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Introduction

The PPARs belong to a subfamily of nuclear hormone receptors 
compromising three different isoforms of PPARs termed PPARα, 
PPARβ/δ and PPARγ.1 These subtypes are encoded by separated 
genes, exhibit different tissue distribution and functions and, to 
some extent, different ligand specificities.2 After ligand bind-
ing, PPARs can regulate gene expression by binding to peroxi-
some proliferator response elements (PPRE) in target genes as 
heterodimers with the retinoid X receptors (RXR).3 Activation 
of the PPARs have been shown to play an important role in the 
regulation of energy homeostasis by modulating glucose and 
lipid metabolism and transport.4 Moreover recent studies have 
demonstrated that PPARs regulate important cellular functions 
in the skin and other organs, including inflammation, immune 
responses, cell proliferation, cell differentiation and apoptosis. 
Knowing that several of the most common skin diseases (i.e., 
psoriasis and atopic dermatitis) are characterized by a spectrum 
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Since their discovery it has become clear that peroxisome 
proliferator-activated receptors (PPARs) are ligand-activated 
transcription factors involved in the genetic regulation of the 
lipid metabolism and energy homoeostasis. Subsequently, 
accumulating evidence suggests a role of PPARs in genomic 
pathways including the regulation of cell growth, apoptosis 
and differentiation. These findings indicate that PPARs 
and PPAR agonists play an important role in inflammatory 
responses and tumor promotion. Because of their diverse 
biologic activities on keratinocytes and other skin cells, PPARs 
represent a major research target for the understanding and 
treatment of many skin pathologies, such as hyperproliferative 
and inflammatory diseases. Overmore recent clinical trials 
identified PPARs as promising drug targets for the prevention 
and treatment of various diseases in the field of dermatology. 
The present review summarizes the current knowledge of PPAR 
functions in various skin disorders particularly those involving 
inflammation and epidermal hyperproliferation (i.e., psoriasis, 
atopic dermatitis, acne, scleroderma, skin malignancies).
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of abnormalities, including abnormal keratinocyte differentia-
tion, epidermal hyperplasia, inflammation and defects in perme-
abilitiy barrier function, PPARs and their corresponding ligands 
are potential targets in treating various skin diseases.5,6

Inflammation and Wound Healing

During embryonic development, the epidermis evolves from a 
single layer of epithelial cells to a fully stratified and differen-
tiated epithelium. After birth, progenitor undifferentiated kera-
tinocytes undergoing a vectorial differentiation continuously 
migrate from the basal to the uppermost layer. Keratinocyte 
differentiation is a complex, sequential process including the 
sequential expression of structural proteins (keratins, involucrin, 
loricrin and filaggrin), the processing and reorganization of lipids 
(sphingolipids, free fatty acids and cholesterol) and finally, cell 
death.7 This important process leads after an injury to the cover-
ing of the wounded area with a newly differentiated protective 
epidermis. Wound healing has traditionally been divided into 
three distinct phases: the initial inflammatory stage of repair is 
followed by the proliferation and migration of keratinocytes, and 
a process called remodeling.8,9

Ultraviolet B (UVB) irradiation led to a decrease of all three 
peroxisome proliferator-activated receptor subsets at the mRNA 
level, which may be consistent to a exaggerated and prolonged 
inflammation. Kippenberger et al. showed that topically applied 
PPARα agonists increased the minimal erythema dose in UVB-
irradiated skin.10 Topical or systemic application of PPARα 
activators or compounds that positively regulate PPARα gene 
expression may therefore help to counteract exaggerated inflam-
matory processes. Further investigations have to show in how far 
a prophylactic treatment with PPAR activators before sunbathing 
may help to reduce the adverse effects of UVB.

After injury the expression of PPARα and PPARβ/δ, but not 
of PPARγ, is upregulated in keratinocytes at the wound edge 
of damaged skin. While the expression of PPARα is transiently 
upregulated during the early inflammatory phase of healing, that 
of PPARβ/δ remains expressed until completion of the healing 
process.11 The expression of PPARβ/δ is increased via binding 
of the activator protein-1 (AP-1) transcription factor complex to 
its promotor, triggered by the activation of the stress associated 
protein kinase pathway by pro-inflammatory cytokines, such as 
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primary keratinocyte abnormalities may underlie the pathogen-
esis of this skin disorder in many patients. Among others PPARs 
reduce certain inflammatory mediators in the skin and regulate 
epidermal barrier homeostasis, alterations of which contribute to 
the inflammation associated with AD. It has been shown that 
PPAR ligands inhibit T helper cell (T

H
) responses in terms of 

inhibition of IL-2 production by T cell clones, while not inhibit-
ing proliferation of such clones.24 Especially PPARγ play a critical 
role in the regulation of genes that are involved in cellular pro-
liferation, specific components of the T

H
2 inflammatory path-

way and maintenance of the skin barrier.20 This suggestion was 
supported by the observation that the PPARγ ligand ciglitazone 
inhibits allergic immune response by inhibiting T

H
2-driven IgE 

production and also production of (pro)inflammatory cytokines 
of the T

H
 response in vitro and in vivo.25 Recent analysis of AD 

skin lesions show increased PPARγ expression not only in kerati-
nocytes, but also in infiltrating T cells and monocytes.26 The same 
group demonstrated that systemic applicated ciglitazone inhibits 
not only systemic but also local inflammatory immune response 
in the skin by diminishing the severity of allergen-induced der-
matitis.27 Systemic treatment with the PPARγ agonist rosigli-
tazone, an other member of the TZDs, let to a decreased total 
body surface area involvement, severity of lesions and number of 
flares in patients with severe AD.28 Beside this topical treatment 
with a PPARα agonist had a beneficial effect for childhood atopic 
dermatitis allowing to spare dermocorticoids and improving the 
quality of life.29

Acne

The pathophysiology of acne centers on the interplay of 
follicular hyperkeratinization, inflammation induced by 
Propionibacterium acnes and the production of sebum that 
serves as a nutrient source for bacteria.30-32 Because of the 
many similarities that exist between adipogenesis and seba-
ceous lipogenesis PPARs may be important in the regulation 
of human sebum production and the development of acne.33-35 
Studies in sebocytes and human sebaceous glands indicate that 
PPAR agonists alter sebaceous lipid production.36 In addition 
to this, PPAR regulation can modulate the tissue inflammation 
in acne lesions by inhibiting the expression of proinflamma-
tory genes.37,38 Recent evidence indicates a role for lipoxygenase 
products, such as leukotrienes B

4
 (LTB

4
), in the development 

of inflammatory acne lesions.39,40 Interestingly, LTB
4
 is also 

a natural ligand for peroxisome proliferator-activated recep-
tor PPARα.38,41 Recently Zouboulis reported that systemic 
treatment with the lipoxygenase inhibitor Zileuton reduces 
the inflammatory lesions in acne patients with the concomi-
tant decrease of sebum hydroperoxides amount, indicat-
ing that these compounds have a role in the pathogenesis of 
acne exerting proinflammatory activity on the pilosebaceous 
unit.42 Zileuton inhibited sebum synthesis to a similar level 
with that of low-dose isotretinoin.43 The exact mechanism 
is still unknown. However in agreement with the ability of 
Zileuton to inhibit LTB

4
 formation, an effect on PPARs can 

be implicated.42

tumor necrosis factor-α (TNFα) and interferon-γ.12 The release of 
pro-inflammatory cytokines triggers the production of PPARβ/δ 
ligands, leading to an increase in keratinocyte PPARβ/δ tran-
scriptional activity in wounded epithelium. Once epithelization 
is completed, TNFα-induced PPARβ/δ expression is repressed 
by transforming growth factor-β1 (TGFβ1) signaling, which 
inhibits AP-1 binding to the PPARβ/δ promoter.13 In summary, 
PPARα and PPARβ/δ appear to be key mediators of epidermal 
effects in wound healing by converting the extracellular inflam-
matory signal into an organized pattern of gene expression, lead-
ing to survival, migration and differentiation of keratinocytes.14

Psoriasis

Knowing that psoriasis is an inflammatory skin disorder char-
acterized by epidermal hyperproliferation and abnormal dif-
ferentiation of keratinocytes, PPARs may be interesting targets 
for treatment. In psoriatic skin expression of both PPARα and 
PPARγ is decreased, whereas PPARβ/δ expression is increased.15,16 
This increase of the PPARβ/δ expression is probably due to pro-
inflammatory signals, a condition reminiscent of that following 
skin injury. Interleukin (IL)1- and STAT3-related signaling was 
identified to be regulated by this activation of PPARβ/δ in the 
epidermis.17 In addition to the increased PPARβ/δ expression 
levels, numerous lipid molecules, such as lipoxygenase products, 
which are potent activators of PPARs in human keratinocytes, 
accumulate in the psoriactic lesions.18 Overmore the activation 
of PPARβ/δ in the epidermis was shown to be sufficient to trig-
ger inflammatory changes, immune activation and gene dysregu-
lation characteristic of psoriasis.17 Studies in a mouse model of 
hyperproliferative skin disease have shown that topical adminis-
tration of PPARγ ligands reduced epidermal hyperplasia and that 
the treatment had no effect on normal skin.19 Pilot studies with 
psoriatic patients showed that PPARα (clofibrate), PPARβ (tet-
radecylthioacetic acid) and PPARγ (rosiglitazone) agonists did 
not normalize skin homeostasis when topically applied on plaque 
psoriasis.20 Interestingly in patients suffering from chronic, stable 
plaque psoriasis orally administrated thiazolidinediones (TZDs), 
a group of synthetic PPARγ ligands licensed as insulin-sensitiz-
ing drugs, showed a therapeutic benefit.16,21,22 These observations 
indicate that systemic, but not local activation of PPARγ is ben-
eficial. The exact mechanism of this is still unknown since Mao 
et al. showed that PPARγ-activated keratinocyte differentiation 
and decreased cutaneous inflammation by TZDs is not depen-
dent on PPARγ in keratinocytes.23 Although all PPAR isotypes 
act to various degrees on the pathogenic factors for psoriasis, it 
is not presently possible to distinguish an isotype that would be 
most useful in the treatment of psoriasis. In summary PPARβ/δ 
seems to be of particular importance, as judged by in vitro and 
in vivo studies, while PPARγ seems to be important clinically, as 
oral administration has been reported to improve psoriasis.

Atopic Dermatitis

It was long thought that atopic dermatitis (AD) is solely attrib-
utable to immunological defects. Evidence is accumulating that 
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agonists reduced the adverse effects of UVB.66 These observa-
tions suggest that PPARα ligands may have chemoprophylactic 
properties in the prevention of early stages of cancer or its precur-
sor lesions such as actinic keratosis (AK).64,67

Other experimental studies showed that PPAR ligands are 
potent inhibitors of tumor-induced angiogenesis, a process that 
leads to the formation of new blood vessels, which is a prerequi-
site for tumor growth, invasion and metastasis of cancer.68-70 In a 
clinical trial, the incidence of AK and, to a lesser extent, NMSC 
decreased significantly in high-risk patients who were on a low-
fat diet compared to those on normal diets.71 Because fatty acids 
are common activators of PPARs, these proteins may provide the 
missing molecular link between high-fat diets and nutritionally 
sensitive cancers. More studies are warranted to investigate the 
mechanisms by which PPARs affect skin carcinogenesis and how 
oraly administrated PPAR agonists (in the form of natural fatty 
acids or synthetic drugs) can influence NMSC development.

Melanoma

Over the past three decades the incidence of malignant mela-
noma has significantly rised worldwide as a consequence of 
excessive exposure to sunlight.72,73 Despite advancements in early 
diagnosis and treatment, metastasized malignant melanoma has 
a very poor prognosis.74 One reason could be that molecular 
mechanisms involved in skin repair, skin carcinogenesis and mel-
anoma growth are still poorly understood. So far there are only 
little available therapies for metastatic melanoma. In addition to 
active prevention and early detection of melanomas, it appears 
necessary to develop new therapeutic substances to improve the 
outcome of patients with metastatic melanoma.

In addition to NMSC, evidence is accumulating that PPAR 
ligands also had mild antiproliferative effects in melanocytes 
and human melanoma cells.75-78 Whether this inhibition of cell 
proliferation is induced by apoptosis or through specific PPAR-
dependent pathways is not clear. Correlating to the antiprolif-
erative effects, the vitamin D receptor (VDR) expression was 
increased in the melanoma cell line MeWo by some PPAR ligands 
at the same time-point.78 This gave an indication of an intercon-
nection of the PPAR and VDR signaling pathways at the level of 
cross-regulation of their respective transcription factor mRNA 
levels. The complete mechanisms and the physiological and 
pathophysiological relevance of this cross-talk are not yet known, 
but may open new perspectives for treatment and/or prevention 
of melanoma.

In addition to the observed antiproliferative effects, PPARα 
activation by fenofibrate, a lipid-lowering drug, caused inhibition 
of migration and anchorage-independent growth both in B16F10 
mouse melanoma cells and in human SkMel188 cells in vitro.79 
In Bomirski hamsters with melanoma subcutaneous tumors oral 
administration of fenofibrate led to significantly fewer metastatic 
foci in the lungs.80 However, primary tumor growth remained 
unaltered. In clinical trials significantly fewer melanoma were 
diagnosed in patients treated with lipid-lowering drugs (i.e., gemfi-
brozil) compared with the control group.81 Nevertheless a recently 
published metaanalysis could not confirm this observation.82

Scleroderma

The hallmark of systemic sclerosis is the excessive collagen accu-
mulation in the skin and the lungs leading to organ dysfunc-
tion, failure and death.44 The pathogenesis of fibrosis remains 
incompletely understood.45 Recently the paradigm that inflam-
mation leads to fibrosis has been supplanted by the concept that 
inflammation and fibrosis may be independent of each other.46,47 
Therefore the focus on developing new treatments for fibrosis 
has shifted to target both the anti-inflammatory and fibrogenic 
process. It has been recognized that PPARγ agonists have anti-
fibrotic properties too, characterized by inhibition of pulmo-
nary myofibroblast differentiation and collagen production als 
through mechanisms other than direct targeting of PPARγ.48,49 
This effects were in part induced by transforming growth factor 
(TGF)β, leading to an activation of fibroblasts with increased 
collagen production, expression of cell surface receptors for 
growth factors, secretion of cytokines and chemokines, resis-
tance to apoptosis induction and myofibroblast differentia-
tion.50 Deletion of PPARγ resulted in enhanced susceptibility to 
bleomycin-induced skin fibrosis, as indicated by increases in all 
measures of skin fibrosis and enhanced sensitivity of fibroblasts 
to TGFβ in PPARγ-deficient mice.51 In a murine model of subcu-
taneous bleomycin-induced scleroderma systemic administration 
of the PPARγ agonist rosiglitazone inhibited early inflammation 
responses and abrogated skin fibrosis, local collagen accumula-
tion, lipoatrophy and reduced tissue accumulation of myofibro-
blasts.52 In vitro rosiglitazone reduced PPARγ expression and 
alleviated the persistent fibrotic phenotype of skin scleroderma 
fibroblasts and may be therefore considered as a possible new 
treatment for scleroderma.53

Non-Melanoma Skin Cancer (NMSC)

As discussed above, studies have shown that PPAR activation 
can regulate proliferation and differentiation of different cell 
types and therefore induce growth arrest and apoptosis in a vari-
ety of cancer types.54-56 Selective ablation of RXRα and PPARγ 
in keratinocytes of mice was shown to enhance DMBA/TPA-
induced epidermal tumorigenesis.57 RXRα/PPARγ heterodimers 
most probably mediate epidermal tumor suppression. Beside this 
PPAR ligands have anti-inflammatory properties and inhibit 
angiogenesis.58 The contribution of arachidonic acid metabolites 
to PPAR activation, in particular, LTB

4
 for PPARα and pros-

taglandin J2 for PPARγ, suggest the relevance of PPARs in the 
regulation of inflammation.41,59 Moreover, PPAR activators may 
directly downregulate or inhibit cyclooxygenase-2 (COX-2) 
expression which is increased in cutaneous squamous cell carci-
noma (SCC).60-62 The therapeutic potential of the link between 
COX-2 and the PPARs may be used to inhibit UV-induced skin 
tumor progression.63 Moreover, the combination of PPAR ago-
nists and COX inhibitors may have synergistic effects.64 In the 
skin, PPAR anti-inflammatory response which may affect antitu-
mor immune response has been confirmed by observations that 
showed that the use of these activators increased the minimal 
erythema dose.65 In a mouse model topical application of PPARα 
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marker for response to biomodulatory stroma-targeted therapy. 
Regarding primary melanoma, COX-2 expression indicates an 
increased risk of tumor recurrence.

In order to circumvent the side-effect of chemotherapeutic 
drugs Wang et al. synthesized a conjugate of the PPAR ligand 
DHA and the anticancer agent doxorubicin, which deliver the 
chemotherapeutic agent specifically to tumor tissue.89 In vitro 
and in experimental animal tumor models the created DHA-
doxorubicin conjugate was significantly more efficacious than 
free doxorubicin. An other group analysed in a recently published 
phase I study the maximum tolerated dose, dose-limiting tox-
icity and pharmacokinetics of weekly DHA-paclitaxel in resis-
tant solid tumor malignancies.90 DHA-paclitaxel administered 
weekly to a maximum dose of 600 mg/m2 was well-tolerated and 
provided stable disease for 16 weeks in a patient with melanoma. 
In addition to this, compared with the respectively chemothera-
peutic agent alone, the combined conjugates DHA-doxorubicin 
and DHA-paclitaxel were much less toxic.89-91

Taken together, further investigations have to identify which 
PPAR ligands might be a new antimelanoma drug and might 
provide the initial impetus for coming clinical trials in melanoma 
treatment.

Conclusions

PPARs represent a major research target for the understanding 
and treatment of many skin diseases. Meanwhile a large number 
of PPAR ligands (i.e., long-chain fatty acids, thiazolidinediones, 
fibrates) have been identified. Some of them are already registered 
and clinically used for other diseases. Knowing that the route 
from identification to registration of drugs is long and expen-
sive, drugs already registrated for the treatment of one disease 
but potentially effective for others are of high interest. The pres-
ent review summerizes potential pharmaceutical targets to use 
PPAR ligands in the field of dermatology. Further in vitro and 
vivo studies followed by clinical trials are needed to validate the 
possible role of PPAR ligands to improve treatment of various 
dermatologic diseases.

Studies with thiazolidinediones (PPARγ ligands) demon-
strated inhibition of colony forming by arresting melanoma cells 
in the G

1
 phase, leading to inhibition of tumorigenesis in nude 

mice.83 Especially for ciglitazone the antiproliferative effects were 
mediated by cell cycle arrest through a PPARγ-dependent path-
way at low concentrations. At higher concentrations a major part 
of the antitumoral activity is mediated through the induction of 
apoptosis independently of PPARγ.58,77

In addition to the synthetic PPAR ligands it has been shown 
that naturally PPAR agonists like fatty acids inhibit melanoma 
cells. Especially dietary ω-3 polyunsaturated fatty acids (PUFA) 
like for example eicosapentaenoic acid (EPA) and docosahexae-
noic acid (DHA) have shown to decrease the COX-2 mRNA 
expression and in consequence invasion in brain-metastatic 
melanoma, whereas ω-6 PUFA such as arachidonic acid promote 
the growth of tumor cells.84 Cario-André suggested that an ω-6 
PUFA rich-diet may increase oxidative damage in melanocytes 
without inducing apoptosis, the long-term net outcome could 
be cumulated mutations and an increased risk of skin cancer, 
especially melanoma, whereas ω-3 PUFA are rather protective.85 
Although the relationship between dietary ω-3 PUFA and car-
cinogenic risk factors is inconclusive, the evidence suggests that 
increasing dietary ω-3 PUFA is beneficial.84

First clinical studies using PPAR ligands as a supplementary 
agent in melanoma treatment show promising results. A com-
bined treatment with PPAR agonists and COX-2 inhibitors seems 
to have not only synergistic effects in NMSC prevention, but may 
also increase the susceptibility of malignant cells to pulsatile che-
motherapy by upregulating proapoptotic cellular mechanisms.86 
Administration of pioglitazone (PPAR ligand) and rofecoxib 
(COX-2 inhibitor) combined with low-dose metronomic trofos-
famide prolonged the progression-free survival of patients with 
treatment-resistant metastatic melanoma compared to treatment 
with trofosfamide alone.87 The same group showed that patients 
with PPARγ-positive metastases and biomodulatory metronomic 
chemotherapy alone or combined with COX-2/PPARγ-targeting 
showed a significantly prolonged progression-free survival.88 In 
metastatic melanoma, PPARγ expression may be a predicitive 

References
1.	 Sher T, Yi HF, McBride OW, Gonzalez FJ. cDNA clon-

ing, chromosomal mapping and functional character-
ization of the human peroxisome proliferator activated 
receptor. Biochemistry 1993; 32:5598-604.

2.	 Escher P, Wahli W. Peroxisome proliferator-activated 
receptors: insight into multiple cellular functions. 
Mutat Res 2000; 448:121-38.

3.	 Kliewer SA, Umesono K, Noonan DJ, Heyman RA, 
Evans RM. Convergence of 9-cis retinoic acid and 
peroxisome proliferator signalling pathways through 
heterodimer formation of their receptors. Nature 1992; 
358:771-4.

4.	 Willson TM, Brown PJ, Sternbach DD, Henke BR. 
The PPARs: from orphan receptors to drug discovery. J 
Med Chem 2000; 43:527-50.

5.	 Boyd AS. Thiazolidinediones in dermatology. Int J 
Dermatol 2007; 46:557-63.

6.	 Sertznig P, Seifert M, Tilgen W, Reichrath J. Peroxisome 
proliferator-activated receptors (PPARs) and the 
human skin: importance of PPARs in skin physiology 
and dermatologic diseases. Am J Clin Dermatol 2008; 
9:15-31.

7.	 Fuchs E, Raghavan S. Getting under the skin of epider-
mal morphogenesis. Nat Rev Genet 2002; 3:199-209.

8.	 Schilling JA. Wound healing. Surg Clin North Am 
1976; 56:859-74.

9.	 Serhan CN, Chiang N. Novel endogenous small mol-
ecules as the checkpoint controllers in inflammation 
and resolution: entrée for resoleomics. Rheum Dis Clin 
North Am 2004; 30:69-95.

10.	 Kippenberger S, Loitsch SM, Grundmann-Kollmann 
M, Simon S, Dang TA, Hardt-Weinett K, et al. 
Activators of peroxisome proliferator-activated recep-
tors protect human skin from ultraviolet-B-light-
induced inflammation. J Invest Dermatol 2001; 
117:1430-6.

11.	 Michalik L, Desvergne B, Tan NS, Basu-Modak S, 
Escher P, Rieusset J, et al. Impaired skin wound healing 
in peroxisome proliferator-activated receptor (PPAR)
alpha and PPARbeta mutant mice. J Cell Biol 2001; 
154:799-814.

12.	 Tan NS, Michalik L, Noy N, Yasmin R, Pacot C, Heim 
M, et al. Critical roles of PPAR beta/delta in kerati-
nocyte response to inflammation. Genes Dev 2001; 
15:3263-77.

13.	 Tan NS, Michalik L, Di-Poi N, Ng CY, Mermod 
N, Roberts AB, et al. Essential role of Smad3 in the 
inhibition of inflammation-induced PPARbeta/delta 
expression. EMBO J 2004 23:4211-21.

14.	 Grose R, Werner S. An aPPARently protective mecha-
nism for keratinocytes in wounded skin. Trends Mol 
Med 2002; 8:149-51.

15.	 Rivier M, Castiel I, Safonova I, Ailhaud G, Michel 
S. Peroxisome proliferator-activated receptor-alpha 
enhances lipid metabolism in a skin equivalent model. 
J Invest Dermatol 2000; 114:681-7.

16.	 Ellis CN, Varani J, Fisher GJ, Zeigler ME, Pershadsingh 
HA, Benson SC, et al. Troglitazone improves psoriasis 
and normalizes models of proliferative skin disease: 
ligands for peroxisome proliferator-activated recep-
tor-gamma inhibit keratinocyte proliferation. Arch 
Dermatol 2000; 136:609-16.

17.	 Romanowska M, Reilly L, Palmer CN, Gustafsson 
MC, Foerster J. Activation of PPARbeta/delta causes 
a psoriatis-like skin disease in vivo. PLoS One 2010; 
5:9701.



134	 Dermato-Endocrinology	V olume 3 Issue 3

57.	 Indra AK, Castaneda E, Antal MC, Jiang M, 
Messaddeq N, Meng X, et al. Malignant transforma-
tion of DMBA/TPA-induced papillomas and nevi in 
the skin of mice selectively lacking retinoid-X-receptor 
a in epidermal keratinocytes. J Invest Dermatol 2007; 
127:1250-60.

58.	 Michalik L, Desvergne B, Wahli W. Peroxisome-
proliferator-activated receptors and cancers: complex 
stories. Nat Rev Cancer 2004; 4:61-70.

59.	 Desvergne B, Wahli W. Peroxisome proliferator-acti-
vated receptors: nuclear control of metabolism. Endocr 
Rev 1999; 20:649-88.

60.	 Staels B, Koenig W, Habib A, Merval R, Lebret M, 
Torra IP, et al. Activation of human aortic smooth-
muscle cells is inhibited by PPARalpha but not by 
PPARgamma activators. Nature 1998; 393:790-3.

61.	 Müller-Decker K, Reinerth G, Krieg P, Zimmermann 
R, Heise H, Bayerl C, et al. Prostaglandin-H-synthase 
isozyme expression in normal and neoplastic human 
skin. Int J Cancer 1999; 82:648-56.

62.	 Nijsten T, Colpaert CG, Vermeulen PB, Harris AL, 
Van Marck E, Lambert J. Cyclooxygenase-2 expression 
and angiogenesis in squamous cell carcinoma of the 
skin and its precursors: a paired immunohistochemical 
study of 35 cases. Br J Dermatol 2004; 151:837-45.

63.	 Bility MT, Zhu B, Kang BH, Gonzalez FJ, Peters JM. 
Ligand activation of peroxisome proliferator-activated 
receptor-beta/delta and inhibition of cyclooxygenase-2 
enhances inhibition of skin tumorigenesis. Toxicol Sci 
2010; 113:27-36.

64.	 Nijsten T, Geluyckens E, Colpaert C, Lambert J. 
Peroxisome proliferator-activated receptors in squa-
mous cell carcinoma and its precursors. J Cutan Pathol 
2005; 32:340-7.

65.	 Kippenberger S, Loitsch SM, Grundmann-Kollmann 
M, Simon S, Dang TA, Hardt-Weinelt K, et al. 
Activators of peroxisome proliferator-activated recep-
tors protect human skin from ultraviolet-B-light-
induced inflammation. J Invest Dermatol 2001; 
117:1430-6.

66.	 Thuillier P, Anchiraico GJ, Nickel KP, Maldve RE, 
Gimenez-Conti I, Muga SJ, et al. Activators of peroxi-
some proliferator- activated receptor-alpha partially 
inhibit mouse skin tumor promotion. Mol Carcinog 
2000; 29:134-42.

67.	 Kopelovich L, Fay JR, Glazer RI, Crowell JA. 
Peroxisome proliferator-activated receptor modulators 
as potential chemopreventive agents. Mol Cancer Ther 
2002; 1:357-63.

68.	 Xin X, Yang S, Kowalski J, Gerritsen ME. Peroxisome 
proliferator-activated receptor gamma ligands are 
potent inhibitors of angiogenesis in vitro and in vivo. J 
Biol Chem 1999; 274:9116-21.

69.	 Panigrahy D, Singer S, Shen LQ, Butterfield CE, 
Freedman DA, Chen EJ, et al. PPARgamma ligands 
inhibit primary tumor growth and metastasis by inhib-
iting angiogenesis. J Clin Invest 2002; 110:923-32.

70.	 Fauconnet S, Lascombe I, Chabannes E, Adessi GL, 
Desvergne B, Wahli W, Bittard H. Differential regula-
tion of vascular endothelial growth factor expression by 
peroxisome proliferator-activated receptors in bladder 
cancer cells. J Biol Chem 2002; 277:23534-43.

71.	 Black HS, Herd JA, Goldberg LH, Wolf JE Jr, 
Thomby JI, Rosen T, et al. Effect of a low-fat diet on 
the incidence of actinic keratosis. N Engl J Med 1994; 
330:1272-5.

72.	 Berwick M, Wiggins C. The current epidemiology of 
cutaneous malignant melanoma. Front Biosci 2006; 
11:1244-54.

73.	 Garbe C, Eigentler TK. Diagnosis and treatment of 
cutaneous melanoma: state of the art 2006. Melanoma 
Res 2007; 17:117-27.

74.	 Eigentler TK, Caroli UM, Radny P, Garbe C. Palliative 
therapy of disseminated malignant melanoma: a sys-
tematic review of 41 randomised clinical trials. Lancet 
Oncol 2003; 4:748-59.

38.	 Delerive P, Fruchart JC, Staels B. Peroxisome prolif-
erator-activated receptors in inflammation control. J 
Endocrinol 2001; 169:453-9.

39.	 Zouboulis CC, Nestoris S, Adler YD, Orth M, Orfanos 
CE, Picardo M, et al. A new concept for acne therapy: a 
pilot study with zileuton, an oral 5-lipoxygenase inhibi-
tor. Arch Dermatol 2003; 139:668-70.

40.	 Alestas T, Ganceviciene R, Fimmel S, Müller-Decker K, 
Zouboulis CC. Enzymes involved in the biosynthesis 
of leukotriene B4 and prostaglandin E2 are active in 
sebaceous glands. J Mol Med 2006; 84:75-87.

41.	 Devchand PR, Keller H, Peters JM, Vazquez M, 
Gonzalez FJ, Wahli W. The PPARalpha-leukotriene 
B4 pathway to inflammation control. Nature 1996; 
384:39-43.

42.	 Zouboulis CC. Zileuton, a new efficient and safe 
systemic anti-acne drug. Dermatoendocrinol 2009; 
1:188-92.

43.	 Zouboulis ChC, Saborowski A, Boschnakow A. 
Zileuton, an oral 5-lipoxygenase inhibitor, direct-
ly reduces sebum production. Dermatology 2005; 
210:36-8.

44.	 Jimenez SA, Derk CT. Following the molecular path-
ways toward an understanding of the pathogenesis of 
systemic sclerosis. Ann Intern Med 2004; 140:37-50.

45.	 Varga J, Abraham D. Systemic sclerosis: a proto-
typic multisystem fibrotic disorder. J Clin Invest 2007; 
117:557-67.

46.	 Selman M, King TE, Pardo A. Idiopathic pulmonary 
fibrosis: prevailing and evolving hypotheses about its 
pathogenesis and implications for therapy. Ann Intern 
Med 2001; 134:136-51.

47.	 Thannickal VJ, Toews GB, White ES, Lynch JP, 3rd, 
Martinez FJ. Mechanisms of pulmonary fibrosis. Annu 
Rev Med 2004; 55:395-417.

48.	 Burgess HA, Daugherty LE, Thatcher TH, Lakatos HF, 
Ray DM, Redonnet M, et al. PPARgamma agonists 
inhibit TGF beta induced pulmonary myofibroblasts 
differentiation and collagen production: implications 
for therapy of lung fibrosis. Am J Physiol Lung Cell 
Mol Physiol 2005; 288:1146-53.

49.	 Duan SZ, Usher MG, Mortensen RM. Peroxisome 
proliferator-activated receptor-gamma-mediated effects 
in the vasculature. Circ Res 2008; 102:283-94.

50.	 Abraham DJ, Eckes B, Rajkumar V, Krieg T. New 
developments in fibroblast and myofibroblast biol-
ogy: implications for fibrosis and scleroderma. Curr 
Rheumatol Rep 2007; 9:136-43.

51.	 Kapoor M, McCann M, Liu S, Huh K, Denton CP, 
Abraham DJ, Leask A. Loss of peroxisome proliferator-
activated receptor gamma in mouse fibroblasts results 
in increased susceptibility to bleomycin-induced skin 
fibrosis. Arthritis Rheum 2009; 60:2822-9.

52.	 Wu M, Melichian DS, Chang E, Warner-Blankenship 
M, Ghosh AK, Varga J. Rosiglitazone abrogates bleo-
mycin-induced scleroderma and blocks profibrotic 
responses through peroxisome proliferator-activated 
receptor-gamma. Am J Pathol 2009; 174:519-33.

53.	 Shi-wen X, Eastwood M, Stratton RJ, Denton CP, 
Leask A, Abraham DJ. Rosiglitazone alleviates the per-
sistent fibrotic phenotype of lesional skin scleroderma 
fibroblasts. Rheumatology 2010; 49:259-63.

54.	 Grommes C, Landreth GE, Heneka MT. Antineoplastic 
effects of peroxisome proliferator-activated receptor 
gamma agonists. Lancet Oncol 2004; 5:419-29.

55.	 Michalik L, Auwerx J, Berger JP, Chatterjee VK, 
Glass CK, Gonzalez FJ, et al. International Union of 
Pharmacology LXI. Peroxisome proliferator-activated 
receptors. Pharmacol Rev 2006; 58:726-41.

56.	 Sertznig P, Seifert M, Tilgen W, Reichrath J. Present 
concepts and future outlook: function of peroxisome 
proliferator-activated receptors (PPARs) for pathogen-
esis, progression and therapy of cancer. J Cell Physiol 
2007; 212:1-12.

18.	 Westergaard M, Henningsen J, Johansen C, Rasmussen 
S, Svendsen ML, Jensen UB, et al. Expression and 
localization of peroxisome proliferator-activated recep-
tors and nuclear factor kappaB in normal and lesional 
psoriatic skin. J Invest Dermatol 2003; 121:1104-17.

19.	 Demerjian M, Man MQ, Choi EH, Brown BE, 
Crumrine D, Chang S, et al. Topical treatment with 
thiazolidinediones, activators of peroxisome prolifer-
ator-activated receptor-gamma, normalizes epidermal 
homeostasis in a murine hyperproliferative disease 
model. Exp Dermatol 2006; 15:154-60.

20.	 Kuenzli S, Saurat JH. Effect of topical PPARbeta/delta 
and PPARgamma agonists on plaque psoriasis. A pilot 
study 2003; 206:252-6.

21.	 Pershadsingh HA, Sproul JA, Benjamin E, Finnegan 
J, Amin NM. Treatment of psoriasis with troglitazone 
therapy. Arch Dermatol 1998; 134:1304-5.

22.	 Robertshaw H, Friedmann PS. Pioglitazone: a prom-
ising therapy for psoriasis. Br J Dermatol 2005; 
152:189-91.

23.	 Mao-Qiang M, Fowler AJ, Schmuth M, Lau P, Chang 
S, Brown BE, et al. Peroxisome-proliferator-activated 
receptor (PPAR)-gamma activation stimulates kera-
tinocyte differentiation. J Invest Dermatol 2004; 
123:305-12.

24.	 Clark RB, Bishop-Bailey D, Estrada-Hernandez T, 
Hla T, Puddington L, Padula SJ. The nuclear receptor 
PPARgamma and immunoregulation: PPARgamma 
mediates inhibition of helper T cell responses. J 
Immunol 2000; 164:1364-71.

25.	 Rühl R, Dahten A, Schweigert FJ, Herz U, Worm M. 
Inhibition of IgE-production by peroxisome prolifera-
tor-activated receptor ligands. J Invest Dermatol 2003; 
121:757-64.

26.	 Dahten A, Mergemeier S, Worm M. PPARgamma 
expression profile and its cytokine driven regulation in 
atopic dermatitis. Allergy 2007; 62:926-33.

27.	 Dahten A, Koch C, Ernst D, Schnöller C, Hartmann 
S, Worm M. Systemic PPARgamma ligation inhibits 
allergic immune response in the skin. J Invest Dermatol 
2008; 182:2211-8.

28.	 Behshad R, Cooper KD, Korman NJ. A retrospective 
case series review of the peroxisome proliferator-
activated receptor ligand rosiglitazone in the treatment 
of atopic dermatitis. Arch Dermatol 2008; 144:84-8.

29.	 De Belilovsky C, Roo-Rodriguez E, Baudouin C, 
Menu F, Chadoutaud B, Msika P. Natural peroxisome 
proliferator-activated receptor-alpha agonist cream 
demonstrates similiar therapeutic response to topical 
steroids in atopic dermatitis. J Dermatolog Treat 2010; 
In press.

30.	 Zouboulis CC. Is acne vulgaris a genuine inflammatory 
disease? Dermatology 2001; 203:277-9.

31.	 Zouboulis CC. Acne and sebaceous gland function. 
Clin Dermatol 2004; 22:360-6.

32.	 Zouboulis CC, Degitz K. Androgen action on human 
skin—from basic research to clinical significance. Exp 
Dermatol 2004; 13:5-10.

33.	 Rosenfield RL, Deplewski D, Greene ME. Peroxisome 
proliferator-activated receptors and skin development. 
Horm Res 2000; 54:269-74.

34.	 Kim MJ, Deplewski D, Ciletti N, Michel S, Reichert 
U, Rosenfield RL. Limited cooperation between per-
oxisome proliferator-activated receptors and retinoid X 
receptor agonists in sebocyte growth and development. 
Mol Genet Metab 2001; 74:362-9.

35.	 Zouboulis CC, Eady A, Philpott M, Goldsmith LA, 
Orfanos C, Cunliffe WC, Rosenfield R. What is the 
pathogenesis of acne? Exp Dermatol 2005; 14:143-52.

36.	 Trivedi NR, Cong Z, Nelson AM, Albert AJ, Rosamilia 
LL, Sivarajah S, et al. Peroxisome proliferator-activated 
receptors increase human sebum production. J Invest 
Dermatol 2006; 126:2002-9.

37.	 Lin Q, Ruuska SE, Shaw NS, Dong D, Noy N. Ligand 
selectivity of the peroxisome proliferator-activated 
receptor alpha. Biochemistry 1999; 38:185-90.



www.landesbioscience.com	 Dermato-Endocrinology	 135

87.	 Reichle A, Vogt T, Coras B, Terheyden P, Neuber K, 
Trefzer U, et al. Targeted combined anti-inflammatory 
and angiostatic therapy in advanced melanoma: a ran-
domized phase II trial. Melanoma Res 2007; 17:360-4.

88.	 Meyer S, Vogt T, Landthaler M, Berand A, Reichle 
A, Bataille F, et al. Cyclooxygenase 2 (COX2) and 
Peroxisome Proliferator-Activated Receptor Gamma 
(PPARG) Are Stage-Dependent Prognostic Markers of 
Malignant Melanoma. PPAR Res 2009; 848645.

89.	 Wang Y, Li L, Jiang W, Yang Z, Zhang Z. Synthesis and 
preliminary antitumor activity evaluation of a DHA 
and doxorubicin conjugate. Bioorg Med Chem Lett 
2006; 16:2974-7.

90.	 Fracasso PM, Picus J, Wildi JD, Goodner SA, 
Creekmore AN, Gao F, et al. Phase 1 and pharmacoki-
netic study of weekly docosahexaenoic acid-paclitaxel, 
Taxoprexin, in resistant solid tumor malignancies. 
Cancer Chemother Pharmacol 2009; 63:451-8.

91.	 Bradley MO, Webb NL, Anthony FH, Devanesan P, 
Witman PA, Hemamalini S, et al. Tumor targeting by 
covalent conjugation of a natural fatty acid to pacli-
taxel. Clin Cancer Res 2001; 7:3229-38.

82.	 Freeman SR, Drake AL, Heilig LF, Graber M, McNealy 
K, Schilling LM, Dellavalle RP. Statins, fibrates and 
melanoma risk: a systematic review and meta-analysis. 
J Natl Cancer Inst 2006; 98:1538-46.

83.	 Liu Y, Meng Y, Li H, Li J, Fu J, Liu Y, et al. Growth 
inhibition and differentiation induced by peroxisome 
proliferator activated receptor gamma ligand rosigli-
tazone in human melanoma cell line A375. Med Oncol 
2006; 23:393-402.

84.	 Denkins Y, Kempf D, Ferniz M, Nileshwar S, Marchetti 
D. Role of omega-3 polyunsaturated fatty acids on 
cyclooxygenase-2 metabolism in brain-metastatic mela-
noma. J Lipid Res 2005; 46:1278-84.

85.	 Cario-André M, Briganti S, Picardo M, Nikaido O, 
de Verneuil H, Taïeb A. Polyunsaturated fatty acids 
partially reproduce the role of melanocytes in the epi-
dermal melanin unit. Exp Dermatol 2005; 14:194-201.

86.	 Badawi AF, Eldeen MB, Liu Y, Ross EA, Badr MZ. 
Inhibition of rat mammary gland carcinogenesis by 
simultaneous targeting of cyclooxygenase-2 and peroxi-
some proliferator-activated receptor gamma. Cancer 
Res 2004; 64:1181-9.

75.	 Mössner R, Schulz U, Krüger U, Middel P, Schinner 
S, Füzesi L, et al. Agonists of peroxisome proliferator-
activated receptor gamma inhibit cell growth in malig-
nant melanoma. J Invest Dermatol 2002; 119:576-82.

76.	 Kang HY, Chung E, Lee M, Cho Y, Kang WH. 
Expression and function of peroxisome prolifera-
tor-activated receptors in human melanocytes. Br J 
Dermatol 2004; 150:462-8.

77.	 Botton T, Puissant A, Bahadoran P, Annicotte JS, 
Fajas L, Ortonne JP, et al. In vitro and in vivo anti-
melanoma effects of ciglitazone. J Invest Dermatol 
2009; 129:1208-18.

78.	 Sertznig P, Dunlop T, Seifert M, Tilgen W, Reichrath 
J. Cross-talk between vitamin D receptor (VDR)- and 
peroxisome proliferator-activated receptor (PPAR)-
signaling in melanoma cells. Anticancer Res 2009; 
29:3647-58.

79.	 Grabacka M, Plonka PM, Urbanska K, Reiss K. 
Peroxisome proliferator-activated receptor alpha activa-
tion decreases metastatic potential of melanoma cells in 
vitro via downregulation of Akt. Clin Cancer Res 2006; 
12:3028-36.

80.	 Grabacka M, Placha W, Plonka PM, Pajak S, Urbanska 
K, Laidler P, Slominski A. Inhibition of melanoma 
metastases by fenofibrate. Arch Dermatol Res 2004; 
296:54-8.

81.	 Rubins HB, Robins SJ, Collins D, Fye CL, Anderson 
JW, Elam MB, et al. Gemfibrozil for the secondary 
prevention of coronary heart disease in men with low 
levels of high-density lipoprotein cholesterol. Veterans 
affairs high density lipoprotein cholesterol intervention 
trial study. N Engl J Med 1999; 341:410-8.


