cardiovasc. Imaging 2022, 23, 560-568. [CrossRef]| [PubMed]

Okin, PM.; Roman, M.J.; Devereux, R.B.; Kligfield, P. Gender Differences and the Electrocardiogram in Left Ventricular Hypertro-
phy. Hypertension 1995, 25, 242-249. [CrossRef] [PubMed]

Papatheodorou, I.; Galatou, E.; Panagiotidis, G.-D.; Ravingerova, T.; Lazou, A. Cardioprotective Effects of PPARB /5 Activation
against Ischemia/Reperfusion Injury in Rat Heart Are Associated with ALDH2 Upregulation, Amelioration of Oxidative Stress
and Preservation of Mitochondrial Energy Production. Int. |. Mol. Sci. 2021, 22, 6399. [CrossRef] [PubMed]

Planavila, A.; Rodriguez-Calvo, R.; Jové, M.; Michalik, L.; Wahli, W.; Laguna, J.C.; Vazquez-Carrera, M. Peroxisome Proliferator-
Activated Receptor Beta/Delta Activation Inhibits Hypertrophy in Neonatal Rat Cardiomyocytes. Cardiovasc. Res. 2005,
65, 832-841. [CrossRef] [PubMed]

Barish, G.D.; Narkar, V.A,; Evans, RM. PPAR Delta: A Dagger in the Heart of the Metabolic Syndrome. J. Clin. Investig. 2006,
116, 590-597. [CrossRef] [PubMed]

Manickam, R.; Wahli, W. Roles of Peroxisome Proliferator-Activated Receptor /6 in Skeletal Muscle Physiology. Biochimie 2017,
136, 42-48. [CrossRef] [PubMed]

DeBoer, M.D.; Gurka, M.].; Woo, ].G.; Morrison, J.A. Severity of Metabolic Syndrome as a Predictor of Cardiovascular Disease
Between Childhood and Adulthood: The Princeton Lipid Research Cohort Study. J. Am. Coll. Cardiol. 2015, 66, 755-757. [CrossRef]
[PubMed]

Lee, C.-H.; Olson, P,; Evans, R.M. Minireview: Lipid Metabolism, Metabolic Diseases, and Peroxisome Proliferator-Activated
Receptors. Endocrinology 2003, 144, 2201-2207. [CrossRef]

Wang, Y.-X. PPARs: Diverse Regulators in Energy Metabolism and Metabolic Diseases. Cell Res. 2010, 20, 124-137. [CrossRef]
[PubMed]

Morrison, C.D.; Huypens, P.; Stewart, L.K.; Gettys, T.W. Implications of Crosstalk between Leptin and Insulin Signaling during
the Development of Diet-Induced Obesity. Biochim. Biophys. Acta 2009, 1792, 409-416. [CrossRef]

Sierra-Johnson, J.; Romero-Corral, A.; Lopez-Jimenez, F; Gami, A.S.; Sert Kuniyoshi, EH.; Wolk, R.; Somers, V.K. Relation of
Increased Leptin Concentrations to History of Myocardial Infarction and Stroke in the United States Population. Am. J. Cardiol.
2007, 100, 234-239. [CrossRef]

Hori, M.; Okamoto, H. Heart Rate as a Target of Treatment of Chronic Heart Failure. . Cardiol. 2012, 60, 86-90. [CrossRef]
[PubMed]

Fraley, M.A.; Birchem, J.A.; Senkottaiyan, N.; Alpert, M.A. Obesity and the Electrocardiogram. Obes. Rev. Off. ]. Int. Assoc. Study
Obes. 2005, 6, 275-281. [CrossRef] [PubMed]

Wiegerinck, R.E,; Verkerk, A.O.; Belterman, C.N.; van Veen, T.A.B.; Baartscheer, A.; Opthof, T.; Wilders, R.; de Bakker, ] M.T.;
Coronel, R. Larger Cell Size in Rabbits with Heart Failure Increases Myocardial Conduction Velocity and QRS Duration. Circulation
2006, 113, 806-813. [CrossRef] [PubMed]

Lin, Y.-C.; Huang, J.; Hileman, S.; Martin, K.H.; Hull, R.; Davis, M.; Yu, H.-G. Leptin Decreases Heart Rate Associated with
Increased Ventricular Repolarization via Its Receptor. Am. J. Physiol. Heart Circ. Physiol. 2015, 309, H1731-H1739. [CrossRef]
[PubMed]

Lang, R.M.; Badano, L.P.; Mor-Avi, V.; Afilalo, J.; Armstrong, A.; Ernande, L.; Flachskampf, F.A.; Foster, E.; Goldstein, S.A.;
Kuznetsova, T.; et al. Recommendations for Cardiac Chamber Quantification by Echocardiography in Adults: An Update from
the American Society of Echocardiography and the European Association of Cardiovascular Imaging. J. Am. Soc. Echocardiogr.
Off. Publ. Am. Soc. Echocardiogr. 2015, 28, 1-39.e14. [CrossRef]

Savarese, G.; Stolfo, D.; Sinagra, G.; Lund, L.H. Heart Failure with Mid-Range or Mildly Reduced Ejection Fraction. Nat. Rev.
Cardiol. 2022, 19, 100-116. [CrossRef]

Golla, M.S.G.; Hajouli, S.; Ludhwani, D. Heart Failure and Ejection Fraction. In StatPearls; StatPearls Publishing: Treasure Island,
FL, USA, 2024.

Abel, E.D.; O’Shea, K.M.; Ramasamy, R. Insulin Resistance: Metabolic Mechanisms and Consequences in the Heart. Arterioscler.
Thromb. Vasc. Biol. 2012, 32, 2068-2076. [CrossRef] [PubMed]

Dorn, G.W. Mitochondrial Dynamics in Heart Disease. Biochim. Biophys. Acta 2013, 1833, 233-241. [CrossRef] [PubMed]
Saheera, S.; Krishnamurthy, P. Cardiovascular Changes Associated with Hypertensive Heart Disease and Aging. Cell Transplant.
2020, 29, 963689720920830. [CrossRef] [PubMed]

159



Biomolecules 2024, 14, 1028

42.

43.

44.

45.

Sandri, M.; Sandri, C.; Gilbert, A.; Skurk, C.; Calabria, E.; Picard, A.; Walsh, K.; Schiaffino, S.; Lecker, S.H.; Goldberg, A.L.
FoxO transcription factors induce the atrophy-related ubiquitin ligase atrogin-1 and cause skeletal muscle atrophy. Cell 2004,
117,399-412. [CrossRef] [PubMed]

Skurk, C.; Izumiya, Y.; Maatz, H.; Razeghi, P,; Shiojima, I.; Sandri, M.; Sato, K.; Zeng, L.; Schiekofer, S.; Pimentel, D.; et al. The
FOXO3a transcription factor regulates cardiac myocyte size downstream of AKT signaling. . Biol. Chem. 2005, 280, 20814-20823.
[CrossRef] [PubMed]

McMullen, J.R.; Sherwood, M.C.; Tarnavski, O.; Zhang, L.; Dorfman, A.L.; Shioi, T.; Izumo, S. Inhibition of mTOR signaling with
rapamyecin regresses established cardiac hypertrophy induced by pressure overload. Circulation 2004, 109, 3050-3055. [CrossRef]
[PubMed]

Nguyen, M.-L.; Sachdev, V.; Burklow, T.R.; Li, W,; Startzell, M.; Auh, S.; Brown, R.J. Leptin Attenuates Cardiac Hypertrophy in
Patients With Generalized Lipodystrophy. J. Clin. Endocrinol. Metab. 2021, 106, e4327-e4339. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

160



XX hiomolecules N
P HVI\D\Py
Article

Docosahexaenoic Acid Supplementation in Postnatal Growth

Restricted Rats Does Not Normalize Lung Function or
PPARY Activity

Adrienne J. Cohen ', Wesley R. Chidester I'*, Daniel T. Wray !, Nicolette Jessen !, Aimee Jones !, Cheylah Bitsui ?,
James Zhao 1, J. Alan Maschek 23, James E. Cox 23, Camilia R. Martin 4 and Lisa A. Joss-Moore 1*

1 Department of Pediatrics, University of Utah, Salt Lake City, UT 84108, USA;
wesley.r.chidester@utah.edu (W.R.C.)

Health Science Center Cores, University of Utah Health Sciences Center, Salt Lake City, UT 84108, USA
Department of Biochemistry, University of Utah, Salt Lake City, UT 84108, USA

Division of Neonatology, Weill Cornell Medicine, New York, NY 10065, USA

Correspondence: lisa.joss-moore@hsc.utah.edu

These authors contributed equally to this work.

“+ ¥ e W N

Abstract: The development of BPD in preterm neonates is increased by poor growth and
nutritional deficits. The involvement of the fatty acid DHA in the development of BPD
has been a focus for over a decade. However, recent clinical trials show that isolated DHA
supplementation may increase BPD in subgroups of preterm neonates. One explanation
for poor lung outcomes in DHA-supplemented neonates is a disruption of global fatty acid
profiles and increased expression of a dominant-negative splice variant of a key driver
of lung development, PPARy. We previously developed a rat model of postnatal growth
restriction (PGR) in which pups have impaired lung function and altered PPARYy activity.
Here, we use our PGR rat model to assess the effects of DHA supplementation on lung
outcomes. We hypothesize that the PPARYy splice variant, PPARyAS5, will be expressed in
the rat lung, and that DHA supplementation of PGR rat pups will alter circulating lipid
profiles, lung mechanics, and PPARy variant expression. Our findings demonstrate that
PPARYA?S is expressed in the developing rat lung and that DHA supplementation of PGR
rat pups alters global circulating fatty-acid profiles and does not normalize PGR-induced
impaired lung mechanics or PPARY activity.

Keywords: lung development; growth restriction; bronchopulmonary dysplasia; DHA;
PPARy; alternative splicing

1. Introduction

Preterm birth and poor growth increase the risk of developing the chronic lung disease
bronchopulmonary dysplasia (BPD). While the development of BPD in preterm neonates is
multifactorial, poor growth during the pre- and postnatal periods, along with nutritional
deficits contribute to the BPD lung phenotype of impaired alveolar formation. Important
nutrients in the context of BPD and lung development include long-chain polyunsaturated
fatty acids (LCPUFAs), particularly the long-chain omega 3 fatty acid docosahexaenoic acid
(DHA) [1].

The involvement of DHA deficiency in the development of BPD, and potential protec-
tive effects of DHA supplementation in resolving lung outcomes in preterm neonates and
in animal studies has been a focus for over a decade. In preterm infants born <30 weeks ges-
tation, DHA decreases rapidly over the first week of life, and decreased DHA is associated
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with increased BPD [2]. Other studies conducted to assess the effects of DHA supplementa-
tion on neurodevelopment, with BPD as a secondary outcome, showed a positive impact of
enteral DHA supplementation on BPD in a subset of preterm neonates [3]. The concept that
DHA is beneficial to the developing lung, particularly in the context of pre- and postnatal
growth restriction and neonatal lung injury, is also supported by animal studies [4-7]. As
a result of the body of research supporting a role for DHA in the development of BPD,
several clinical trials examining the effects of DHA supplementation of preterm infants
on BPD rates and severity have been conducted. However, these trials show that supple-
mental DHA administration to preterm neonates may actually increase the incidence of
BPD in subsets of neonates [8,9]. Given the need for, and potential consequences of, lipid
supplementation of preterm neonates, a comprehensive understanding of the effects of
lipid supplementation on the developing lung is essential.

One key lipid responsive molecular mediator of lung development is the transcrip-
tional activator PPARy. PPARY is well established to have important functions in the lung
and is necessary for the epithelial-mesenchymal interactions required for lung develop-
ment and lung vascular integrity [10-12]. PPARY is also essential in the lung response
to injury, and injury effects can often be mitigated by PPARy activation, which can be
accomplished by DHA [4,13-16]. Like many transcription factors, PPARY is subject to
extensive alternative splicing. One splice variant of PPARYy, the PPARy delta 5 (PPARYA5)
variant, has been reported in adipose and kidney tissue, and functions as a dominant-
negative protein isoform due to lack of a transactivation domain [17,18]. However, whether
PPARYAS is expressed in the lung, and whether its expression is altered by PGR and/or
DHA supplementation is unknown.

In order to elucidate mechanistic effects of growth and DHA on lung outcomes, we
use a rat model of postnatal growth restriction (PGR) following normal in utero growth [19].
We recently showed that prolonged PGR, without additional lung injury, impairs lung
structure and function in the rat. In this model, the lung characteristics are similar to
those of neonates with BPD, including increased alveolar wall thickness, decreased lung
compliance, and increased tissue damping [19]. Here, we aim to determine the effects
of DHA supplementation on lung outcomes in our previously described PGR rat model,
as well as expression of PPARy and the PPARYAS5 splice variant. We hypothesize that
the PPARY splice variant, PPARYA5, will be expressed in the rat lung, and that DHA
supplementation of PGR rat pups will alter circulating lipid profiles, lung mechanics, and
PPARYy variant expression.

2. Materials and Methods
2.1. Rat Model of PGR

All animal procedures were reviewed and approved by the University of Utah Animal
Care and Use Committee, following the NIH Guidelines for the Care and Use of Laboratory
Animals. Timed pregnant Sprague Dawley rats (Charles River, Wilmington, MA, USA)
were housed in a controlled environment with a 12 h light/dark cycle and unrestricted
access to food and water. We employed the postnatal growth restriction (PGR) model
as previously described by our group [19]. Briefly, at birth, pups were assigned to foster
dams to establish litter sizes of either eight (control) or sixteen (PGR). Pups remained
within their respective litters for the study duration. On postnatal day 21, animals were
either euthanized for tissue and serum collection (decapitated under anesthesia with
ketamine/xylazine at 80/12 mg/kg) or assigned to lung mechanics assessments. Each litter
contributed one male and one female pup for experimental analyses.
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2.2. DHA Supplementation

At delivery, rat dams from the PGR groups were randomized to receive either standard
rat chow (6% fat from soybean oil, EnVIGO Teklad, Indianapolis, IN, USA) or rat chow sup-
plemented with DHA at 0.01% of total fats (LoDHA) or DHA at 0.1% of total fats (HiDHA)
(Nu-Chek-Prep, Inc., Elysian, MN, USA). The DHA chow was formulated by substituting
the desired percentage of soybean oil with pure DHA. All rat chow formulations were
isocaloric and equally tolerated by the dams. All dams had ad libitum access to chow and
water during lactation.

2.3. Serum Fatty Acids

Serum fatty acid composition was analyzed via gas chromatography following transes-
terification, as previously described by our group [19,20]. Fatty acid methyl esters (FAMEs)
were generated via transesterification using heptadecanoic acid as an internal standard
for quantification. Analyses were performed on an Agilent 7890A gas chromatograph
(Agilent Technologies, Santa Clara, CA, USA) equipped with a capillary column, enabling
the detection of fatty acids with chain lengths ranging from 10 to 24 carbons. FAMEs
were identified and quantified using the Supelco 37 FAME mix (Sigma-Aldrich, St. Louis,
MO, USA), and data processing was conducted with OpenLAB Chromatography software
(Agilent Technologies).

2.4. Lung Mechanics

Lung mechanics were assessed using the FlexiVent FX 2 system (SCIREQ, Montreal,
QC, Canada) and analyzed with FlexiWare 7.2 software (Service Pack 2, Build 728; SCIREQ,
Montreal, QC, Canada). On postnatal day 21, rat pups were anesthetized via intraperitoneal
injection of ketamine (50 mg/kg) and xylazine (8 mg/kg). Following tracheostomy, a 16-
or 18-gauge cannula was inserted, and animals were connected to the FlexiVent system.
Ventilation was maintained at a rate of 150 breaths per minute with tidal volumes of
10 mL/kg and a positive end-expiratory pressure of 3 cm HyO. After a stabilization period
of 3 min to establish consistent breathing patterns and confirm the absence of air leaks,
vecuronium bromide (1 mg/kg, IP) was administered as a paralytic agent.

Lung function was evaluated using automated maneuvers, as previously de-
scribed [21]. Inspiratory capacity (IC) and static compliance (Cst) were derived from
quasistatic pressure-volume (PV) loops recorded over a pressure range of 3 to 30 cm H,O.
To differentiate airway mechanics from parenchymal properties, the forced oscillation
technique (FOT) was applied [21]. Respiratory impedance data were modeled using the
constant phase equation to obtain Newtonian resistance (Rn), an index of airway narrow-
ing, as well as tissue elastance (H) and tissue damping (G), which reflect alveolar stiffness
and resistance, respectively. Tissue hysteresivity (n, G/H) was also calculated to assess
viscoelastic properties of the lung.

2.5. Identification of PPARyAb5 in the Lung

Lung RNA was extracted from lung tissue from control rats at birth, postnatal day 12,
and postnatal day 21 and reverse transcribed as previously described [19]. Gene specific
primers were used to amplify the region of the Ppary transcript between exon 4 and exon 6.
Primer sequences were forward (within exon 4), CGAGAAGGAGAAGCTGTTGG, and
reverse (within exon 6), GCACGTGCTCTGTGACAATC. The PCR product was subject to
gel electrophoresis using 2.2% agarose FlashGel® Recovery Cassettes and measured (57022,
Lonza Bioscience, Rockland, ME, USA). Resulting bands were excised and sequenced by
the University of Utah Sequencing Core.
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2.6. mRNA Transcript Levels

Real-time reverse transcriptase PCR was used as described by our group [19,22] to
measure the abundance of lung Ppary and of the PparyA5 splice variant. We used an
assay-on-demand primer/probe set for Ppary, which covers the exon boundary between
exon 5 and 6 (Rn00440945_m1, ThermoFisher Scientific, Waltham, MA, USA). To measure
levels of PparyA5, we used a custom primer/probe set spanning the exon 4-6 junction
(forward, CGAGAAGGAGAAGCTGTTGG,; reverse, GCGGTTGATTTGTCTGTTGT; probe,
CCCTGGCAAAGCATTTGTAT). mRNA levels of PPARy target gene, Perilipin 2 (Plin2) was
also measured using the following Assay on Demand: Rn01399516_m1. For all measures,
the comparative CT method was used, with GADPH as an internal control.

2.7. Protein Abundance

We utilized immunoblot to measure protein levels of PPARy and PPARyAS5. Proteins
were separated NuPAGE™ Bis-Tris Midi Protein Gels, 4 to 12% (WG1403BOX, Invitro-
gen, Waltham, MA, USA). Following electrophoresis, protein was transferred using PVDF
Transfer Stacks (IB34001, Invitrogen, Waltham, MA, USA) and dry-transfer with the iBlot™
3 Western blot Transfer Device (IB31001, Invitrogen, Waltham, MA, USA). Total protein
normalization was performed using No-Stain™ Protein Labeling Reagent according to
manufacturer instructions (A44449, Invitrogen, Waltham, MA, USA). Membranes were
probed using anti-PPARy polyclonal antibody (16643-1-AP, Proteintech, Rosemont, IL,
USA) in SuperSignal™ Western blot Enhancer. Membranes were incubated in SuperSig-
nal™ West Pico PLUS Chemiluminescent Substrate according to manufacturer instructions
(34580, Thermo Scientific, Waltham, MA, USA), and imaged using Universal settings of the
iBright™ CL1500 Imaging System (A44114, Invitrogen, Waltham, MA, USA). Unedited and
uncropped blots are available in Supplemental Data.

2.8. Statistics

Groups were the control receiving a regular diet (Control), PGR with a regular
diet (PGR), PGR with 0.01% DHA diet (PGR + LoDHA), and PGR with 0.1% DHA diet
(PGR + HiDHA). Males and females were treated as separate groups. A one-way analysis
of variance (ANOVA) with Fisher’s post hoc protected least-significance difference was
used to determine differences between groups. Statistical significance was defined as p < 0.05.

3. Results
3.1. Rat Model of PGR and DHA Supplementation

As we previously reported, our model of PGR resulted in a significant decrease in
weight at day 21 in both males and females compared to control (Table 1). PGR with a
regular diet resulted in a 33% decrease in body weight in males. The addition of DHA sup-
plementation in male rat pups did not improve weight gain in PGR, with PGR + LoDHA
and PGR + HiDHA rat pups weighing 38% and 27% less than male controls, respec-
tively. Similarly, in females, PGR resulted in a 34% reduction in body weight in the
regular diet group, and a 41% and 28% reduction in body weight with PGR + LoDHA and
PGR + HiDHA, respectively.

Table 1. Rat body weight at study time, postnatal day 21.

Control PGR PGR + LoDHA PGR + HiDHA
Weight, g £ SD
Male 534+33 357+45* 33.0£27* 392+£35*
Female 522+38 346+46* 312+36* 37.6 £28*

* p < 0.05 compared to control.
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3.2. Serum Fatty Acids

Both PGR and DHA supplementation significantly affected serum fatty acid levels
(Table 2). PGR with a regular diet altered serum levels of several fatty acids in male rat
pups. In male rat pups, PGR on a regular diet decreased serum levels of stearic acid (18:0)
by 40%, oleic acid (18:1) by 43%, linoleic acid (18:2n6) by 40%, and DHA (22:6n3) by 33%

compared to controls. PGR also increased the ARA /DHA ratio by 40% in male rat pups.

In contrast, in female rat pups, PGR on a regular diet did not alter levels of any serum
fatty acid.

Table 2. Serum Fatty acids.

Male Female
Fatty Acid PGR PGR PGR PGR
(ug/mL + SD) Control PGR +LoDHA +HiDHA Control PGR +LoDHA +HiDHA
Satgl_‘ated.
Paln(lig%fﬂd 537 +36 4854142 7754192+ 699 £ 91t 633+117  674+133 676+ 51 700 + 81
Stea(‘{igc,(ﬁdd 458+ 162 268 +106* 436+ 113 352 + 28 4024+ 158 4774139 376+ 60 380 + 65
Monqunsa.atura'ted
Palml(tféif Acd 544 g 28+7 14+ 5% 18 4+ 3+ 44419 45+ 20 11 4 2%t 21 42+
Ol‘acg,‘?fid 214171 240+ 89* 356 + 94 392 + 89 475+182  561+£198 321 4+62t 386 + 46
. w._6 .
Llr}‘l)g‘?lzcn gﬂd 1068 £320  6424+228* 126141921 1346 + 261 1047 £350 12584224 1135+ 181 1191+ 226
Arachidonic
Acid 1335 +£439 1187 £972 2153 + 4451 2367 + 226 *F 1337+ 498 16314+ 658 18354542 2239 + 508
(20:4n6)
w-3 )
Dgcgza(h;;fgﬁg?m 142 + 31 95 + 44 * 228470t 589 + 123 *H 145+£50 1434620  175+46 524+ 96*F
LA/DHA 8+3 10+6 6+2 2 +0.1*H 842 10 + 4 7+2 2402+
ARA/DHA 9+1 124+2* 10+1* 4+ 1+ 9+1 12+4 10+1 4403*H

* p < 0.05 compared to sex-matched control, T p < 0.05 compared to sex-matched PGR with regular diet,  p <
0.05 compared to sex-matched PGR with low-dose DHA diet.

Consistent with the experimental design, serum DHA was increased by maternal
DHA supplementation in PGR rat pups. In male PGR rat pups, the LoDHA diet increased
serum DHA by 140% compared to PGR on a regular diet, while the HIDHA diet increased
serum DHA by 520% compared to PGR on a regular diet and 315% compared to controls.
In female PGR rat pups, the HIDHA diet increased serum DHA by 370% compared to PGR
on a regular diet and 360% compared to controls.

DHA supplementation of PGR rat pups also significantly altered serum levels of other
fatty acids. In male PGR rat pups, the Lodha diet normalized levels of oleic acid (18:1),
linoleic acid (18:2n6), and the ARA/DHA ratio, while serum levels of palmitoleic acid
(16:1) decreased by 60% compared to controls, and palmitic acid (16:0) increased by 45%
compared to controls. In female PGR rat pups, the Lodha diet also decreased levels of
palmitoleic acid (16:1) by 75% compared to controls. In male PGR rat pups, the HIDHA
diet increased serum levels of ARA by 77% compared to controls while also decreasing the
LA /DHA ratio by 75% and the ARA/DHA ratio by 56% compared to controls. Similarly,
in female PGR rat pups, the HiDHA diet decreased the LA/DHA ratio by 75% and the
ARA /DHA ratio by 55%.

3.3. Lung Mechanics

Using closed chest pressure-volume loops to determine quasi-static lung compliance
and the forced oscillation technique to differentiate between central and peripheral lung
tissue, we measured lung mechanics in all four groups (control, PGR, PGR + LoDHA,
PGR + HiDHA).
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Similar to our previous report [19], PGR altered lung mechanics in male and female
rat pups. In male rat pups, PGR on a regular diet decreased inspiratory capacity by 12%,
decreased static compliance by 46%, and increased tissue elastance by 85% and tissue
damping by 66% compared to controls (Figure 1A). In female rat pups, PGR increased
inspiratory capacity by 11%, decreased static compliance by 39%, and increased tissue
damping by 52% compared to controls (Figure 1B).

(A) Male
* # # 0.15 15 * % ok
. o.os-l ! s o.s-l * % * 3 1 N ‘| o # #
[ 3
§ g8 3 ® 5 8 o -
§ 5 003 % ® E3os g o .I’ ol® ? o SE o i
Sso. o @ Q| w3
23 °Ef .m P Sio e de 53 & oo
L E 002 L3 s E = 3T s
8 SE 02 £ E 005 25 5
2 oot 8t $ ’ 5= b T
£ 5 & T
(3]
0.00 T T T T 0.0-— T T T 0. T T T T o T T T T
> \a > ¥ oF A s > & ¥ ¥
S & Rl S & &F & S & LS S S Vooe &
& & & @ & & & &
& L & L & L & L
* %
25 03 *
- # #
£ 20 o) 2
) oo 3 o2 x s $
SE s 8
i) & ]
2E 10 2
£8 £ o1
o 05 c
o l T T T T o l T T T T
> & ¥ o S s
S & Vooe “9@ S & »°°Q\ Q\»z?
& &£ & &
< < L &
(B) Female
68 * k Kk o @ * ¥ , o I (-
B s ? & g8 g g g
c A = S~ ) 8~
g % 22 0a 2 0410 T $ gg 10 S
gom 8t |8 g3 us 88
E‘-'.:- 0o © an > - e Sz
£ E0.02 == Fx e 2E 5
g 520 | BP & oo 25 51 oo
& oo - ° . T
c ] 3
£ & & .
0.00 0 T T 0.00 T T T

T T
> &
> S GRS O F &
S & & &S &S ¢ EL S
Y &) 0 X 2 X &
& £ & &£ & (P
& & & &L & & € <
2.5 * % * 6.3 *
o
£ 20 i + 2
= s ,
2. & 2 ie®TS
s 2
ﬂ)IN 2
2E 10 ﬁ 2
235 T o1
(=3 '
. =
o 05
00— o.0t—F—F—F—7—
P & ¥ ¥ SR R
& L Voox\ S & L Vooé .9%
& & & &
< < << <

Figure 1. PGR with and without DHA supplementation alters rat lung mechanics. (A) Lung function
measurements in male and (B) female rat pups. Data points are individual rat pups, bars are mean
with SD. * p < 0.05 compared to sex-matched control, # p < 0.05 compared to PGR, + p < 0.05
compared to PGR + LoDHA.

DHA supplementation of PGR rat pups did not restore lung function to that of controls
in either sex. In male PGR rat pups, while inspiratory capacity was normalized, static
lung compliance remained reduced (34% and 30% decrease compared to controls with
LoDHA and Hi DHA diets, respectively), and tissue elastance remained increased (45%
and 38% increase compared to controls with LoDHA and HiDHA diets, respectively).
Tissue damping remained increased male PGR rat pups with LoDHA diet (35% increase
relative to control), but was normalized with the HIDHA diet. Additionally, the HIDHA
diet decreased lung hysterestivity by 14% compared to the control (Figure 1A). In female
PGR rat pups, inspiratory capacity remained increased (15% and 12% increase compared to
controls with LoDHA and Hi DHA diets, respectively) and static lung compliance remained
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reduced with the LoDHA diet (40% compared to controls) but was normalized with the
HiDHA diet. Tissue damping remained increased female PGR rat pups on both diets
(59% and 32% increase compared to controls with LoDHA and HiDHA diets, respectively).
Similarly to male PGR rat pups, in female PGR rat pups, the HIDHA diet decreased lung
hysterestivity by 15% compared to the control (Figure 1B).

Overall, the effects of PGR on a regular diet were consistent with our previously
published data [19]. The addition of DHA to PGR rat pups resulted in some sex-divergent
improvements in lung function. Improvements included, in male rat pups, normalized IC,
improved tissue elastance, and tissue damping, with normalization at high DHA levels.
In female rat pups, static compliance was normalized at the high DHA dose. However,
significant lung function deficits remain in both male and female PGR rat pups on a
DHA diet.

3.4. PPARYyAS5 in the Lung

To determine whether PparyA5 is expressed in the lung, we performed PCR on cDNA
isolated from rat lungs, using primers contained within exon 4 (forward) and exon 6
(reverse). Gel electrophoresis of our PCR product produced two bands, one measuring
approximately 850 bp and the other measuring approximately 450 bp, consistent with
the estimated molecular weights of the targeted amplicons of full-length Ppary and the
PparvyAb splice variant, respectively (Figure 2B). Sequencing confirmed that the 850 bp band
amplified Ppary containing exon 5, and the 450 bp band amplified the PparyAb variant
with exon four spliced directly to exon 6 (Figure 2C).
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Figure 2. PparyAb splice variant is expressed in the lung. (A) Schematic of Ppary alternative splicing,
(B) gel electrophoresis of PCR across exon 4 to 6. Products are full-length Ppary (850 bp) and
Ppary A5 splice variant in lung tissue (450 bp), (C) corresponding sequencing results of the upper and
lower bands.

3.5. PPARy mRNA and Protein Quantification

We quantified levels of Ppary and PparyA5 mRNA and PPARy and PPARYAS5 protein
in all study groups. In male rat lung, PGR with a regular diet decreased Ppary mRNA by
39% compared to control but did not alter PparyA5 mRNA (Figure 3A). The Ppary/PparyA5
ratio was decreased in male the PGR rat lung on a regular diet by 35% relative to control
(Figure 3A). In male rat lung, PGR with a regular diet decreased PPARYy protein levels by
30% compared to control, without affecting protein levels of PPARYA5. Similarly to mRNA
findings, in the male rat lung, PGR with a regular diet decreased the PPARy/PPARYA5
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ratio by 26% compared to control (Figure 3B,C). In the female rat lung, PGR with a regular
diet did not affect mRNA levels of Ppary or PparyA5 (Figure 3D). However, the resulting
Pparvy/PparyAb ratio was increased in the female PGR rat lung on a regular diet by 65%
compared to control (Figure 3D). In the female rat lung, PGR with a regular diet decreased
PPARYy protein levels by 24% compared to control, without affecting protein levels of
PPARyAb. In a female rat lung, PGR with a regular diet decreased the PPARy/PPARyA5
ratio by 27% compared to control (Figure 3E,F).
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Figure 3. PGR with and without DHA supplementation alters expression of PPARy mRNA variants
and protein isoforms in the lung. (A) Male rat lung Ppary, mRNA PparyA5 mRNA, and Ppary/PparyA5
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mRNA ratio. (B) Western blot images of male rat lung PPARy and PPARYA5, (C) Male rat lung protein
levels of PPARy and PPARYAS5 and the resulting ratio (normalized to total protein). (D) Female rat
lung Ppary mRNA, PparyA5 mRNA, and Ppary/PparyA5 mRNA ratio. (E) Western blot images of
female rat lung PPARy and PPARYAb5. (F) Female rat lung protein levels of PPARy and PPARYA5
and the resulting ratio (normalized to total protein). Data points are individual rat pups, bars are
mean with SD. * p < 0.05 compared to sex-matched control, # p < 0.05 compared to PGR, + p < 0.05
compared to PGR + LoDHA.

In male PGR rat lung, Ppary mRNA levels remained decreased with both DHA
diets (44% and 46% compared to control for LoDHA and HiDHA, respectively), and
PparyA5 mRNA remained unchanged (Figure 3A). Similarly, in male PGR rat lung, PPARy
protein levels remained decreased with both DHA diets (24% and 38% compared to control
for LoDHA and HiDHA, respectively), and PPARYA5 protein levels were unaffected
(Figure 3B,C). The resulting PPARy/PPARYA5 protein ratio also remained reduced in male
PGR rat lung with both DHA diets (27% and 41% compared to control for LoDHA and
HiDHA, respectively).

In female PGR rat lung, Ppary and PparyA5 mRNA levels decreased with the LoDHA
diet (44% and 34%, respectively, compared to control) (Figure 3D). In the female PGR rat
lung, PPARY protein levels decreased with the LoDHA diet by 32% compared to control, while
PPARYAS5 protein levels increased by 17% relative to the control (Figure 3E,F). The resulting
PPARy/PPARYAS protein ratio, however, remained reduced in female PGR rat lung with
both DHA diets (39% and 20% compared to control for LoDHA and HiDHA, respectively).

Overall, DHA supplementation did not normalize any PPARy measure in the male
PGR rat lung but did normalize PPARyY mRNA and PPARy protein at a high dose in female
rat pups. However, the PPARy/PPARYAS5 ratio was not normalized in the female rat lung.

3.6. mRNA of Downstream PPARy Target Gene Plin2

To assess PPARY activity, we measured mRNA levels of the PPARy target gene
Perilipin-2 (Plin2). In the male rat lung, PGR with a regular diet decreased Plin2 mRNA
levels by 32% compared to controls (Figure 4A). In the female rat lung, PGR with a regular
diet decreased Plin2 mRNA levels by 27% compared to controls (Figure 4B). In the male rat
PGR lung, Plin2 mRNA remained decreased with both DHA diets (40% and 56% compared
to control for LoDHA and HiDHA, respectively) (Figure 4A). In the female rat PGR lung,
Plin2 mRNA also remained decreased with both DHA diets (66% and 37% compared to
control for LoODHA and HiDHA, respectively) (Figure 4B).
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Figure 4. PGR and DHA supplementation decreases the expression of PPARy target gene Plin2.
(A) Male rat lung Plin2 mRNA levels. (B) Female rat lung Plin2 mRNA levels. * p < 0.05 compared to
sex-matched control, # p < 0.05 compared to PGR, + p < 0.05 compared to PGR + LoDHA.
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Overall, the addition of DHA to PGR rat pups did not normalize lung mRNA levels of
the PPARY target gene Plin2 in either male or female rat lung.

4. Discussion

The development of bronchopulmonary dysplasia is multifactorial, and the molecular
drivers and prevention of this disease remain poorly understood. Given the confounding
data demonstrating the importance of DHA in lung development and prevention of BPD,
combined with the recent clinical trials demonstrating that DHA supplementation of
preterm neonates may increase BPD, a comprehensive understanding of the molecular
effects of DHA supplementation in the developing lung is required. Using a combined
model of postnatal growth restriction and DHA supplementation, we show that postnatal
growth restriction in the absence of in utero growth restriction, or additional lung injury,
alters circulating fatty acids and impairs lung mechanics in rats. We also show that these
effects are not normalized by DHA supplementation. We also demonstrate, for the first time,
that a dominant negative splice variant of PPARYy, a key regulator of lung development, is
expressed in the developing lung. We show that PPARYy activity is decreased in PGR and
not normalized with DHA supplementation. Collectively, our data support the view that
postnatal DHA supplementation does not normalize lung outcomes in PGR.

The negative impact of nutritional deficits in the development of BPD is well
accepted [1,23-25]. In utero growth restriction and lower birth weight are associated with
higher rates of BPD and worse lung outcomes in human neonates [26-28]. Even when
prenatal growth is not impaired, postnatal growth deficits have been linked to elevated
BPD risk and adverse pulmonary outcomes [29-31]. Postnatally, poor nutrition in human
preterm infants occurs secondary to feeding intolerance and clinically indicated feeding
volume restriction. In this study, we focused on PGR in the context of normal in utero
growth and the absence of additional lung injury, such as hyperoxia. We found that PGR on
a regular diet significantly impaired lung function parameters in both male and female rat
pups. The addition of DHA to PGR pups resulted in improvements in some lung function
parameters, and no change in others. In addition, these effects were sex-divergent. For
example, in male PGR rats, DHA supplementation normalized tissue damping without im-
proving static compliance, suggesting that DHA had beneficial effects on dynamic aspects
of lung function without changing the overall lung structure or elasticity at total lung ca-
pacity. One possible mechanism for improved dynamic lung function by DHA is via effects
on surfactant production, as improved surfactant production following PPARY activation
has been demonstrated in other models of lung injury [32,33]. In contrast, the lack of im-
provement in static lung compliance by DHA in PGR rats may reflect a structural alteration
in the lung caused by PGR, which is not improved by DHA. We previously demonstrated
that PGR on a regular diet impairs alveolar formation with a concomitant increase in
static compliance, parameters consistent with failed alveolar formation in BPD [19,34].
Examination of DHA administration to PGR rat pups at an earlier postnatal time point,
i.e., during the saccular-to-alveolar transition, is an important next step in determining
whether the timing of DHA administration increases favorable outcomes. Sex-divergent
outcomes in lung parameters in human neonates are also well accepted, with males gener-
ally at a risk of higher incidence and greater severity of BPD. A complete understanding of
sex-divergent outcomes in human neonates remains elusive [35]. However, studies suggest
that chromosomal sex, as opposed to gonadal sex, is likely a driving force [36].

Recent clinical trials examining the effects of DHA supplementation of preterm
neonates used either direct enteral supplementation of DHA to preterm neonates (N-3
fatty acids for improvement in respiratory outcomes (N3RO) trial), or DHA administration
via maternal DHA supplementation and the provision of breastmilk to preterm neonates
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(The Maternal Omega-3 Supplementation to Reduce Bronchopulmonary Dysplasia in Very
Preterm Infants (MOBYDIck) trial) [8,9]. The N3RO trial ultimately concluded that neonatal
DHA supplementation did not improve the overall incidence of BPD and may increase the
incidence of BPD in neonates born at less than 27 weeks. Considering these results from the
N3RO trial, an early interim analysis of the MOBYDIck trial was performed. The analysis
favored the placebo over DHA in BPD-free survival, and the study was terminated due to
concern for potential harm to future participants. These outcomes were surprising given
the dearth of information demonstrating the importance of DHA in lung development
and response to injury, and several rationales for these outcomes and currently being ex-
plored. One potential contributor to the negative effects of isolated DHA supplementation
is the effect of increased DHA on other circulating fatty acids, including the omega-6 fatty
acid ARA.

In the N3RO trial, blood levels of ARA were decreased in the DHA group, as was the
ARA/DHA ratio [8]. In the MOBYDIck trial, blood lipids were not assessed. However,
the average lipid composition of the maternal milk used in the trial was analyzed at two
weeks [37]. Findings from this analysis showed that while maternal DHA supplementation
increased milk DHA levels, supplementation decreased the ARA/DHA ratio [37]. The
potential importance of including ARA in supplementation is highlighted by other studies
that used supplementation with a combination of ARA and DHA. Collectively, the studies
that utilized a combination of ARA and DHA (at a 2:1 ratio) did not report negative effects
on BPD outcomes [38,39]. The changes to the w3-to-w6 ratio and to arachidonic acid
levels are especially notable, given the role ARA plays in modulating the inflammatory
cascade. In our study, we examined two doses of DHA administered via the maternal diet.
Our low-dose DHA diet contained 0.01% DHA, which increased serum DHA levels by
approximately 1% of total lipids in male and female PGR pups compared to those on a
regular diet. Our low DHA diet increased serum DHA to a similar degree as the 60 mg/kg
dose of DHA used in the N3RO trial [8]. Our high dose DHA diet contained 0.1% DHA,
which increased serum DHA by approximately 6.5% of total fatty acids. In our study, DHA
supplementation also significantly reduced the ARA /DHA ratio in both male and female
rat pups, again with the low dose DHA diet similar to that of the N3RO trial.

An important consideration in the context of DHA supplementation, and disturbed
circulating fatty acid profiles during lung development, is the transcriptional activator,
PPARy. PPARY is required for appropriate lung development, particularly the formation of
alveoli. Conditional knockout of PPARY in mouse airway epithelial cells leads to airspace
enlargement and disruption of epithelial-mesenchymal interactions [10]. PPARy activation
also promotes myofibroblast differentiation to a lipid-laden lipofibroblast phenotype in the
developing lung, characterized by high triglyceride levels, which has a significant role in
lung maturation, including alveolar maturation [40—42]. We and others have previously
shown that neonatal rat pups exposed to fetal growth restriction or postnatal hyperoxia
have decreased PPARY expression and impaired alveolar formation. In both cases, lung
phenotypes are reversed by PPARy activation [4,16]. An important consideration, however,
is that to achieve greater regulation, transcriptional activators also undergo alternative
splicing and express dominant negative variants [43].

PPARy produces a dominant negative isoform, PPARYAS5, via the alternative splicing
of exon 5 [17]. Studies in adipose tissue have shown that expression of PPARYA5 is
increased by ligand activation of PPARy. The protein isoform produced by alternative
splicing of PPARy exon 5 results in a premature stop codon and truncated protein isoform
lacking the ligand binding domain and one transactivation domain [17]. The truncation also
results in the removal of a ubiquitin binding domain, thus potentially making the truncated
protein more stable than the native isoform [44]. In adipose tissue, a decrease in the cellular
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PPARy/PPARYAS ratio reduces transcription of downstream target genes. In this study, we
demonstrate, for the first time, that the PPARYAS variant is expressed in the rat lung under
control conditions. Given that DHA can act as a ligand for PPARy, we considered whether
supplemental DHA would increase the expression of PPARYA5 in the lung [45]. Our data
show that supplemental DHA has a limited effect on the levels of PPARYA5 mRNA or
protein in the rat lung. However, given that the PPARy/PPARYAS ratio conveys overall
functional potential, this may be a more appropriate metric. We demonstrated that PGR
alone decreases the PPARy/PPARYAS5 ratio in the lung in both male and female rat pups,
and that this decrease is associated with a decrease in the mRNA levels of the target gene
Plin2 (also known as adipose differentiation-related protein), another critical player in lung
development [46]. Reduced PPARY activity and expression of Plin2 are both associated
with impaired lung development and the structural changes consistent with the altered
lung function measures we detected. The addition of DHA to PGR rats in this study did not
completely normalize PGR-induced impaired lung function, nor did the diets significantly
alter the PGR-induced reduction in PPARYy activity. An important caveat for our study is
the timing of rat lung development. At our study time point, postnatal day 21, the rat lung
has completed bulk alveolar formation. It will be important in subsequent studies to assess
the effects of DHA on the rat lung during the transition from the saccular to alveolar stages.
Also important will be studies aimed at determining the precise mechanisms by which
PGR decreases the PPARy/PPARYAb5 ratio, and the cause-and-effect consequences of this
change on lung development.

Our study is not without limitations. In this study, we only examined circulating fatty
acid profiles. An understanding of how PGR and DHA supplementation affect intrapul-
monary fatty acid profiles is needed. An advantage of understanding intrapulmonary
fatty acid profiles and circulating fatty acid profiles in the same system is the potential
for the identification of fatty acid biomarkers that may be useful in identifying neonates
with detrimental fatty acid complements. It will also be important in future studies to
determine the expression of PPARyA5 in human lung cells. Other studies have identified
the expression of PPARYA5 in human tissue [17], but to date, not in the human lung. We
also have not explored the origins of the sex differences observed in our study. Several
potential interactions may contribute to the differences in sex outcomes in the lung, a
topic that should be addressed in future studies. Lastly, an analysis assessing correlations
between PPARY activity and lung function parameters would be informative to understand
the overall effects of DHA supplementation of PGR rat pups. However, as a correlation
analysis requires both variables to be assed in the same experimental subject, we were
not able to perform this analysis. Because the protocol for lung function experiments
requires administration of vecuronium bromide to the rats, we opted not to collect lung
tissue for molecular experiments following the function studies. Therefore, our molecular
measurements and our lung function experiments were performed in different rats and,
thus, not appropriate for correlation analysis.

5. Conclusions

In conclusion, we demonstrate that the novel splice variant of PPARy, PPARYAS, is
expressed in the lung, and that PGR reduces the PPARy/PPARyA?b ratio in association with
impaired lung mechanics. DHA supplementation at and beyond clinically relevant doses
improved some lung functional and molecular parameters. However, neither dose of DHA
normalized all functional or molecular profiles of PGR rat pups. DHA supplementation did,
however, disturb circulating fatty acid profiles for other LCPUFAs. Ongoing examination
of the timing of DHA supplementation in the developing rat lung in the context of PGR is
an important next step.
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Abstract: The Actinopterygian and specifically the Teleostean peroxisome proliferator-activated
receptors (PPARs) present an impressive variability and complexity in their structures, both at the
gene and protein levels. These structural differences may also reflect functional divergence from
their mammalian homologs, or even between fish species. This review, taking advantage of the data
generated from the whole-genome sequencing of several fish species, highlights the differences in
the primary structure of the receptors, while discussing results from the literature pertaining to the
functions of fish PPARs and their activation by natural and synthetic compounds.

Keywords: teleost fish; isotypes/isoforms; gene structure; functional domains; ligands/agonists

1. Introduction

Interest in peroxisome proliferator-activated receptors (PPARs) in fish resulted from
the need to address issues that were, and still are, of particular concern to the aquaculture
industry. Specifically, the primary challenge encountered in the expansion of fin-fish
aquaculture to an industrial-level activity concerned the sourcing of lipids for the diets of
the farmed species. Aquaculture traditionally relied on fish meal and oil from industrial
fisheries, a resource that is presently exploited at its maximum sustainable level. To secure
its own sustainability, as well as to appease environmental concerns, the industry gradually
conformed to the “less fish in than fish out” principle by developing and using aquafeeds
that use less fish ingredients.

Efforts to replace fish oils with vegetable oils date more than 30 years [1]. However,
vegetable oils possess distinct fatty acid profiles compared to fish oils, and, consequently,
when included at high levels in the fish diets, they alter the flesh fatty acid composition;
most importantly, they reduce the concentration of the n-3 long-chain polyunsaturated
fatty acids eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 20:6n-3)
that characterize the marine fish oil. DHA and EPA are associated with beneficial health
effects, and are considered essential components in the human diet [2]. Fish oil replacement
does not only affect the nutritional quality of the farmed fish but also compromises the
health and well-being of the fish themselves [3]. The use of vegetable oil-based diets has
been linked to liver and heart pathological conditions, immunosuppression, and impaired
intestinal function [4-6]. These adverse effects may be exacerbated by additional stressors
prevalent in contemporary aquaculture systems, including high stocking densities [7] and
fluctuating environmental conditions [8]. To mitigate these effects, aquaculture-related
research has invested a considerable effort to the exploration of lipid metabolism in farmed
fish species, particularly at the gene/transcription level. In particular, PPARs have attracted
considerable attention, due to their established roles in mammalian lipid metabolism [9],
which followed the landmark cloning of a mammalian PPAR [10], the identification of three
distinct PPAR isotypes (PPARw, 3/, v) from Xenopus laevis [11], and the recognition of
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fatty acids, eicosanoids, and various hypolipidemic agents as genuine ligands for these
receptors [12,13]. Further interest for PPARs in aquaculture research stemmed from the
findings that these receptors, and particularly the y isotype, played a critical role in mam-
malian immune and inflammatory responses [14], since the industry suffers considerable
loses due to bacterial, viral, and parasitic infections, as well as from other environmental
factors that compromise the immune system of the fish.

Research on fish PPARs (herein referred to as fPPARs) was initiated by the cloning
of the PPARY isotype from both plaice (Pleuronectes platessa) and Atlantic salmon (Salmo
salar) [15,16]. Subsequently, the presence of three PPAR isotypes was established in the
European sea bass (Dicentrarhus labrax), as well as in gilthead seabream (Sparus aurata) and
plaice [17,18]. To date, the cloning and characterization of fPPARs in over 30 fresh-water
and marine fish species of particular interest to aquaculture is reported in the literature.

The interest in the study of fPPARs has not been limited to aquaculture-related issues.
Fish species such as zebrafish have served as model organisms for studying human diseases
associated with excessive adipogenesis [19], a process in which PPARs play a central
role. Furthermore, the activation of PPARs by numerous industrial chemicals, including
pharmaceuticals [20], has also been exploited in toxicological and environmental research
for assessing the impact of these contaminants in aquatic ecosystems [21].

To date, the function of fPPARs on metabolism, affected by nutritional, ecotoxicological,
inflammatory, or stress-related factors, has been studied in more than 50 fish species. This
research involved the direct cloning of the cDNAs or genes for these receptors and, in
addition to the insight into their functional properties, provided evidence of important
structural differences between fPPARs and their homologues from terrestrial vertebrates,
both at the gene and protein levels [18]. Furthermore, it revealed the existence of paralogues
for each of the three receptor isotypes (see [22-26] for first reports of fPPAR paralogues). The
existence of paralogous PPAR genes within the genomes of ray-finned fish (Actinopterygii,
Teleostei) aligns with the hypothesis proposing an extra round of genome duplication
(third round whole-genome duplication, 3R WGD) during the early evolution of this
lineage [27-29] and suggests that the role of PPARs in fish physiology and biochemistry is
more intricate compared to that in higher vertebrates.

The ever-increasing number of fish species with fully sequenced genomes provides
the opportunity to further discern the structure of the genes encoding these receptors and
speculate on the function of duplicated PPAR isoforms in the metabolic regulation of the
fish species harboring them. Therefore, this review covers mostly the unique features
and variety that characterize the structure of the fPPAR genes, and, consequently, of their
encoded products. The current state of fPPAR research, concerning the functional properties
of the receptors, and especially their activation by natural or synthetic compounds, is
also discussed.

The new information resulting from the targeted cloning of fPPARs and/or from the
whole-genome sequencing of different fish species underscores the need for a common
nomenclature regarding the isoforms of the receptors. Indeed, it is often difficult for the
reader of the relevant literature to understand, without resorting to a sequence homology
analysis, which of the PPAR isotype—isoforms is being studied. To avoid further confusion,
this review will follow the nomenclature used by GenBank [30] for the fPPAR genes
and their protein products. Thus, the isoforms of each of the three PPAR isotypes will be
distinguished by the letter a or b, following the gene /protein name (e.g., PPARxa, PPARob).
Consequently, the PPARf /6 isotype will be referred to as PPARGS.

2. PPAR Isotypes and Isoforms in Fish Species: Diversity Reflects Complexity

Three distinct PPAR isotypes orthologous to the mammalian and amphibian coun-
terparts, i.e., PPAR«, o, and vy, were first identified in the marine fish species European
sea bass (Dicentrarchus labrax), plaice (Pleuronectes platessa), and gilthead sea bream (Sparus
aurata) [17,18]. However, even at that time it was evident that this subfamily of nuclear
receptors may present an increased level of complexity and diversity in teleost fish, owing
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to the teleost-specific extra round of whole-genome duplication (3WGD, or Ts3R) that oc-
curred in the early evolution of this lineage. This was supported by the earlier identification
of two different genes homologous to the mammalian PPARS in the genome of zebra fish
(Danio rerio) [22] and of two PPARx genes in the puffer fish (Fugu rubripes) genome [23].
Indeed, Leaver et al. [24] identified four different genes for the PPARS subtype in Atlantic
salmon (Salmo salar), of which at least two were shown to be functional, consistent with
a fourth round of whole-genome duplication (4R WGD) inferred to the Salmoniformes
lineage [31]. Subsequently, through gene/cDNA cloning, or through genomic analyses,
two distinct isoforms of PPARo were identified in the turbot (Scopthalmus maximus) [32,33],
the loach (Misgurnus anguillicaudatus) [34], the Japanese sea bass (Lateolabrax japonicus) [35],
the brown trout (Salmo trutta) [36], the tambaqui (Colossoma macropomum) [37], and the cod
(Gadus morhua) [38]. Similarly, two PPARS isotypes were identified in the tambaqui [37]
and the loach [39]. The duplication of the PPARY gene in a teleost fish was first established
in the blind cave fish (Astyanax mexicanus) [26], while more recently through compara-
tive genomic and phylogenetic analyses, [40] two PPARy genes were identified in the
genomes of European sardine, Sardina pilchardus (Clupeiformes), herring, Clupea harengus
(Clupeiformes), red-bellied piranha, Pygocentrus nattereri (Characiformes), northern pike,
Esox lucius (Esociformes), and channel catfish Ictalurus punctatus (Siluriformes), as well as
in the salmonid species Atlantic salmon, Coho salmon (Oncorynchus kisutch), and rainbow
trout (Oncorynchus mykiss).

For the purposes of this review, a non-exhaustive search of teleost fish species with
sequenced genomes revealed that two PPARw paralogues are present in 34 out of the
40 different Orders examined (178 species, Table S1). According to this search, the PPARoa
isoform has not as yet been identified in the Acipenseriformes, Gonorynchiformes, Osmeri-
formes, and Osteoglossiformes Orders, while in the Blenniiformes and Holocentriformes, it
is the ab isoform that is presently missing. In contrast, PPARS duplicates were identified in
only 9 out of the 33 Orders examined (150 species) and specifically in the Anguilliformes,
Characiformes, Clupeiformes, Cypriniformes, Esociformes, Gymnotiformes, Osmeriformes,
Salmoniformes, and Siluriformes (Table S1). Similarly, the search for PPARy paralogues
in 41 teleost Orders (173 species) identified, in addition to the species mentioned by [40],
a duplicate gene in the Osmeriform species Osmerus eperlanus (GenBank Access. nos.
XM_062459215 and XM_062459587, Table S1). It is of interest to note that the species
that retain gene duplicates for both PPARS and 'y do not belong to Neoteleostean Orders.
Specifically, and according to [29], the Characiformes, Clupeiformes, and Siluriformes are
phylogenetically placed in the Otocephala branch of Clupeocephala, while the Salmoni-
formes, Esociformes, and Osmeriformes are placed in, as yet, unnamed Euteleostean clades
that diverged prior to the Neoteleosteans. As both Cypriniformes and Gymnotiformes are
placed in the Otocepha branch, it is reasonable to expect that PPARy duplicate genes will
be identified in the species of these Orders. It remains, however, to be confirmed whether
the presence of PPARS and PPARy duplicates will remain limited to only these Teleostean
Orders, or will be identified in additional ones, as the assembly and annotation of fish
genomes progresses.

Deciphering the potential functional divergence of the duplicated loci of the three
fPPAR isotypes is a fundamental issue to our understanding of the biology of these receptors
in fish species.

3. The Functional Domains of fPPARs

The proteins encoded by the fPPAR genes, just as their homologues from higher
vertebrates, are organized in four functional domains: the A/B domain, located at the
NH;-terminus of the protein; the C or DNA-binding domain; the D domain or hinge region;
and the E domain or ligand binding domain.
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3.1. The A/B Domain

In mammals, the A/B domain contains activation function 1 (AF1) that has been
shown to modulate ligand-independent PPAR activity via phosphorylation [41,42] and is
encoded by a single exon, except in the case of alternative splicing, which, as in the case
of the mammalian PPARYy isotype [43,44], results in a short and long A/B domain and,
consequently, in a short and long receptor form (PPARYy1 and PPARY2, respectively). In
Teleost fish species, this domain is also encoded by a single exon, as splice variants have
not as yet been formally identified. The function of this domain remains unexplored in the
fish receptors, despite the fact that it presents interesting structural features that will be
discussed below.

The examination of the protein sequence of the A/B domain in the two PPARx
isoforms from the species listed in Table S1 revealed that the length of this domain ranges
from 57 to 75 amino acid (aa) residues, as compared to 65 aa in the human receptor, with
57 aa being the length encountered in 70% of the species examined. In these species, the
initiation methionine is followed by Ala-Gly-Asp-Leu (MAGDL motif), while in the longer-
length sequences, the MVDM motif is found, as is also the case in the mammalian receptor.

In the PPARab isoform, the A/B domain length ranges from 59 to 108 aa, being 65 aa
long in 70% of the sequences examined. In all the PPARab sequences, the MVDX motif
is found, where X is an aliphatic residue. In the species with duplicate PPARx genes, the
two isoforms share 40-50% sequence similarity in this domain. Notable is the low degree
of similarity between isoforms in the species of the Tetraodontiformes, Siluriformes, and
Gadiformes Orders (=25%), as well as the high degree of homology (=80%) in the two
Atlantic salmon isoforms.

The PPARbSa A /B domain, in the few species where this isoform has been identified,
has an average length of 118 aa. Sequence identity between species is relatively low,
averaging 27%.

In the PPARSD isoform and in the sequences examined, the domain length has an
average length of 113 aa, but is considerably longer in the Acipeceriformes (one species,
175 aa), Clupeiformes (five species, 150-200 aa), and Polypteriformes (one species,
186 aa). Sequence identity between species, in 25 of the 35 Orders examined, is rela-
tively high, ranging between 40 and 70%. The Clupeiformes, Cypriniformes, Esociformes,
Gadiformes, Gymnotiformes, Osmeriformes, Osteoglossiformes, Salmoniformes, and Silu-
riformes sequences diverge considerably, exhibiting low levels of sequence identity with
the other Orders or between them (<17%). As expected, the most distantly related be-
tween all sequences are those from the Acipenseriformes and Polypteriformes species. The
within-species sequence identity between the two PPARS isoforms is approximately 15%.

The fPPARy A/B domain also varies considerably in length and, according to the
sequences examined (Table S1), it ranges from 76 aa in the sterlet (Acipenser ruthenus,
Acipenceriformes) to 332 aa in the chum salmon (Oncorynchus keta, Salmoniformes). The
MVDT motif is present in the vast majority of the sequences examined, although it is, in
most of them, preceded by a sequence containing the motif MQTP. As most of these se-
quences are predicted from genome analyses and have not been functionally characterized,
it remains to be demonstrated which of the two motifs marks the translation initiation site,
considering that the sequences encoding the two motifs are located in different and distal
(>20 kb) exons (e.g., see GenBank entries XM_026350118.2 and XM_023954652.1, among
others), with the upstream exon encoding only for 19 aa.

In the species with duplicate genes, moderate sequence identity is observed in this
domain (33-66%) for the, tentatively labelled, PPARya isoform between different Orders.
In contrast, for the PPARYb, identity is low (<23%). It is of interest to note that in the
chum salmon, there are apparently two PPARyb isoforms (GenBank: XM_052481996 and
XM_052483128). Both isoforms have an A/B domain extremely rich in histidine residues,
which is also characterized by the presence of multiple repeat sequences. Thus, in the
PPARYb1 sequence (XM_052481996), the sequence NHSFNHPDI/R is repeated 28 times. In
the PPARYb2, the sequence SHNSPHHH is tandemly repeated 11 times, while there are an
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additional 11 tandem repeats of the sequence SPDRSHSFNH. The rainbow trout PPARyb
A/B domain is also His-rich and contains 22 tandem repeats of the SPDRSHSFNH sequence,
while it has only one copy of the SHNSPHHH motif. Repeated elements have also been
identified in the PPARvya isoform of the channel catfish (GenBank: XM_017450361.3), where
16 copies of the sequence QENSYRA are found. Similarly, in the northern pike PPARya
(GenBank: XM_034297489.1), 11 tandem repeats of the QPSSSLPQHH motif are present.
Repeated motifs have also been reported in the Atlantic salmon A/B domain [16,45] as
well as in that of the yellow catfish [46]. It has been proposed that these repeated motifs
may function in coactivator recruitment [45].

3.2. The DNA-Binding Domain

The DNA-binding or C domain (DBD herein) is the most conserved region of the
nuclear hormone receptors and is responsible for the recognition and binding to specific
response elements in the promoters of genes regulated by these transcription factors [47,48].
As is the case in higher vertebrates, the fPAAR domain is encoded by two different exons,
one for each of the two zinc fingers of the domain. All fPPAR sequences maintain the
characteristic D box structure, containing three instead of five amino acids between the first
two Cys residues of the second Zn finger [11].

In the PPAR«xa isoform, the two exons encode a sequence that ranges in length from
94 aa in the Salmoniformes to 106 aa in the Gadiformes, with 102 aa being the length
encountered in the majority of sequences examined (>60%). Sequence identity between
species from different Orders ranges from 67 to 94%, with the large variation being due to
the sequence upstream of the first Zn finger. When just the core of the domain is considered,
i.e., excluding the upstream to the first Zn finger sequences, the identity is greater than
87%, reaching 100% in some cases.

For the PPARab isoform, the most frequently encountered domain length is of 105
aa (>50% of the sequences examined), followed by domain lengths from 102 to 104 aa.
Sequence identity of the core domain between species from different Orders ranges from 90
to 100% for this isoform. In the species with duplicate genes for PPAR«, sequence identity
between isoforms ranges from a low of 70% in the Gadiformes (86% in the core) to a high
of 91% (99% in the core) in Salmoniformes. Notable is also the high sequence identity (84%,
97% in the core) between the two isoforms in the Anguilliformes.

The DBD of the PPARba sequences examined varies in length between 93 and 102 aa.
The sequence identity between species of different Orders for the full domain is between
67 and 87%, while at the core of the domain, it is between 88 and 97%. In contrast, in the
PPAR®SD sequences, the domain length presents a more restricted variability with 99 aa in
48% of the sequences and 97 aa in 42% of them, with the remaining having either 96 or
98 aa. Sequence identity in the full domain ranges from 71 to 99% (85 to 100% in the core).
In the species retaining the two PPARS loci, sequence identity between isoforms ranges in
the full domain, from a low of 72% between the Cyprinoformes (88% in the core) to a high
of 84% in the Characiformes and Osmeriformes (100% in the core).

The PPARya DBD in the species examined varies in length from 101 to 105 aa, with
the 101 aa and 102 aa lengths representing 61% and 28% of the sequences, respectively.
Sequence identity between species for the full domain is 80% on average, while at the core,
it is 98%.

The Clupeiformes, Siluriformes, and Characiformes PPARyb domain has a length of
102 aa; of the Salmoniformes, 108 aa; of the Esociformes, 111 aa; and of Osmeriformes,
117 aa. Sequence identity between species is 63% on average in the full domain and 82% at
its core. Within species, sequence identity between isoforms is 72% for the full domain in
the Clupeiformes and Esociformes, 70% in the Salmoniformes, 65% in the Osmeriformes,
61% in the Characiformes, and 59% in the Siluriformes. At the core of the domain, the
identity is 85%, 97%, 92%, 85%, 78%, and 72%, respectively.
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Residue deletions or insertions, relative to the corresponding human PPAR sequences,
in all isoforms concern the region upstream of the first Zn finger and do not affect the Zn
fingers’ structure or the spacer between them.

PPARs bind as heterodimers with a retinoid X receptor (RXR) on response elements
(PPRESs) of the consensus sequence AGGTCA N AGGTCA (DR1-type element) [49], with
residues upstream of the core element determining the polarity of the PPAR:RXR het-
erodimer [50]. In vitro, by means of the electrophoretic mobility shift assay (EMSA), the
binding of European sea bass, gilthead sea bream, and plaice PPAR«a, 6a, and ya isotypes,
as heterodimers with the mouse RXR[3, has been demonstrated on well-characterized
mammalian PPREs (ACOx, Cyp4A6z) and on potential elements present in the plaice
glutathione-S transferase Al gene (gstal) promoter [17,18]. In transient transfection experi-
ments, PPAR holoproteins of the same species were able to drive transcription through a
synthetic promoter containing the mouse Cyp4A6z PPRE [18]. The same promoter was
also used to demonstrate the transactivation potential of the Atlantic salmon PPARS iso-
forms, while a promoter containing the mouse ACOx PPRE was used for PPAR-dependent
transcription by the torafugu pufferfish receptors [25]. Although putative PPREs have been
identified in the promoters of the zebrafish fatty acid-binding protein (FABP) genes [51-53],
as well as in the A5A6 fatty acid desaturase 2 (fads2) promoter of the rabbitfish (Siganus
canaliculatus) [54], these elements have not been tested for their functionality in in vitro
(EMSA /transactivation) assays. Point mutations on the putative PPRE identified in the
promoter of the yellow catfish (Pelteobagrus fulvidraco) PPAR« gene downregulated, but
not abolished, both the basal and fenofibrate-induced expression of the reporter gene in
transient transfection experiments [55]. According to the above and due to the high con-
servation of the DBD and the overall structure of the proteins among species and lineages,
it is expected that fPPARs can recognize and bind to canonical DR1 elements. However,
the study of the promoters of putative PPAR target genes in fish species and the potential
receptor-DNA interactions on native promoters merits more attention.

3.3. The D Domain (Hinge Region)

The D domain, or hinge region, located between the DNA-binding and ligand binding
domains, has been proposed to condition DNA-binding affinity of the receptors by interac-
tions with DNA sequences upstream of the response element [50,56]. The domain in fish,
as in higher vertebrates, is encoded by a single exon that also includes helices 1 and 2 (H1
and H2), which historically have been considered as part of the ligand binding domain of
the receptors (see also below).

In PPARxa, the encoded sequence of the exon has a length of 67-69 aa, and an average
between-species identity of approximately 70%. In the PPARab, it has the invariable
length of 67aa in all the sequences examined and an average identity of 84% between
species. Between isoforms and within species, sequence identity is lower to that of the
between-species comparison, ranging from 51% in Gadiformes to 77% in Lampriformes.

For PPAR®Sa, the encoded sequence has a length of 68 aa in the majority of species
examined, with the remaining having 69 aa. A longer domain (74 aa) is found in the
Atlantic salmon 1A sequence (GenBank: NM_001123635). Between species, sequence
identity averages 76%.

For PPAR®D, the sequence length in the vast majority of the species (>80%) is 68 aa,
with the remaining ranging from 64 to 69 aa. Between species, sequence identity averages
83%. Within species, sequence identity between isoforms is 82% in the Anguilliformes
(1 species, European eel, Anguilla anguilla), 79% in the Clupeiformes, 74% in the Gymnoti-
formes (1 species, electric eel, Electrophorus electricus), 71% in the Salmoniformes (1 species,
Atlantic salmon), and 69% in both Characiformes and Esociformes.

For PPARY and in species of Orders with a single gene for the receptor, i.e., the
tentatively labelled PPARya isoform, the length of the encoded sequence is invariably 67 aa
and exhibits a high degree of identity (>90%) between species. For the PPARyb isoform, the
domain has 65 aa in the northern pike; 66 aa in the salmonoid species, with the exception
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of Atlantic salmon (67 aa); and 67 aa in the Characiformes, Clupeiformes, and Siluriformes
species. Between species, sequence identity is 55% on average, while within species, the
sequence identity is slightly higher, at 57% on average.

Residue deletions or insertions, relative to the corresponding human PPAR sequences
encoded by this exon, occur upstream of H1 of the LBD. While the sequence of H2 is highly
conserved between the fish and the human receptors, the sequence corresponding to H1
diverges considerably but still retains helical properties, as suggested by protein structure
prediction models [46].

3.4. The Ligand Binding Domain

The PPAR ligand binding domain (LBD herein) is the most interesting domain of the
receptors due to its unique structural characteristics. This domain, which assumes a similar
structure in all three isotypes and resembles that of the other nuclear receptors, contains
13 helices and a small four-stranded (3-sheet. Therefore, compared to the other nuclear
receptors, the PPAR LBD contains an extra helix, located between the first 3-strand and H3,
which, according to the nomenclature proposed by Uppenberg et al. [57], is termed H2B
or H2" [58]. The LBD, in addition to ligand binding, provides the dimerization interface
with RXR [59], as well as the ligand-dependent activation function 2 (AF-2), located at
the C-terminus of the domain in H12, which is responsible for co-activator recruitment
and binding. Characteristic of the PPAR LBDs is the size of the ligand cavity that is
considerably larger as compared to other nuclear receptors. The ligand binding cavity
is Y-shaped and is divided into two arms: Arm I that reaches towards H12 (AF-2) and
Arm II that is situated between the (3-sheet and H3 [58]. At the entrance of the binding
site, a loop is formed between helices H2” and H3, the so-called w-loop, which due to
its flexibility, may allow molecules of different sizes to enter the pocket. Both the large
size of the binding pocket and the presence of the w-loop may explain the multi-ligand
activation property of PPARs. Although the crystal structure of a fish PPAR has not as
yet been determined, structural models suggest that the fPPAR LBDs retain the overall
structure of the mammalian receptors with unique, however, structural and potentially
functional, features.

As previously mentioned, in the fPPARs, and as is the case for the amphibian and
mammalian receptors [60,61], helices 1 and 2 of the LBD are encoded by the exon that
also contains the hinge region (D domain) sequences. The remaining structural features of
the domain, starting from the first 3-strand of the 3-sheet, are encoded by two exons in
higher vertebrates. In contrast, the initially characterized genes for the PPAR isotypes from
European sea bass, gilthead sea bream, plaice, and Atlantic salmon [17,18,24] revealed that
in these fish species, the region corresponding to the first exon of the mammalian LBD is
encoded by two exons in the « and $ isotypes (xa and b, according to the nomenclature
used herein) and by three exons in the y isotype, resulting in “three and four exon LBDs”,
respectively. Unexpectedly, and according to genome sequencing data, this structural
organization is not always observed in the receptors of the different Teleost Orders.

3.4.1. The fPPARx LBD

As depicted in Figure 1, the two isoforms of the PPAR« isotype are encoded by genes
that have distinct structure as far as the number of the LBD exons is concerned. Accordingly,
the isoforms can be divided into two distinct groups.

The first group (group I) refers to species in which the LBD is encoded by three exons
in the PPARwa and by two exons in the PPARab. This arrangement is encountered in the
majority of Orders/species in which duplicate PPARx genes have been identified.

In these species, the encoded LBD sequence ranges from 233 to 286 aa in the PPARxa
isoform (Figure 1A) and is, thus, considerably longer than its mammalian counterpart
(231 aa). This is due to the first exon, which contains an extended w-loop, characteristic
of the PPARwx and vy isotypes [18]. The most extended w-loop was observed in the Gob-
eiformes species Boleophthalmus pectinirostris and Periophthalmus magnuspinnatus (57 and
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48 aa, respectively) and the shortest in the Anguilliformes species examined (3 aa). The
w-loop in the “group I” Orders/species contains variations (1-10 aa substitutions and /or
additions or deletions of flanking residues) of the sequence PEPESGLQAGEXVPAVGCG.
In most cases, the loop is preceded by an acidic residue and follows an LQ motif. Between
species in different Orders, the overall LBD sequence identity is ~90% for this isoform. It is
noted that in the third exon, and in the spacer sequence between H11 and H12, the isoform
suffers a one-residue deletion, as compared to the human PPAR« (Ser 452).

priHD PPARaa 75-124 aa N\pq vIL ccG  DRP QEIYKDLY
A | ( 8l'aa ] Bilaa

PPARab 70 aa

PEVIHD PPARaa 156 aa cce DRP QEIYKDMY

P — S

mnan_L ere _

PPARaDp 151 aa
Polypteriformes, Acipenseriformes 149 aa

PEVIHD CCG/LSG DRP QEIYKDMY

C — TS e

Human, Chondrichthyes, Ceratodontiformes, Coelacanthiformes PPARa

Figure 1. A schematic representation of the exons encoding the LBD of the fPPAR« isoforms. (A) The
3-exon LBD type for the PPARxa (red) and PPARab (mauve) isoforms. (B) The 2-exon LBD type
for the PPARaa (mauve) and PPARab (red) isoforms. (C) The LBD exons in the mammalian and
non-Actinopterygian fish PPAR«. Residues encoded by each exon are indicated above or on the
exons. The aa sequences at the exon boundaries are also shown.

In “group I” of Teleost species, the PPAR«b isoform LBD is encoded by two exons, the
first of which corresponds to exons 1 and 2 of PPARxa. The domain of this isoform has an
invariable length of 232 aa, and, consequently, as compared to the mammalian LBD, the
w-loop is extended by two aa residues. However, in the sturgeons and bichirs where only
the PPARab isoform has thus far been identified, the first exon encodes a 149 aa sequence,
as is the case in the mammalian, lungfish, coelacanth, and chondrichthyan receptor. As is
the case for the xa isoform, the one-residue deletion, at the equivalent of position Ser 452 in
the human receptor, is also observed in these sequences. Sequence identity of the LBD of the
PPARab isoform between the different species is >90%. Between the two isoforms, identity
in this domain does not exceed 80%, with the w-loop not affecting this score significantly.

In the second group (“group 11”) of species that includes those of the Characiformes,
Clupeiformes, Cypriniformes, Gymnotiformes, and Siluriformes Orders, the sequences
listed in GenBank as the PPARwa isoform have two exons encoding the LBD, while three
exons encode the domain in those predicted as the PPAR«b isoform. According to the
available sequence data, the two LBD exons in PPARxa encode invariably for 156 and 81 aa
sequences, with the intron/exon boundaries positioned exactly as in the two-exon PPARaxb
LBD (Figure 1B). The w-loop in this isoform type is extended by 7 aa residues as compared
to the human receptor. The loop sequence is not conserved between species of different
Orders but is highly conserved in species of the same Order.

In the “group II” species, the LBD of the ab isoform has an invariable length of
232 aa with the exon/intron boundaries positioned exactly as in the 3-exon PPAR«xa type
(Figure 1A). The sequence between species for this isoform is also highly conserved (>90%)
and the within-species sequence identity of the two isoforms exceeds 75%. It is of interest to
note that the 2-exon PPARxa LBD sequences are more closely related to the 2-exon PPAR«b
LBD ones, than to those of the 3-exon PPARxa, implying that their classification as the
PPARab isoform possibly needs reconsideration. In both of these isoforms, the one-residue
deletion at the terminal LBD exon is observed, as is the case in the “group 1” receptors.
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Note, also, that the ancient non-ray-fin fish lineages of Chondrichthyans (chimaeras,
rays, skates, and sharks), Coelacanthiformes (coelacanths), and Ceratodontiformes (lung-
fish), which diverged from the Actinopterygii before the 3R WGD, share the same gene
structure and LBD length with the mammalian receptor (Figure 1C). In the also ancient
Actinopterygian, but not Teleostean, Orders of Polypteriformes (bichirs) and Acipenser-
iformes (sturgeons), the sequence encoded by the first LBD exon is of the same length
as that of the mammalian receptor (149 aa, Figure 1B), i.e., it lacks an extended w-loop
sequence. However, in both Orders, the one-residue deletion in the second exon is observed.
Therefore, it appears that the w-loop extension event in the fPPAR« coincides with the
evolution of the Teleostean lineage about 350 million years ago. Also to note is the fact that
all “group II” Orders, i.e., Characiformes, Clupeiformes, Cypriniformes, Gymnotiformes,
and Siluriformes, phylogenetically resolve in the Otocephala clade that diverged from
the Euteleosteans, to which the majority of the other Orders examined belong, about 270
million years ago [29,40].

Concerning the aa residues identified as critical for ligand binding to the receptor
(reviewed in [58]), the majority of them are conserved in the fPPAR« isoforms (Table 1), with
most substitutions being conservative, except for two residues in the entrance sequence of
the binding site. There, at the equivalent position of V324, a Cys is present in the PPARa
isoform and the Y334 is substituted by the positively charged Arg, as is also the case in some
PPARab sequences. Furthermore, a degree of variability is observed between the sequences
of the fish receptors, especially in PPARab, with potentially important consequences in
ligand binding (e.g., substitution of Y314 by His, or Arg instead of Glu at position 251 in
the Arm I and Arm Il sites, respectively). However, these need further confirmation as they
may represent sequencing errors.

Evidence for direct binding of ligands to the fPPARx LBD is limited to the European
sea bass «a isoform and includes natural fatty acids, as well as the specific mammalian
PPAR« ligands pirinixic acid (Wy-14643) and 5,8,11,14-eicosatetraynoic acid (ETYA) [17].
The recognition of these compounds by the fish receptor is in accordance with the positional
conservation of the Arm I residues of the binding pocket (Table 1). Through transient
transfection experiments with the native plaice and seabream PPAR«xa in sea bass larval
cells, Leaver et al. [18] demonstrated that the receptor is activated by a variety of natural
fatty acids, as well as by Wy-14643 and ETYA, but not by the known activator of mammalian
PPAR«, and environmental obesogen, perfluoroctanic acid (PFOA) [62]. The receptor was
also unresponsive to the mammalian PPARy-specific ligands rosiglitazone and GW1929.
Similarly, using both PPAR«x isoforms from the torafugu pufferfish for transfections in a
goldfish cell line, Kondo et al. [25] also demonstrated the activation of the receptors by fatty
acids, Wy-14643, and ETYA and, furthermore, showed a small but significant activation
of PPARab by rosiglitazone. Similar results were also reported for the medaka (Oryzias
latipes) PPAR«xa [63].

To maximize the transfection assay specificity, Colliar et al. [64] used the plaice PPARxa
LBD fused to the Gal4 DNA-binding domain in flathead minnow cells. In addition to con-
firming previous results, they showed a strong response of the receptor to bromopalmitate,
gemfibrozil, and the mammalian PPARS-specific ligand GW501506, as well as to the mono-
1methyl-hexyl-phthalate. As in the previous study, PFOA failed to induce transcriptional
activity of PPARwa. In the same study, the antifoulant tributyltin (TBT), a partial mam-
malian PPARy agonist, was shown to be a potent antagonist of the plaice PPARxa.

With the same Gal4 fusion system, but using instead the LBDs of the two Atlantic cod
PPAR« isoforms for transfections in the mammalian COS-7 cell line, Sederstrom et al. [38]
also confirmed receptor activation by Wy-14643 and demonstrated that this compound
is a more potent PPAR«b agonist than of PPARxa. Furthermore, the cod PPARab was
shown to be activated by three carboxylated congeners of perfluoroalkyl acids (PFAAs),
including PFOA.
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Table 1. Residues defining the ligand binding cavity of the PPAR isotypes (adapted from [58]).
hPPAR: human PPAR. Residue numbering is according to GenBank sequences XM_011530240.1,
NM_006238.5, and NM_138712.5 for the hPPAR«, 8, and v isotypes, respectively. C.C. refers to the
“Charge-Clamp” residues involved in interactions with co-activators. Residues in parenthesis are
more rarely encountered in the fish sequences examined (at least two species of each Actinopterygian
Order of Table S1, when applicable). Shaded residues indicate differences between the human and
fish receptors. Arm I residues in bold are important for hydrogen bond formation with the polar
head of ligands. In the fPPARY isotype, X stands for an exon in the 4- and 2-exon type LBD.

hPPARx fPPARxa fPPARxb  hPPARS  fPPARSa fPPARSb hPPARy  fPPARya dx fPPARya_2x fPPARYD
F273 F F F245 F F F282 F F F
C276 C C C249 C C C285 C C(F/W) V/C(1/Y)
Q277 Q Q Q250 Q Q Q286 Q Q Q
S280 S S T253 T T S289 S S S(L/Q)
Y314 Y Y(H) H287 H H H323 I 1(M) I(M/H/F)

B 1317 L L(M) 1290 I I 1326 L L L/M(N)

< F318 F F F291 F F Y327 I(T) I(F/S) I(T/M)
1354 M M 1327 I I F363 M(I) M(I/L) M()
H440 H H H413 N N H449 H H H
V444 V() V() M417 v v L453 (M) Q(E) i
L460 L L 1433 L L L469 L L(M) L
Y464 Y Y Y437 Y Y Y473 M(I/L) M(I) M(I)
1241 I I 1213 I (V) 1249 i 1(V) 1(V)
L1247 L L(F) 1219 L L 1255 L L L(M)
E251 E E(Q/R) E223 E E E259 EWQ) E(Q) Q(E)
L254 L L(F) w228 w W F264 C C(E/9) C(F/S/R)

_ 1272 L I(L) V245 Y Y 1281 F(L) F(L) F(M/V/I)

e C275 C C R248 R R G284 S S(R) R(Q/S)

< M330 L L 1303 L L V339 T T T(V/M/A)
V332 v v V34l v v 1341 (M) (V) F/M(L/1/C)
1339 I I V348 v v M348 M M M(I)
F343 F F F305 F F F352 F F F
L344 L L L317 L L L353 L() L L(I/F)
M355 M M 1328 M M M364 M(L) M M(L/T)
M220 M M M192 M M 1228 L L L{/T)
T279  T(/A/F) T T252 T(S) T R288 R R R(G/C)
F282 E E E255 E E E291 E E E

g T283 T T T256 T T A292 A A A(S/T/C/G)

g E286 E EQ) E259 EWQ) EWQ) E295 E E E(R/D/Q)

is L321 L L 1294 L L L1330 M(W) M L(W/M/V/T)
V324 C s/C 1297 L I(L) L1333 L L L(F)
A333 A A A306 A A S342 S(A) S(A) A/S(G)
Y334 R(S) Y(H/Q/R/S) NB307 N N E343 Y Y Y(E/S/C/D)

C. K292 K K K265 K K K301 K K K

C. F462 E E E435 E E E471 E E E

In agreement with the results obtained with the plaice receptor, PFOA, or indeed any
of the other PFAA congeners, were not able to activate the PPARxa isoform. The authors
addressed the discrepancy between the two isoforms by molecular docking analyses and
concluded that this effect is due to the more favorable binding position of the agonists in
PPARab, assisted also by the reduced flexibility of the shorter w-loop of the isoform, as
opposed to that of PPARxa. Moreover, they demonstrated that binary combinations of
Wy-14643 with PFA As that exhibit non-agonistic behavior (e.g., the sulfonated congener
PFOS) elicited a dose-dependent activation of both PPAR« isoforms. Binary combinations
of PFOA and PFOS also resulted in the synergistic activation of PPARab but had no effect
on PPAR«xa activity. Thus, a double-ligand model was proposed, in which the non-agonist
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molecule occupies a second binding site in the hydrophobic pocket formed by the (3-
sheet and helices 2 and 3. Accordingly, this leads to the stabilization of the w-loop and,
consequently, to a more stable LBD structure favoring interactions with the coactivator(s).
Regarding this double-ligand model, in a later study by the same group, it was observed
that while Wy-14643 is a more potent activator of PPARab, eliciting an isoform response at
lower ligand concentrations, the efficiency of PPARwa is three-fold higher at high ligand
concentrations [65]. Thus, it would be interesting to investigate whether higher ligand
concentrations “force” the entry of a second agonist molecule into the binding cavity of
PPARwxa, assisted also by the more flexible w-loop of this isoform. The binding of two
Wy-1463 molecules to the human PPARo LBD has been previously demonstrated [66] and
results in the stabilization of the domain, and particularly of the AF-2 (H12). Simultaneously,
binding of multiple ligands by the PPAR LBDs is also supported by earlier crystallographic
studies of the mammalian receptors (see [67] and references therein).

3.4.2. The fPPARS LBD

In all the fPPARS genomic sequences examined, the LBD of the receptor is encoded
by three exons (Figure 2). In the sequences listed in GenBank as the PPARba isoform,
the encoded domain contains 232 aa residues, i.e., as in the mammalian, lungfish, and
coelacanth receptor (Figure 2B). The same number of residues is also encountered in
the PPARGSD isoform of Salmoniformes, Esociformes, Osmeriformes, and Anguilliformes.
However, in the species of the Characiformes, Clupeiformes, Cypriniformes, Siluriformes,
and Gymnodontiformes Orders, the domain length is one residue shorter due to a deletion
in the first exon, and specifically in the region of the w-loop (equivalent position of V232 in
the human receptor, GenBank NM_006238). Interestingly, the same deletion is observed in
the chondrichthyan receptor.

PPARéa 69 aa
PFVIYD NDQ VIL LCG DRP QEIYKDLY

A s . 875 e

PPARGD 68 - 69 aa

Human, Ceratodontiformes,
PEVIHD Coelacanthiformes PPARS 150 aa LCG DRP QEIYKDMY

Chondrichthyes PPARS 149 aa

Figure 2. A schematic representation of the exons encoding the LBD of the fPPARS isoforms. (A) The
3-exon Actinopterygian LBD type. (B) The 2-exon LBD type common to the mammalian and non-
Actinopterygian fish PPARS. Residues encoded by each exon are indicated above or on the exons.
The aa sequences at the exon boundaries are also shown.

For both isoforms, between-species sequence identity in this domain is high (>90%),
as is also the case between the two isoforms within species. As is the case in fPPAR«,
the majority of the residues important for ligand binding are conserved in both PPARS
isoforms, with the most important difference being in the Arm I cavity of the binding site
where H413 in the human receptor is substituted by Asn in both fish isoforms (Table 1).

For this fPPAR isotype, the direct interaction of ligands/activators with the receptor
has only been demonstrated with the European sea bass PPARSD isoform [17], with the
receptor shown to efficiently bind fatty acids and ETYA, but not the mammalian PPAR«x-
specific ligand Wy-14643. Through transient transfection experiments with the plaice
and sea bream native PPARSD, Leaver et al. [18] confirmed the above results and, further,
showed that the receptor does not respond to the mammalian PPARy-specific ligands
rosiglitazone and GW1929. Interestingly, in these experiments, and in contrast to the sea
bream receptor, the plaice PPARSb was poorly activated by natural fatty acids. A lack of
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activation by natural fatty acids was also observed with the pufferfish and the medaka
receptor [25,63]. In further transfection experiments with the plaice PPARSD, but using the
LBD of the receptor fused to the GAL4 DBD instead of the native protein, Colliar et al. [64]
showed a significant activation of the receptor with the palmitoleic, linoleic, stearidonic,
and EPA fatty acids, in addition to bromopalmitate, gemfibrozil, mono-1methyl-hexyl-
phthalate, and the mammalian PPARS-specific ligand GW501516. As was the case with
the plaice PPAR«a, tributyltin was found to inhibit the activity of the receptor but with
reduced potency as compared to PPARxa.

In transient transfection experiments with the two Atlantic salmon isoforms, originally
described as PPARP1A and 32A, Leaver et al. [24] showed that PPARS1A, although poorly
activated by natural fatty acids, exhibited a strong response to bromopalmitate and to
GW501516. In contrast, the 62A isoform was not responsive to any of the compounds tested
and, in fact, reduced the basal transcription level of the reporter gene. This repressive
effect was also demonstrated in co-transfection experiments of both isoforms and in the
presence of the PPARS1A activator GW501516, leading to the hypothesis that the function of
PPARS2A, which is highly expressed in the gills of salmon, may be to prevent the activation
of other PPARs by exogenous compounds or contaminants. In addition, the inactivation of
the 62A isoform by PPARS-specific ligands could not be attributed to residues important
for ligand binding, as the LBD in both isoforms is practically identical. Therefore, other
structural features of the receptor, and particularly the A/B domain in which the two
isoforms diverge significantly, may be responsible for this effect.

Using the cod PPARSb LBD fused to the Gal4 DBD in transfection experiments, Seder-
strom et al. [38] also demonstrated the activation of the receptor by GW501516. As in the
case of the cod PPAR« isoforms, and according to the double-ligand model proposed by
the authors, combined exposure of the receptor’s LBD to GW501516 and PFAA congeners,
and especially to nonadecafluorodecanoic acid (PFDA), significantly and synergistically
increased its transcriptional activity.

3.4.3. The fPPARy LBD

Of the three fish isotypes/isoforms’ LBDs, that of the fPPARY is the most perplexing
both in terms of structure and function. As depicted in Figure 3, the domain, in the majority
of species examined and depending on the Order they belong, is encoded by either two
or four exons. However, in the species where duplicate genes of the receptor have been
identified, in the Salmoniform and Esociform species, the LBD of the isoform termed “ya”
is encoded by four exons and the “yb” by two exons, while in the Osmeriform, Characiform,
Clupeiform, and Siluriform ones, the domain of both isoforms is encoded by two exons.

| 4 exon LBDs 253-290 aa |

PFVIH/YD XXX XXX NDQ VIL LSG DRP QEIM/IKDLY
Actinopterygii 2 exon LBDs 234-254 aa
PFVIHD LSG DRP QEIM/IKDLY
B — (S
QEIYKDLY

Mammalian, coelacanth 232 aa,
Chondricthyes 231 aa

Figure 3. A schematic representation of the exons encoding the LBD of the fPPARy isoforms. (A) The
4-exon LBD of Actinopterygian PPARy. (B) The 2-exon LBD type common to the mammalian,
Actinopterygian, and non-Actinopterygian fish PPARy. The number of encoded residues is indicated,
where applicable, on the exon representation. The aa sequences at the exon boundaries are also
shown. The sequence XXX in the “4-exon” type (panel A) indicates variable residues.
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The “4-exon type” LBD varies considerably in length due to the w-loop sequence. The
loop spans exons 1 and 2 of the LBD and, consequently, the flanking aa residues at these
exon boundaries are not conserved (marked in red as XXX, Figure 3A), although a GIn
stretch is often observed at the boundary of exon 1. The longest w-loop insertion (59 aa)
was observed in the Atlantic salmon receptor (GenBank: XM_014168482.2) and the shortest
(24 aa) in the two Sparidae species examined (Sparus aurata and Acanthopagrus latus). The
primary structure of the loop appears to be conserved between species of different Orders,
as the sequence LTAGHGG(I/L/V)TG(A/V)HXGS(E/D)CGVLGM(T/A), with deletions or
insertions, is observed in all but the Salmoniform, Esociform, Gadiform, and Lampriform
species. This sequence bears no similarity to the w-loop of fPPARxa. Between species,
sequence identity for this domain type is >80%.

The two-exon-encoded “yb” isoform LBD of the Atlantic and chum salmon has 241 aa
residues, with the w-loop extended by 9 aa residues, and of sequence RSVLPPEEP, in
both species. The same w-loop sequence is also observed in the other Salmonoid species
in which the “yb” isoform has been identified, i.e., the rainbow trout and the Sunapee
trout (Savelinus alpinus). In contrast, in the Esociform species, northern pike, the w-loop
of the “yb” isoform is extended by only two residues. Sequence identity of this domain
between the salmonoid species exceeds 90% and is at 80% between the Salmonoids and
northern pike.

In the Characiform Astyanax mexicanus (blind cave fish), in which the LBD of both
PPARY isoforms is encoded by two exons, the “ya” has the w-loop extended by 13 aa
residues and that of “yb” by 4 aa. In the other two Characiform species (Pygocentrus
nattereri and Colossoma macropomum), in which only the PPARya isoform has thus far been
identified, the w-loop is also extended by 13 aa residues and is related to the Astyanax
sequence. Characteristic of the loop in these species is the prevalence of charged and polar
residues (R, E, and particularly Q). The two isoforms in Astyanax mexicanus share ~60%
sequence identity at the LBD.

The 2-exon-encoded PPARya LBD of the Osmeriform species contains a 22 aa residue
insertion in the w-loop and that of the yb isoform 18 aa. As in the case of the Characiform
PPARya, the w-loop in Osmeriforms is particularly rich in Gln, but also in Pro residues.
The within-species sequence identity between the two isoforms’ LBDs is 65%.

In the Clupeidae, the w-loop sequence length varies between species in either isoform,
from 11 to 14 aa in the “ya” and from 6 to 8 residues in the “yb”. Between species, sequence
identity of the entire domain, for either the “ya” or the “yb” isoform, is at 80%. Within
species, identity of the two isoforms is at 63% for the sardine and 67% for the herring.

In the Siluriform species, residue insertion at the w-loop of the PPARya isoform
accounts for the extension of the LBD sequence by 12 aa, relative to the mammalian
receptor. In contrast, the loop is extended by only two aa residues in the “yb” isoform. The
inserted loop sequence is highly conserved in the species of this Order. Sequence identity
within species for the two isoforms is at 56%. Between species, the identity is 97% for
PPARya and 85% for PPARyb.

For the remaining species in Orders in which the PPARy LBD is encoded by two
exons and only one isoform has thus far been identified, the LBD sequence varies in
length. Thus, in the Acipenseriformes and Polypteriformes, it contains 235 aa, in the
Cypriniformes, 238 aa; in the Elopiformes, Osteoglossiformes, Semionontiformes, and
Gonorynchiformes, 241 aa; and in the Gymnotiformes, 243 aa, with either a 3, 6, 9, or 11 aa
residue insertion in the w-loop, respectively. The loop sequence does not present a common
motif between these Orders but is highly conserved in all Cypriniformes species examined.
The presence of an extended w-loop in the Acipenseriformes and Polypteriformes Orders
suggests that the residue insertion event in this PPAR isotype coincides with the early
Actinopterygian evolution.

Phylogenetically, it appears that the LBD of the PPARya isoform in Osmeriformes,
Characiformes, Clupeiformes, and Siluriformes is more closely related to the PPARy LBD
sequence of the Cypriniformes, Elopiformes, Gymnotiformes, Gonorynchiformes, and

188



Biomolecules 2024, 14, 634

Osteoglossiformes, (Figure S1). In contrast, a more distant relation is observed between
the PPARyb isoform of Osmeriformes, Characiformes, and Siluriformes, as well as with
the LBD sequences of the Acipenseriformes and Semionotiformes PPARy. Despite this
discrepancy, for the data presented in Table 1, the Acipenseriformes, and Semionotiformes
sequences are considered as homologous to the PPARYyb isoform type, while those of the
Cypriniformes, Gymnotiformes, Gonorynchiformes, Elopiformes, and Osteoglosiformes,
are considered as homologues to PPARya.

In contrast to the fPPARx and 6 isotypes that have been shown to be activated by their
respective natural and synthetic mammalian ligands (see above), natural fatty acids as well
as the mammalian high-affinity PPARy-specific ligands (e.g., rosiglitazone, GW1929) fail to
activate the fish receptor. This failure has been attributed to residues important for receptor—
ligand interactions not being conserved in the fPPARY [18,46,64,68,69]. Indeed, as shown
in Table 1, the fPPARY isotype contains more substituted residues in the ligand binding
site than either the fPPAR« or § isotypes. Most importantly, these substitutions include
two out of the four residues in Arm I that form hydrogen bonds with the acidic group of
the ligands in the mammalian receptor, i.e., H323 and Y473. In all fish species of the 4-exon
LBD PPARvya type, as well as in most of the 2-exon “ya” type examined, the equivalent
position of H323 is occupied by Ile (Met in the European sardine). In the PPARyb isoform
of Salmoniformes, Esociformes, Characiformes, Elopiformes, and Osteoglossiformes, Ile
is also encountered at this position, while a Met residue is present in the Clupeidae and
Osmeridae species. In contrast, the receptor from Acipenseriformes, Semionotiformes, and
Polypteriformes, which we have arbitrarily assigned to the PPARyb isoform, retains the
His residue. Most importantly, in all Actinopterygii, the Y473 is replaced by Met and in rare
cases by either Leu or Ile. Being located in helix 12, Y473, through hydrogen bonding with
the ligand, holds the AF-2 in an active confirmation for co-activator recruitment (see [58]
and ref. therein), an effect that cannot be produced by the non-polar Met, Ile, or Leu
residues. Interestingly, Y473 is conserved in the Chondrichthyan species, as well as in the
coelacanth but not in the lungfish Protopterus annectens (XM_044078056.1) (Figure 3, Table
52). In fact, most of the ligand binding residues are conserved in the Chondrichtyan and
coelacanth receptor (Table S2). Indeed, Capitao et al. [69] demonstrated that the mammalian
PPARy-specific ligand rosiglitazone can activate transcription through the LBD of little
skate (Leucoraja erinacea). Furthermore, it was shown by both transient transfection and
ligand binding assays that the little skate PPARy can bind to the partial human PPARy
agonist tributyltin (TBT). In previous studies with plaice PPARy, TBT, like all other natural
or synthetic compounds tested, was not effective in transactivation experiments and it was
indeed shown to act as a repressor of plaice PPARxa and da [64]. A lack of activation by
this compound was also observed with the zebrafish (Danio rerio) PPARy [69].

In a study aimed to assess interspecies differences in response to endocrine disrupting
chemicals, Garoche et al. [21] also used the zebrafish PPARy, along with the human
and Xenopus receptor. Interestingly, and in contrast to previous studies, the zebrafish
receptor was shown to be responsive to several of the compounds tested, albeit with
various efficiencies. In particular, two organophosphorus compounds, triphenyl phosphate
(TPP) and tri-o-tolyl phosphate (ToTP), exhibited strong agonistic behavior, which was also
specific to the fish receptor. Furthermore, the human LXR ligand, GW3965, also specifically
and strongly activated the zebrafish PPARy. Molecular modeling studies located the
binding of the above compounds in the hydrophobic sub-pocket of the LBD formed by
helices H3 and H5 and the 3-sheet, in both the human and the zebrafish receptor. This
binding does not allow contacts of the compound(s) with the AF-2 (H12), i.e., contacts that
determine the agonistic behavior of the mammalian PPARYy ligands and, particularly, the
hydrogen bond with Y473 of the receptor. However, as the equivalent Y473 position is
substituted by Met in the zebrafish PPARy, the AF-2 involvement in the activation of the
zebrafish receptor appears not to be a prerequisite.

Support for the AF-2-independent activation of the fPPARy comes from a study that
demonstrated the activation of both European sardine PPARYy isoforms by TBT [40]. TBT
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also binds to the hydrophobic sub-pocket in the human receptor and stabilizes the LBD
by bond formation between the tin atom and C285 [70]. In a previous study by the same
group [69], it was reported that TBT could not activate the zebrafish PPARy, an effect
that was attributed to the substitution of C285 by Tyr. However, C285 is also substituted
in the sardine receptor by an aromatic residue (Phe). The discrepancy between the two
fish receptors was explained by the presence of a Met residue in the S3 3-strand of the
-sheet, only in the sardine receptor, which has the potential of bond formation with the
tin moiety of TBT, albeit with lower efficacy compared to Cys. However, it should be noted
that the C285 substitution in the PPARYy receptor appears to be a very rare event in the
teleost fish lineages. From all fPPARya sequences examined, this substitution was observed
only in the two Danionidae species, D. rerio and D. aesculapii (Cypriniformes), and the
European sardine. Consequently, if this residue is critical for receptor activation by TBT,
it would be expected that all fish receptors that maintain Cys at that position would be
responsive to the compound. However, as noted above, this was not the case with the
plaice PPARy. Therefore, the activation of the sardine’s receptor by TBT may involve other
unique structural features in the LBD of this species.

4. The Expression of the PPAR Isoforms in Fish Tissues

Fish represent the most diverse and largest group of all vertebrates that includes
marine, anadromous, and fresh-water species, inhabiting environments as diverse as
abyssal depths (Pseudoliparis belyaevi < 8000 m) and high-altitude lakes and streams (Tibetan
loach, Triplophysa stolickai, >5000 m). Fish, being also poikilotherms, have adapted their
energy homeostasis mechanisms to the environmental conditions of their habitat range and,
consequently, to the dietary energy sources available. Lipids serve as the principal energy
source in fish, with species utilizing different tissues to store it (liver, muscle, peritoneal
cavity). Consequently, it is expected that transcription factors, as PPARs, which are involved
in the regulation of lipid metabolism, will not present the same tissue expression pattern
in all fish species. Indeed, this is supported by the presently available data, as in only a
handful of species, a similar, but not identical, pattern of expression has been observed.
Important to note is that the majority of the published reports concern the expression
pattern of only one of the receptors” isoforms. As the differential expression of the PPAR
isoforms can provide clues on their biological functions, the discussion here is limited to
the few fish species in which the tissue expression profile of both isoforms of the isotype(s)
has been examined in the same sampled specimens.

The expression of both PPAR«x isoforms has been studied in the turbot (Scopthalmus
maximus) [32], the Japanese sea bass (Lateolabrax japonicus) [35], and the loach (Misgurnus
anguillicaudatus) [34]. In general, the two isoforms exhibited a species-specific tissue
distribution pattern. Thus, in the turbot, PPARxa was most abundantly expressed in the
heart with lower expression in the kidney, gill, liver, brain, and muscle. PPARab was
also highly expressed in the heart as well as in the kidney but, in terms of transcript
abundance, its expression in the heart was two-fold lower as compared to that of PPARxa.
In the Japanese sea bass, PPARoa was ubiquitously expressed in the tissues tested and
most abundant in the stomach and adipose tissue but with low expression in the liver. In
contrast, PPARab had a more restricted tissue distribution and was most highly expressed
in the liver and moderately in the adipose tissue. Similarly, in the loach, both isoforms
were detected in all tissues tested, exhibiting a somewhat different profile as PPARxa
was predominantly expressed in the heart and PPARab in the liver. In terms of absolute
expression levels, the PPARab copy numbers were, in all tissues, two-fold higher than
those of PPAR«xa.

The expression of the PPARS isoforms was also studied in the loach [39]. Both iso-
forms were found to have a wide tissue distribution, with PPARba being most abundantly
expressed in the liver and the gonads of both sexes. PPARSb was also strongly expressed
in the gonads but compared to PPARJa, its expression was 10- to 100-fold lower in all the
other tissues. Transcripts of this isoform were not detected in the kidney or spleen.
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The expression of the two PPARS genes of Atlantic salmon, originally described as
PPARP1A and PPARPB2A [24], differed essentially only in the liver and gill, with the
1A isoform being predominantly expressed in the liver and the 2A in the gills, while
comparable levels of the two isoforms’ transcripts were detected in the other tissues
tested [24].

The only species in which the tissue expression of both PPARY isoforms has thus far
been studied is that of the European sardine [40]. PPARya was found to be ubiquitously
expressed in the tissues examined with its transcripts being most abundant in the brain,
midgut, gill, and intestine. PPARyb was also highly expressed in the midgut, albeit at
lower levels than PPARya, and moderately expressed in the liver and kidney and at low
levels in the brain. The isoform was not detected in the gills, gonads, and muscle.

Although not concerning a PPARy isoform, it is worth noting the diverse tissue- and
developmental-stage-dependent pattern of expression of the two transcripts, which result
from alternative promoter usage in the PPARy gene of the yellow catfish (Trachysurus
fulvidraco) [46].

The expression pattern of both the PPARx and 6 isoforms was also studied in the early
developmental stages of the loach [34,39]. Transcripts of both PPAR«x and PPARS isoforms
were detected in spermatozoa and the unfertilized egg, and in most of the developmen-
tal stages examined. A different expression pattern between the PPAR«x isoforms was
observed after the blastula stage, while the PPARS isoforms exhibited similar expression
throughout development. The expression of both PPAR isotypes in the gonads and in
the early developmental stages suggested that the fish receptors, like their mammalian
counterparts, are involved in germ cell energy metabolism, oocyte maturation, and organ
development [39].

The differential tissue expression of the PPARo« and PPARS isoforms has also been
demonstrated in several species and in response to diets containing different fatty acid
profiles [34,35,37,39], as well as in response to heat stress [63,71,72], underscoring the
involvement of the PPAR isotypes/isoforms in the regulation of metabolism and energy
balance in fish species.

According to the above limited data, the expression of the PPAR isoforms, although
presenting a differential pattern under normal or challenged conditions, still shows a sig-
nificant tissue overlap. Therefore, the expression of either isoform does not seem to act as a
“turn-off switch” for the other. This may imply that the isoforms are involved in the regula-
tion of different biochemical pathways, possibly responding to different ligands/activators
and/or interacting differently with the other components of the transcriptional machinery
on the promoters of target genes. Alternatively, isoform-specific structural features may
confer differential stability properties to the receptors, thus securing the uninterrupted
regulation of target genes under conditions that render one of the isoforms less stable.
Addressing these questions is crucial to understanding the functions of the duplicate PPAR
genes and the advantages they may present in the physiology of fish, regarding their
adaptation to different environments and to their nutritional requirements.

5. Conclusions

The study of fPPARs spans more than two decades, a period during which the results
produced have significantly increased our understanding of the role of these receptors
in fish physiology and biochemistry. Nevertheless, there is still a number of questions
that need to be addressed in order to precisely determine their functions in the biochem-
ical pathways in which they are involved. Presently, there is only indirect evidence for
genes that are targets of fPPAR action, deduced either from the known involvement of
the mammalian receptors in their regulation, or from the concomitant, with that of the
receptor(s), up- or down-regulation of their expression, in response to chemical or physical
stimuli that are expected to activate PPAR-driven transcription. Potential PPREs have been
identified in the promoters of a few fish genes (fabp, fads2, gstal), and these promoters
could be used to decipher the interactions of fPPARs with the element itself, as well as
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with the other components of the transcriptional complex. Furthermore, studies on the
molecular mechanisms/transcription factors controlling the expression of the fPPAR genes
are presently lacking. Regarding the above, it is interesting that the interactions of the fish
receptors with co-activators have not as yet been examined, despite the fact that the PPARy
coactivator-1x (PGC-1«) has been identified in several fish species.

As for the structural features of the receptors, two regions present particular interest
for further studies, i.e., the A/B domain and the w-loop of the LBD. Concerning the
latter, its impressive variability in terms of sequence length and residue composition
suggests potentially important functional differences between species, at both the ligand
recognition and binding affinity levels. In addition, the Actinopterygian/Teleost-specific
w-loop sequence expansion appears to be associated with the divergence of the different
lineages, while in some of the fPPARYy genes, it is directly linked to the insertion of an extra
intron in the gene structure.

The most mysterious of the fish receptors is PPARy, for which no strong natural
agonist has been identified. Although this receptor may not require the involvement of AF-
2 for transactivation, it still remains to be seen whether a lack of response to the mammalian
PPARy-specific ligands results solely from the substitution of Y473 in the AF-2, or whether
other factors are also involved.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Actinopterygian PPAR isotypes/isoforms; Table S2: Residues defining the ligand binding cavity of
huma, lungfish coelacanth and chondrichthyan PPARY; Figure S1: Phylogenetic tree (Maximum
Likelihood) for the LBDs of the PPARY isoforms from different fish Orders.
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