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Abstract

Glucocorticoids have remained one of the most frequently used classes of
drugs for the treatment of skin diseases since their introduction more than 50 years
ago. As aresult of the discovery of new members of the nuclear hormone receptor
(NR) superfamily, alternative therapeutic interventions that target retinoid and
vitamin D receptors have been developed. Peroxisome proliferator-activated
receptors (PPARs) comprise another important NR subfamily, consisting of three
different isotypes: PPARc, PPARS (PPARP) and PPARY. These NRs are activat-
ed by a variety of natural and synthetic ligands such as fatty acids, eicosanoids,
and antidiabetic and antihyperlipidaemic agents. While these receptors are estab-
lished as regulators of gene expression in lipid and glucose homeostasis, evidence
is now accumulating that PPARs also play a crucial role in cutaneous biology.
Results from in vitro and in vivo studies have indicated the involvement of PPARs
in epidermal maturation, proliferation and differentiation, as well as in immune
and inflammatory responses, carcinogenesis, hyperpigmentation and skin wound
healing. Furthermore, treatment of psoriatic patients with PPARYy activators
(thiazolidinediones) has been shown to induce beneficial effects. However, the
effects of PPAR ligands should be carefully evaluated to determine whether they
are in fact mediated via PPAR-dependent mechanisms. Nonetheless, PPARs seem
to have significant potential as therapeutic targets in skin inflammatory disorders.

Glucocorticoids were, and still are, the first-line
agents in dermatological therapy of non-infectious
inflammatory skin diseases. However, despite their
clinical use for more than 50 years, the application
of these drugs is often restricted by various adverse
events. General strategies to improve current treat-
ment options encompass not only the development
of more potent glucocorticoids with fewer unwanted
effects!!) but also the development of new vehicles
for topical delivery of glucocorticoids.””) However,

glucocorticoids with an ideal benefit : risk profile
have not yet been discovered.!3) Glucocorticoids
bind to receptors that belong to the superfamily of
ligand-regulated nuclear hormone receptors (NRs),
which includes the retinoic acid receptor, the vita-
min D receptor, the thyroid hormone receptor and
the peroxisome proliferator-activated receptor
(PPAR). NRs control a variety of physiological
processes, the dysfunction of which may lead to life-
threatening diseases, including cancer, diabetes mel-
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litus, hyperlipidaemia, arteriosclerosis and choles-
tasis. Furthermore, various dermatological diseases
appear to be associated with NRs because of the role
these receptors play in keratinocyte differentiation
and proliferation, and their immunomodulatory
properties.

Over the last decade, new aspects of the function
and signalling mechanisms of PPARs have been
revealed, thus, PPARs have come to provide a po-
tential target for innovative therapeutic agents.
Ligands for PPARs have already been introduced
into the market as antidiabetic and antihyper-
lipidaemic agents, and more agents are currently
under evaluation in clinical trials for these diseases.
In this article we critically summarise recent devel-
opments in this field, focussing on new therapeutic
options for inflammatory skin disorders, hyperpig-
mentation, skin cancer and wound healing.

1. Nuclear Hormone Receptors

NRs are ligand-dependent transcription regula-
tors that are involved in diverse physiological func-
tions such as cell growth, differentiation, metabo-
lism and development, as well as the preservation of
cellular homeostasis. To date, approximately 50 dif-
ferent NRs have been identified in the human gen-
ome. In accordance with their mechanism of interac-
tion with their DNA response elements (hormone
response elements), NRs are divided into two sub-
types. Following ligand binding, type I receptors
bind their associated DNA sequences as monomers
and homodimers; this group of receptors includes
the classical steroid hormone receptors, that is, the
receptors for glucocorticoids, estrogens, proges-
togens, androgens and mineralocorticoids. Type II
receptors, for example the thyroid hormone recep-
tor, retinoic acid receptor, vitamin D receptor, liver
X receptor, pregnane X receptor and PPAR, primari-
ly interact with their target genes as heterodimers
with the retinoid X receptor (RXR). For some NRs,
the corresponding ligands still await identification;
therefore, these receptors are referred to as orphan
nuclear receptors and are categorised into a type III
class.
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NRs share a common structure with four major
domains: an N-terminal region (A/B domain), a
DNA-binding domain (DBD) [C domain], a hinge
region (D domain) and a ligand-binding domain
(LBD) [E/F domain]. The amino terminus has a
variable transactivation domain, termed activation
function 1, that is cell and promoter specific and that
is recognised by transcription factors. The central
DBD is highly conserved within the NR superfamily
and contains two zinc-finger motifs. The hinge re-
gion allows conformational changes in the mole-
cule. The carboxy-terminal LBD is well conserved
between the various family members; however,
there is sufficient divergence to guarantee selective
ligand recognition. This domain also contains the
ligand-induced activation function, which is crucial-
ly involved in transcriptional coregulator interac-
tion. Recruitment of proteins, called coregulators,
mediates the effects of NRs on transcription.[*!
Coregulators influence the transcriptional activity of
NRs either positively (coactivators) or negatively
(corepressors) at different functional stages. These
proteins occur in multiple complexes, harbour mul-
tiple enzymatic activities and link receptors to chro-
matin or to the basal transcription machinery.

2. Peroxisome Proliferator-Activated
Receptors (PPARS)

PPARs were originally described as molecular
targets of peroxisome proliferators, a large group of
compounds that includes herbicides, plasticisers and
antihyperlipidaemic chemicals. Shortly thereafter, it
was shown that PPARs respond to endogenous fatty
acids and control a variety of target genes involved
in lipid and glucose metabolism. To date, three
PPAR isoforms have been identified in mammalian
cells; these have been designated as PPARQ,!
PPARS (also known as PPARB) and PPARY.B! In
mice and humans, two distinct N-terminal isoforms
of PPARY (termed PPARY1 and PPARY2) have been
found.”! According to the unified nomenclature sys-
tem, PPARs are termed NR1C1 (PPARa), NR1C2
(PPARJ) and NR1C3 (PPARY).['” Binding as het-
erodimers with RXRs to specific PPAR response
elements (PPREs) in the promoter regions of specif-
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ic target genes regulates gene expression. In the
absence of a ligand, the PPAR-RXR heterodimer
and nuclear receptor corepressor proteins form high-
affinity complexes that inhibit binding of the nuclear
receptor heterodimer to the promoter and, thus, tran-
scriptional activation. Binding of the ligand to the
heterodimer causes the corepressor to be released
from the complex, leading to binding of the activat-
ed heterodimer to the response element, which in
turn results in either the suppression or activation of
target genes.

2.1 PPAR Ligands

PPAR ligands can be classified into synthetic
peroxisome proliferators, antihyperlipidaemic, in-
sulin-sensitising and anti-inflammatory compounds,
or the constituents of naturally occurring medium-
and long-chain fatty acid, eicosanoid ligands. Natu-
rally occurring PPAR agonists are low-affinity
ligands which activate specific receptor isoforms
when present at micromolar levels. Despite a rela-
tively high sequence homology of PPAR subtypes,
LBDs allow certain ligand specificity for each sub-
type. In fact, site-directed mutagenesis of the LBD
crystal structures has shown that mutation of a sin-
gle amino acid affects the subtype selectivity of
several chemical classes of ligands.['") Nonetheless,
many established PPAR ligands show only modest
selectivity with respect to a particular PPAR
isotype, despite extensive research during the last
few years to identify more potent and selective
PPAR ligands.['>!>! Furthermore, next-generation
PPAR modulators, including dual agonists, pan ago-
nists and partial antagonists, are currently being
evaluated for the treatment of metabolic disorders in
several clinical studies.

PPAR« binds various ligands, including leuko-
trienes, prostaglandins, plasticisers and synthetic
drugs (e.g. WY 14643 and fibric acid derivatives
[fibrates]). A search for physiological ligands re-
vealed that PPAR« is activated by a variety of long-
chain fatty acids and, in particular, polyunsaturated
fatty acids (PUFAs), such as docosahexaenoic acid,
linoleic acid, linolenic acid, palmitic acid, oleic acid
and arachidonic acid.['®!31 While leukotriene B4
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(LTB4) and the PUFA metabolite 8(S)-hydroxyeico-
satetraenoic acid (HETE) selectively activate
PPAR0,[1%2  fibrates and WY 14643 activate
PPARY in addition to PPARc. Bezafibrate does not
exhibit strong selectivity for any of the three PPAR
subtypes.

PPARP/S is activated by saturated and unsaturat-
ed fatty acids,'32!l eicosanoids, including pros-
taglandin (PG)A1 and PGD2, and a biologically
stable synthetic prostacyclin agonist. Therefore,
prostacyclins may be endogenous PPARS ago-
nists.?”) To date, only a few potent and selective
ligands for PPARGS have been identified, such as the
phenoxyacetic acid derivates GW 501516 and
L 165041.23:241

PUFAS, eicosanoids and prostaglandins are weak
activators of PPARY (figure 1). Furthermore, metab-
olites of arachidonic acid, such as 15-deoxy-A12,14-
PGJ2 (15d-PGJ2) and 15(S)-HETE, as well as ox-
idised metabolites of linoleic acid, for example 9-
hydroxyoctadecadienoic acid (9-HODE) and 13-
HODE present in oxidised low-density lipoproteins,
have been shown to activate PPARY.>-?71 Synthetic
ligands for PPARY are the antidiabetic thiazolidine-
diones (also known as glitazones)?%?8! and several
NSAIDs including indomethacin, fenoprofen,
ibuprofen and flufenamic acid.”®! With classical full
PPARY agonists, such as the thiazolidinediones,
bodyweight gain and peripheral oedema are often
observed. Several partial PPARY agonists have been
developed that demonstrate similar or even better
insulin-sensitising effects than the thiazolidinedion-
es, but with less adipogenic activity.!'33%31 This
effect has been linked to the recruitment of a differ-
ent set of cofactors compared with those activated
by full agonists.

2.2 PPAR Expression in Human and
Murine Skin

All three PPAR subtypes have been identified in
most mammalian tissues, although their relative ex-
pression varies considerably. In human skin, all
PPAR subtypes are expressed in the adult interfol-
licular epidermis, with PPARS being by far the most
abundantly expressed PPAR subtype in this tis-
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Fig. 1. After heterodimerisation with retinoid X receptor (RXR) peroxisome proliferator-activated receptors (PPARs) control gene expression
by binding to DNA sequences, termed peroxisome proliferator response elements (PPRE), in the promoter region of target genes. Principal

functions of PPARs in the skin are illustrated.

sue.’234 PPARo and PPARY are found at much
lower levels in the skin and their expression has
been reported to increase upon differentiation,
whereas PPARJ expression remains high during the
differentiation of human keratinocytes. In addition
to PPAR expression in keratinocytes, all three
PPAR isoforms have been found in human sebo-
cytes, melanocytes, dermal and epidermal hair folli-
cle cells, and PPARY has been found in normal
human skin fibroblasts.33-3 Analysis of PPAR ex-
pression in the hyperproliferative psoriatic epider-
mis and psoriatic lesions revealed that both PPARo
and PPARY expression is decreased, while PPARS
expression is upregulated.333°1 A similar expression
pattern has been found in lesions from human non-
melanoma skin cancers.*! ITmmunohistochemical
investigations of actinic keratosis and squamous cell
carcinoma lesions have demonstrated reduced im-
munoreactivity for PPARo. and increased PPARS
expression levels compared with the normal skin of
each individual. No difference in immunoreactivity
was noted for PPARY.

PPARs have also been detected in rat and mouse
epidermis.3241-441 All isotypes are expressed during
embryonic epidermal development, starting before
stratification and differentiation of the murine epi-
dermis, and continuing in the early postnatal
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stage.*¥ In the adult interfollicular epidermis,
PPARs are below detection levels, whereas they
remain expressed in the hair follicles. PPARa and
PPARS are upregulated in the interfollicular epider-
mis of mice during wound healing or proliferation
induced by topical application of 12-O-tetrade-
canoyl-phorbol-13-acetate (TPA).

2.3 PPAR Knockout Mice

PPAR knockout mice provide a valuable tool for
the elucidation of the role of PPARs in cellular
events. PPAR null and PPAR heterozygous mice
display no major skin abnormalities,***9 although
knockout of the PPARY gene is an embryonic-lethal
event that results in mice dying in utero around
gestational day 10.49 PPARo null mice display
reduced longevity and more severe and frequent
age-dependent lesions, particularly in the liver, kid-
ney and heart.5% The incidence of skin lesions as a
cause of death was slightly more frequent in null
mice than in wild-type mice. However, these skin
lesions have not been investigated histologically.
Stratum corneum formation in utero is delayed in
PPAR knockout mice,’" and a transient and initial
delay in wound healing has also been reported. 4!
Moreover, morphological analysis of the adult epi-
dermis exhibits a thinned stratum granulosum with
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decreased keratohyalin granules, focal parakeratosis
and a slight decrease in the expression of keratino-
cyte differentiation markers.’?! For PPARS null
mice, a delay during the whole healing process,
postponing its completion by 2-3 days, was demon-
strated.™¥ Recently, skin-specific PPAR knockout
mice have been generated using the LoxP-Cre site-
specific recombination strategy; these mice show
normal skin differentiation, have a normal skin bar-
rier and have a normal TPA response, except for a
slight epidermal hyperplasia.!

3. PPARs in the Pathogenesis of
Dermatological Diseases

Since classical NRs such as the retinoic acid and
vitamin D receptors regulate most of the relevant
signalling pathways in epidermal cells, retinoids and
vitamin D analogues have gained widespread use in
the treatment of epidermal disorders. Recently, evi-
dence has been accumulating that suggests that
PPARs might be promising targets for drug treat-
ment of skin disorders such as psoriasis, acne, atopic
dermatitis and contact dermatitis. Figure 1 illustrates
principal functions of PPARs in the skin.

3.1 Psoriasis

Psoriasis is characterised by abnormal prolifera-
tion and differentiation of epidermal keratinocytes,
as well as dermal infiltration of inflammatory com-
ponents. Although a variety of local and systemic
therapies are available for the treatment of psoriasis,
including ligands for the NRs (such as corticoste-
roids, retinoids and vitamin D analogues), current
treatments are often restricted because of their ad-
verse effects. Thus, novel therapeutic interventions
with improved benefit : risk ratios are eagerly
awaited.

Hanley et al.53! were the first to show a physio-
logical role for PPAR« in epidermal homeostasis.
The PPARa ligands oleic acid, linoleic acid and
clofibrate accelerated the development of the stra-
tum corneum and epidermal barrier in fetal skin
explants derived from rats. In the same model,
clofibrate increased the expression of profilaggrin, a
major constituent of keratohyalin granules, in-
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creased the processing of profilaggrin to filaggrin,
and increased the expression of loricrin, a key struc-
tural protein of the cornified envelope.?' Further-
more, activators of PPARo induced differentiation
in human keratinocyte cultures, as indicated by in-
creased protein and messenger (mRNA) levels of
two differentiation-specific proteins: involucrin and
transglutaminase. Similar to other inducers of differ-
entiation, such as vitamin D derivates and retinoic
acid, clofibrate inhibited keratinocyte growth and
proliferation in vitro and in vivo.’*> Intra-amniotic
administration of clofibrate or linoleic acid acceler-
ated the maturation of the stratum corneum and
epidermal barrier in fetal rats.*¥) Notably, PPARS
and PPARY activators had no effect on rat epidermal
maturation in vitro and in utero. Topical treatment
of hyperproliferative epidermis in adult mice with
PPAR« activators restored epidermal homeostasis
and increased apoptosis,’® and 8(S)-HETE induced
differentiation as indicated by increased keratin-1
expression in murine keratinocyte cultures.®’! In
living skin equivalents, WY 14643 strongly influ-
enced epidermal lipid metabolism and enhanced the
synthesis of membrane coating granules, which are
secreted into the extracellular space and constitute
the structural components of the epidermal permea-
bility barrier.l>®

Regarding PPARSY, activators of the NR stimu-
late differentiation in cultured human keratino-
cytesP*1 and in vivo after topical application to
normal and hyperproliferative mouse skin.>” Fur-
thermore, overexpression of PPARS induced differ-
entiation in cultured keratinocytes and protected
against cell death in vitro.°%%!1 The PPARS-selec-
tive ligand L 165041 induced expression of in-
volucrin and transglutaminase and, interestingly, si-
multaneous addition of the PPARY-selective ligand
rosiglitazone resulted in a strong synergistic induc-
tion of involucrin.** Administration of tetradecylth-
ioacetic acid (TTA), a potent pan PPAR agonist,
resulted in a strong upregulation of the expression of
involucrin and transglutaminase and a dramatic de-
crease in proliferation, whereas L 165041 showed
no antiproliferative effects.*¥ In accordance,
PPARS activators did not inhibit keratinocyte
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proliferation in vivo.’° This is in contrast with other
studies reporting inhibition of keratinocyte prolifer-
ation.[*862) PPAR3-deficient mice exhibited an exac-
erbated hyperplastic response to topical application
of TPA on the skin, suggesting that lack of PPARS
influences control of keratinocyte proliferation and/
or differentiation.¥! Using the highly specific
PPARS ligand GW 0742 and a PPARS-null mouse
model, previous observations on induction of kerati-
nocyte differentiation have been confirmed.6”
However, a dose-dependent inhibition of cell
proliferation was observed in response to GW 0742
in wild-type cells, whereas no effect was seen in
keratinocytes derived from PPARS-null mice.
Differential effects on keratinocyte differentia-
tion and proliferation have also been reported for
PPARY. Previous studies have demonstrated that
PPARY may not be involved in the epidermal differ-
entiation process.[3*3334 A recent study demonstrat-
ed that activators of PPARY stimulated epidermal
differentiation both in vitro, using cultured human
keratinocytes, and in vivo, when applied topically to
mouse skin, while no effect was observed in mice
lacking PPARY in the epidermis.*”! However, since
skin-specific PPAR knockout mice show normal
skin differentiation, PPARY does not appear to be
crucial for mouse skin function and development.
Although PPARc, PPARS and PPARY activators
seem to stimulate keratinocyte differentiation, there
are differences in the proliferative effects of the
PPAR ligands. Specifically, activation of PPARo
has been shown to inhibit keratinocyte proliferation,
leading to a decrease in epidermal thickness.®! In
contrast, topical treatment with activators of PPARS
and PPARYy did not result in epidermal thin-
ning."%° However, several studies observed inhibi-
tion of epidermal proliferation upon challenge with
PPARY activators. Troglitazone inhibited the prolif-
eration of both normal and psoriatic human kerati-
nocytes, stabilised the histological characteristics of
psoriatic skin in organ culture and reduced the epi-
dermal hyperplasia of psoriasis in the severe com-
bined immunodeficient mouse as well as in human
skin transplant models of psoriasis.®3 In keratino-
cytes and human skin in organ culture, rosiglitazone

© 2005 Adis Data Information BV. All rights reserved.

reduced keratinocyte proliferation and motility, and
production of matrix metalloproteinases-1 and -9;
these effects were not observed in dermal fibro-
blasts.'® Novel thiazolidinedione derivatives
synthesised by linking the antioxidant vitamin thioc-
tic acid (o-lipoic acid) to benzoxy-troglitazone were
shown to be potent activators of PPARY and modest
activators of PPAR0.[®! Two compounds, designat-
ed BP 1003 and BP 1017, inhibited proliferation of
human keratinocytes more potently than rosig-
litazone. The specific effects of PPARs on keratino-
cyte proliferation and differentiation are illustrated
in figure 2a.
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Fig. 2. Effects of peroxisome proliferator-activated receptor
(PPAR)-a, PPARS and PPARy on the differentiation and prolifera-
tion in (a) keratinocytes, (b) sebocytes and (¢) melanocytes.
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Another signalling system that has been proposed
to participate in the regulation of early keratinocyte
differentiation is the transmembrane receptor
Notch-1 and its peptide ligand Delta-1. Interesting-
ly, the Notch ligand jagged-1 induced IxB kinase o
(IKKa)-mediated nuclear factor-kB (NF-xB) acti-
vation, increased PPARYy expression and triggered
complete differentiation in keratinocyte monolay-
ers.[66]

Evidence has accumulated that psoriasis is a pro-
totypic T helper (Th)-1-associated autoimmune dis-
ease, which may be improved by immune deviation
of polarised Thl responses into anti-inflammatory
Th2 responses.!®”l Activation of PPARY in T cells
and dendritic cells has been shown to inhibit the
production of cytokines that are important for Tl
differentiation.[®®! Taken together, although con-
flicting data have been published, ligand activation
of PPARs might be a novel approach to selectively
induce differentiation and inhibit cell proliferation,
thus representing a new molecular target for the
treatment of psoriasis.

3.2 Acne

Acne is a chronic inflammatory condition of the
pilosebaceous unit that primarily affects adolescents
and young adults. The different types of acne, such
as comedonal, papulo-pustular and nodular acne,
reflect a multifactorial pathophysiological process
that includes follicular hyperkeratinisation, hyper-
secretion of sebum, colonisation by the anaerobic
diphtheroid Propionibacterium acnes and, consecu-
tively, the release of inflammatory mediators into
the follicle and surrounding dermis. Since PPARs
are regulators of lipogenesis during adipocyte dif-
ferentiation, their involvement in sebocyte differen-
tiation has been proposed (figure 2b).

Linoleic acid and, to a lesser extent, WY 14643
and other PPAR agonists, initiate differentiation of
immature cultured rat preputial sebocytes and cul-
tured human SZ95 sebocytes.3>7%711 Sebocyte dif-
ferentiation has been induced using cognate ligand
agonists of either PPARs"! or RXRs,"” and aug-
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mentation of sebocyte differentiation was expected,
and in fact proven to occur, following costimulation
using the specific RXR ligand CD 2809.11 Al-
though the RXR ligand and the PPAR&/o. ligand
carbaprostacyclin (cPGI2) have each been shown to
enhance proliferation significantly, no further in-
crease in growth was observed when the two com-
pounds were applied together, indicating that
proliferation does not seem to be mediated by the
interaction of PPAR and RXR.["3

Androgens and PPAR ligands both stimulate se-
baceous lipid synthesis.[”®! Treatment of human
sebocytes with arachidonic acid and linoleic acid
induced lipogenesis, as demonstrated by cell en-
largement, accumulation of lipid droplets in the
cytoplasm and nuclear fragmentation, all phenome-
na that are observed during terminal sebocyte differ-
entiation.[”*”) In a pilot clinical study, treatment
with the 5-lipoxygenase inhibitor zileuton, which
inhibits the synthesis of LTB4 from arachidonic
acid, significantly reduced the synthesis of seba-
ceous lipids and the formation of acne lesions.!”®!
However, it has recently been reported that fatty
acids including linoleic acid, linolenic acid, oleic
acid and arachidonic acid, among other PPARo and
PPARY ligands, inhibit sebaceous lipogenesis in
human chest sebaceous glands after 7-day organ
maintenance, whereas bezafibrate, clofibrate, LTB4
and PGJ2 were ineffective.’””] The reason for this
discrepancy is not clear, although it may be due to
the use of different in vitro models. The organ-
maintained sebaceous gland may preserve a greater
degree of differentiation than the primary culture, as
speculated by the authors. In addition, it has been
suggested that fatty acid effects on sebocyte differ-
entiation might only be partially dependent on
PPARs.[!]

Nonetheless, PPAR ligands seem to be involved
in the regulation of lipid metabolism in human seba-
ceous glands. Since suppression of sebum secretion
is associated with reduced acne activity, these find-
ings may provide new directions for the develop-
ment of acne treatments.
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3.3 Atopic Dermatitis, Contact Dermatitis
and Photodermatitis

Recent evidence has indicated a crucial role for
PPARSs in the control of inflammatory responses.
Both PPARo and PPARY have been shown to nega-
tively regulate the inflammatory process and to play
a role within the immune system, via actions on
macrophages, B and T lymphocytes, dendritic cells,
mast cells and eosinophils.”8!

The anti-inflammatory and immunomodulatory
properties appear to arise mainly through the capa-
bility of PPARs to antagonise several important
signalling cascades by transrepressing transcription
factors such as NF-kB and activator protein 1 (AP1).
Recently, PPARS has also been implicated in the
control of inflammation during skin wound heal-
ing.[6%]

Initially, it was demonstrated that PPAR« is ca-
pable of reducing the duration of a LTB4- or
arachidonic acid-induced inflammatory response
and of impairing the wound healing process during
the inflammatory phase.['”) Activation of PPARx
inhibited the expression of the proinflammatory
cytokines interleukin (IL)-6 and IL-8 after UVB
stimulation in vitro, and topical application of
WY 14643 increased the minimal erythema-induc-
ing dose in UVB-irradiated human skin. Further-
more, UVB irradiation resulted in downregulation
of all three PPAR subtypes. Notably, the UVB-
mediated decrease was partially compensated for by
pre-treatment  with WY 14643."1 Hence, the
downregulation of PPARs by UVB irradiation
might explain exaggerated and prolonged inflamma-
tion. Recently, UVB irradiation of keratinocytes has
also been associated with PPARYy agonistic activi-
ty.B% In two different mouse models of cutaneous
inflammation, the anti-inflammatory effects of
PPAR« ligands were investigated. Employment of
topical TPA served as a model of irritant-mediated
contact dermatitis and topical oxazolone acted as
model of allergic contact dermatitis.3!! In both mod-
els, topical application of clofibrate, WY 14643 or
linoleic acid decreased ear thickness and weight
similar to the potent corticosteroid clobetasol,
whereas no significant change was observed in mice
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deficient for PPARo. Furthermore, clofibrate re-
duced tumour necrosis factor (TNF)-o and IL-1o
staining in the epidermis. Naturally occurring
palmitoylethanolamide (PEA) has recently been
shown to selectively induce gene expression of
PPAR0, upon topical administration.®” In the
animal models, PEA reduced oedema formation in
wild-type, but not PPARa knockout, mice.

In a model of irritant contact dermatitis, the se-
lective PPARS agonist, GW 1514, exerted anti-in-
flammatory effects that were comparable with those
of clobetasol.®®! Moreover, the thioctic acid-based
PPARY activators, BP 1003 and BP 1017, inhibited
IL-2 production by activated peripheral lympho-
cytes. However, only the water-soluble derivative,
BP 1017, displayed anti-inflammatory effects when
administered either orally or topically in a mouse
model of allergic contact dermatitis.[! The anti-
inflammatory effects of PPARS agonists add to the
delayed wound healing described in section 3.6.

The influence of two PPARYy activators,
GW 9578 and ciglitazone, on immunoglobulin (Ig)
production has been investigated in vitro and in
vivo.831 In peripheral blood mononuclear cells
characterised by high spontaneous basal IgE pro-
duction from both nonallergic individuals and pa-
tients with atopic dermatitis, both agents inhibited
IgE production. Ciglitazone also inhibited the pro-
duction of cytokines, such as IL-4 and IL-6, which
are known to promote IgE synthesis. Moreover,
IL-4-mediated immune responses in ovalbumin-sen-
sitised mice declined following ciglitazone treat-
ment. Topical ciglitazone or troglitazone application
reduced the cutaneous inflammatory response in-
duced by TPA or oxazolone in hairless mice.*!
However, since this effect was also observed in
mouse skin that was deficient for PPARY, the inhibi-
tion of cutaneous inflammation was independent of
PPARY. Previous studies with an identical mouse
model have demonstrated that PPARco and PPARS
agonists mediate their anti-inflammatory effects di-
rectly via either PPAR subtype.’%#!1 Another mem-
ber of the NR family has recently been associated
with anti-inflammatory activity. Topical application
of liver X receptor (LXR) activators suppressed
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inflammation and primary cytokine production.®*
Earlier studies have demonstrated that LXR activa-
tors also stimulate epidermal differentiation, im-
prove permeability barrier homeostasis and inhibit
epidermal proliferation.52380 Qverall, these data
point to the potential use of PPAR activators as
novel NSAIDs in the topical treatment of inflam-
matory skin diseases.

3.4 Skin Carcinogenesis

The increasing prevalence of skin cancer under-
scores the importance of developing new therapeu-
tic strategies to treat this disease. Given that NRs are
involved in the regulation of cell growth and differ-
entiation, PPARs may be implicated in carcinogene-
sis.l¥”l However, data published so far indicate that
their role is highly complex and each PPAR isotype
seems to be associated with carcinogenesis to a
certain extent.

Topical application of the PPAR« ligands, conju-
gated linoleic acid and WY 14643, moderately re-
duced skin tumour multiplicity in an initiation-pro-
motion study.!® In contrast, the PPARS and PPARY
activators, bezafibrate and troglitazone, respective-
ly, had no inhibitory activity, while all PPAR
isoforms were upregulated in the tumour cells.

The rationale for examining the role of PPARS in
skin carcinogenesis is based on enhanced epidermal
hyperplasia and mRNA levels of gene products that
regulate cell cycle progression in PPARS-null
mouse skin after TPA treatment compared with
wild-type controls.*8 Accordingly, topical applica-
tion of TPA resulted in exacerbated epidermal hy-
perplasia accompanied by hyperkeratosis in
PPARGS-null mice compared with controls, indicat-
ing the attenuation of epidermal cell proliferation by
PPARGJ. The absence of PPARS expression reduced
expression of ubiquitin C and, thus, ubiquitination
of proteins induced by TPA.B3% Since protein ki-
nases regulate cell cycle progression and apoptosis,
the role of PPARS in the mediation of the ubiquitin-
dependent protein kinase C oo (PKCao) and phospho-
rylation signalling pathways was investigated in a
subsequent study.®? After treatment with TPA,
markedly higher levels of phosphorylated PKCa,
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mitogen-activated protein kinase (MAPK)/extracel-
lular signal-regulated kinase (ERK) [MEK]1/2, and
p42MAPK/ERK-2 were found in the skin of
PPARGS-null mice than in TPA-treated wild-type
mice. In addition, upon TPA-treatment the activity
of PKCa and downstream signalling kinases was
augmented, and expression of cyclo-oxygenase-2
was greater, leading to increased cell proliferation in
mice lacking PPARS. These data indicate that it may
be possible that PPARS activation could be targeted
for chemoprevention of skin cancer through its abili-
ty to inhibit cell proliferation.

The expression of PPARo, PPARS and PPARYy
has been detected in melanoma cell lines, and of
PPARY in benign and malignant melanocytic le-
sions.®1921 Tncubation of the melanoma cell lines
with specific agonists for PPARY inhibited cell
proliferation in a dose-dependent manner, whereas
the PPARo agonist WY 14643 showed no effect.??!
The underlying mechanism for the antiproliferative
effect of PPARY activation has not yet been fully
investigated but may be due to induction of cell
cycle arrest rather than apoptosis. However, it is
questionable whether these agents exert their anti-
cancer effects directly by activation of PPARY. In
human mammary tumour cells lines, the potent and
selective PPAR antagonist GW 9662 prevented acti-
vation of PPARY but inhibited cell growth.”3 In
addition, inhibition of growth induced by rosig-
litazone was further enhanced in the presence of the
PPARY antagonist instead of being reversed. Nota-
bly, it has also been shown that troglitazone inhibits
keratinocyte proliferation and cyclin D1 expression
in vitro in murine skin via PPARY-independent
mechanisms.® Accordingly, in vivo studies with
dietary troglitazone showed significantly reduced
proliferation in keratinocytes.[*

However, contradictory data have been obtained
when the role of PPARY in mammary, ovarian and
skin carcinogenesis was studied using a mouse
model of PPARY haploinsufficiency.”® PPARY(+/-)
mice that received 7,12-dimethylbenz[a]anthracene
(DMBA) by gavage once a week for 6 weeks had a
decreased survival rate and an increased number of
total tumours per mouse after 25 weeks compared
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with PPARY (+/4) mice. Of the total tumours
found in the skin, the individual incidences of papil-
lomas (p <0.05) and squamous cell carcinomas
(p <0.06) were higher among PPARY(+/-) mice
compared with their PPARY(+/+) littermates. Thus,
PPARY(+/-) mice have increased susceptibility to-
ward DMBA-mediated carcinogenesis, indicating a
beneficial role for PPARY-specific ligands in the
prevention of skin carcinogenesis. In contrast with
this study, neither topical nor dietary administration
of troglitazone or rosiglitazone inhibited mouse skin
carcinogenesis in either DMBA/TPA or UV carci-
nogenesis models.®! The reason for the nonrespon-
siveness to PPARY ligands was probably due to a
very low expression of PPARY mRNA and the lack
of PPARY in skin keratinocytes. Furthermore, it has
been suggested that PPARYy may indirectly regulate
the metabolism of the carcinogen DMBA into non-
carcinogenic forms by cells other than keratino-
cytes.[® Reduced PPARY levels in PPARY hetero-
zygous mice may lead to increased levels of carcino-
genic forms of DMBA in the skin, hence leading to a
higher susceptibility of PPARY heterozygous mice
to DMBA-induced skin tumour development. In the
DMBA/TPA-induced skin carcinogenesis model,
the PPARy ligands were applied 2 weeks after
DMBA treatment.[®”! The observation that PPARYy
activation has no significant effect on skin carcino-
genesis may be explained by the completion of
DMBA metabolism and DMBA-induced damage to
DNA by the time the PPARY ligands were applied.

3.5 Hyperpigmentation

NRs such as retinoid and vitamin D receptors are
involved in pigmentation. This may also hold true
for the PPARs. However, while retinoic acid im-
proves hyperpigmented skin lesions,”! several stud-
ies have reported increased pigmentation following
use of the topical vitamin D analogue calcipotriol
plus phototherapy in vitiligo patients.%%1

In human melanocytes, mRNA expression of all
three PPAR isoforms has been detected.”®! Prolifer-
ation of the melanocytes was inhibited upon stimu-
lation with WY 14643 and ciglitazone, but not by
bezafibrate, a preferential activator of PPARS. Ac-
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companying reduced cell growth, both PPAR ago-
nists appeared to stimulate melanogenesis. Linoleic
acid, which displays a whitening effect on hyperpig-
mented skin in humans, has been proven to prevent
hyperpigmentary disorders, such as melasma, which
are caused by dysfunction of tyrosinase, a key en-
zyme involved in melanin biosynthesis.!'%1911 Fol-
lowing topical application of linoleic acid or o-
linolenic acid to UV-stimulated hyperpigmented
dorsal skin of brownish guinea pigs, an efficient
lightening effect was be observed.¥! The pigment-
lightening effects were probably caused by inhibi-
tion of melanin production in active melanocytes
and enhanced desquamation of melanin pigment
from the epidermis. Lately, fatty acids such as lino-
leic acid, but not palmitic acid, have been implicated
in the regulation of pigmentation via proteasomal
degradation of tyrosinase.!0%!

However, the data concerning the possible role of
PPARo and PPARY in inhibition of cell growth and
stimulation of melanogenesis (figure 2c) should be
interpreted with caution. At present, it is unclear
whether these effects are in fact regulated via
PPAR-dependent mechanisms.

3.6 Wound Healing

Wound healing is a complex process encompass-
ing a number of overlapping events, including in-
flammation, epithelialisation, angiogenesis and ma-
trix deposition. Despite progress in the discovery of
factors involved in wound re-epithelialisation, it still
remains unclear how epidermal keratinocytes re-
spond to the early inflammation associated with
wound healing. Several studies have implicated
PPARo. and PPARS in the wound healing pro-
cess. [44.00.61.103-10601 - A mentioned in section 3.3,
PPARa is involved in the early inflammatory phase
during skin wound healing and exhibits a transient
delay in the healing process.*! In a recent study,
transgenic mice with specific expression of a domi-
nant negative PPAR« in keratinocytes displayed a
similar phenotype to PPAR« null mice, indicating a
major role for PPAR« in keratinocytes but not in
fibroblasts or immune cells.[%!

Drugs 2005; 65 (14)



PPARs in the Treatment of Skin Diseases

1929

In PPARS(+/-) mice, wound closure was mark-
edly delayed and in vitro studies with cultured pri-
mary keratinocytes demonstrated a severely reduced
migration rate, which may be responsible for the
delayed wound healing in the heterozygous knock-
out animals.**l Subsequently, it was shown that
necrosis and proinflammatory cytokines, such as
TNFo and interferon-y, activate the stress-associat-
ed signalling pathway, which in turn leads to elevat-
ed PPARS gene expression via an AP1 recognition
site in the PPARS promoter.[)1 Furthermore, pro-
duction of PPARS ligands triggered by TNFa, re-
sulted in increased PPARS transcriptional activity,
accelerated the differentiation of keratinocytes and
increased their resistance to apoptotic signals. Final-
ly, in vivo experiments with heterozygous PPARS
mutant mice demonstrated a 10-fold increase in the
number of apoptotic keratinocytes at the edges of
induced epidermal wounds. Protection against
apoptosis may be necessary to maintain a sufficient
number of viable keratinocytes at the wound edge
for subsequent re-epithelialisation.

The same group demonstrated that enhanced
PPARS activity stimulates a major cellular anti-
apoptotic survival pathway (Aktl pathway).[0103
Transforming growth factor (TGF)B-1, an important
cytokine produced at the wound site, was shown to
inhibit inflammation-mediated induction of PPARS
via Smad3 in primary keratinocytes.'® The anti-
apoptotic Akt signalling pathway seems to be in-
volved early after injury, whereas the proapoptotic
TGFp-1pathway dominates at later stages of wound
healing. In vivo studies revealed that genetic disrup-
tion of the Smad3 gene or topical application of
TGFB-1 early after wound injury accelerates wound
closure via a prolonged elevated expression and
activity of PPARY.!'%] These studies provided novel
insights into a regulatory crosstalk between TGF-
1/Smad3 and PPARY/Akt signalling at different
stages of wound repair. Interestingly, PPARS and
Aktl have recently been implicated in hair follicle
development.l'l In follicular keratinocytes, both
PPARS and Aktl are highly expressed during hair
follicle morphogenesis and deletion of PPARS!'?7!
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or Akt1M071081 i associated with a significant retar-
dation in hair follicle development.

4. Potential Clinical Use of PPARs
in Psoriasis

In accordance with the observed pharmacologi-
cal effects in vitro and in vivo, clinical studies have
provided evidence that PPAR ligands may be effec-
tive in the treatment of psoriatic patients.

Initially, two psoriatic patients with hypertrig-
lyceridaemia treated with oral clofibrate showed
improvement of their psoriatic lesions during ther-
apy.['%1 Later, an open-label study of three diabetic
patients with concomitant psoriasis suggested that
troglitazone significantly improved skin lesions
while inducing glycaemic control.l''% Following on
from this, Ellis et al.[®¥l observed marked ameliora-
tion of psoriasis in two nondiabetic patients with
chronic, stable plaque psoriasis after they received
oral troglitazone at various dosages. However, trog-
litazone was withdrawn from the market in 2000
because of its association with rare but severe hepat-
ic toxicity during antidiabetic treatment.

Recently, pioglitazone has shown beneficial ef-
fects in two pilot studies. In a double-blind,
randomised, placebo-controlled, parallel-group
study, 70 patients with moderate to severe plaque
psoriasis received pioglitazone 15 or 30mg or place-
bo.!'"I After treatment for 10 weeks, the efficacy
was assessed by the Psoriasis Area and Severity
Index (PASI). Pioglitazone was very well tolerated
and was associated with a significant reduction in
median PASI scores (41.1% for 15mg, 47.5% for
30mg) compared with the placebo group (21.6%).
Complete clearance of lesions was observed in 40%
of pioglitazone-treated patients versus 12.5% of pla-
cebo recipients. An open-label study investigated
tolerability and parameters of disease activity during
treatment with pioglitazone in ten patients with ac-
tive psoriatic arthritis.[''?l All patients received pi-
oglitazone 30mg twice daily while continuing their
current NSAID therapy. After 12 weeks, most pa-
tients showed improvement in the study endpoints.
In patients with cutaneous psoriasis affecting at least
2% of their body surface, a mean percentage de-
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crease in PASI of 38% was observed. The occur-
rence of adverse effects such as bodyweight gain
and peripheral oedema seemed to be higher com-
pared with observations in diabetes studies, which
may be because of either the relatively high dose of
pioglitazone or the coadministration of NSAIDs.
Rosiglitazone, another antidiabetic agent of this
group, is currently being investigated in phase III
studies for oral treatment of psoriasis.

Approximately 75-85% of psoriatic patients are
only affected in limited areas and, thus, topical
drugs are often the first choice for therapeutic inter-
vention. To date, small pilot studies have been con-
ducted by Kuenzli and Saurat!''3 to evaluate the
therapeutic efficacy of topically applied PPARq,
PPARS and PPARY activators. Topical administra-
tion of clofibrate at 0.5% twice daily over a period of
3 weeks did not improve plaque psoriasis. Similar
observations have been made with TTA and rosig-
litazone 0.5% applied twice daily to the lesions of
patients with slight-to-moderate chronic plaque
psoriasis. The treatment was well tolerated, with no
skin irritation or adverse drug-related symptoms or
withdrawals. After 30 days, no significant differ-
ence was observed for the reductions in the plaque
PASI scores for total, scale and infiltration between
the vehicle and either PPAR agonists. However, it
should be noted that the drug penetration has not
been evaluated and it is unclear whether the bioavai-
lability of the drugs in the vehicle was optimal.

Genetic factors seem to play a crucial role in
susceptibility to psoriasis. To date, several psoriasis
susceptibility loci have been reported and linked to
the development of psoriasis. Given the beneficial
effects of PPARY agonists in experimental models
of psoriasis and in patients, as well as the decreased
expression of PPARo and PPARY in the lesional
skin of psoriatic patients, it is interesting to specu-
late about a correlation between PPAR polymorph-
isms or gene mutations and this disease. In a recent
case-control study, 192 patients with chronic plaque
psoriasis and 330 healthy individuals were screened
for seven genetic variations of PPARo and
PPARY.!''"l However, no association between the
PPAR variations and psoriasis was found.
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5. PPAR-Independent Mechanisms

The studies discussed in section 4 demonstrate
that the role of PPARSs in cellular mechanisms is
highly complex. The complexity of PPAR research
further increases when it is taken into account that
commonly used PPAR agonists, including eicosa-
noids, WY 14643, 15d-PGJ2 and troglitazone,
among others, may display PPAR-independent ef-
fects on cell activation or metabolism, rendering the
interpretation of the reported observations more dif-
ficult.*+115.116] Evaluation of the effects of rosig-
litazone and linoleic acid on human preadipocyte
differentiation has demonstrated that the PPAR ago-
nists may exert their effects via different biochemi-
cal pathways.!"!”! Furthermore, it has been reported
that the involvement of PPAR« in the molecular
signalling of RXR activators depends on the target
organ.!''81 Another recent study revealed a novel
mechanism for RXR homodimer signalling in vivo,
which also has important consequences for
PPARs.IM1 Interestingly, RXR homodimers were
found to bind selectively to functional PPREs via
specific coactivator recruitment, and to induce tran-
sactivation irrespective of the presence of PPAR. It
has been previously demonstrated that mice lacking
functional PPARa show elevated levels of plasma
free fatty acids, as well as hypoglycaemia, hypoket-
onaemia and hypothermia.['>) However, adminis-
tration of alitretinoin (9-cis retinoic acid) 5 days
before fasting enabled the mice to maintain their
body temperature.l''”! Thus, RXR homodimers
might be able to compensate, at least in part, for the
lack of function of PPARc. In addition, retinoic acid
has been shown to bind PPARS with nanomolar
affinity and efficiently activates PPARS-mediated
transcription, while no activation of PPARo and
PPARY was observed.[!?!]

As mentioned in section 2.3, PPARY null mice
die in utero and, consequently, it is not yet possible
to show conclusively whether all of the reported
effects are actually mediated by PPARY-dependent
processes. However, studies using PPARY heterozy-
gous mice or mice with specific tissue PPARYy defi-
ciencies are helpful for the evaluation of these ef-
fects. When natural or synthetic activators of PPAR
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subtypes are used as the only experimental approach
to evaluate the influence of PPARs on biological
processes, receptor-independent effects of the chem-
ical agents need to be considered.

6. Conclusion

Since their discovery, it has been possible to
establish that PPARs have important roles in regu-
lating various molecular and cellular mechanisms in
the skin. The development of more specific and
potent agonists and antagonists for each PPAR sub-
type may help to elucidate their signalling mecha-
nisms and biological effects in the future. The prom-
ising results from clinical trials with thiazolidine-
diones in the systemic treatment of psoriasis suggest
that these drugs may become an established part of
the future management of psoriatic patients. Al-
though no clinical studies with PPAR ligands for
other dermatological diseases have been reported so
far, ligands that mediate their effects through PPAR-
dependent processes, such as linoleic acid, could
also have beneficial therapeutic effects in other skin
diseases such as acne, atopic and contact dermatitis,
and pigmentary disorders. However, it remains to be
determined whether PPARs are a suitable target for
the treatment of skin diseases and, more important-
ly, whether their ligands show improved efficacy
and fewer adverse effects than established NR
ligands such as retinoids, vitamin D analogues and,
particularly, glucocorticoids.
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