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ABBREVIATIONS 

 

Abca12 ATP-binding cassette A12 

Acer1 Alkaline ceramidase 1 

AD Atopic dermatitis 

Adh7 Alcohol dehydrogenase 7 

Aldh1a Aldehyde dehydrogenase 1a 

ATRA all-trans retinoic acid 

Bco Beta-carotene oxygenase 

Ccl Chemokine (CC-motif) ligand 

Ccr3 Chemokine (CC-motif) receptor 3 

Crabp Cellular retinoic acid binding protein  

CT Threshold cycle 

Cyclo Cyclophilin A 

Cyp26a1 Cytochrome P450 26a1 

Cyp26b1 Cytochrome P450 26b1 

Cyp2s1 Cytochrome P450 2s1 

Dgat Diacylglycerol O-acyltransferase 

e.c. Epicutaneous 

Fabp5 Fatty acid binding protein 5 

Flg Filaggrin 

Gba Glucocerebrosidase 

Hbegf Heparin-binding EGF-like growth factor 

H&E Haematoxylin + eosin 

Hmgcs2 3-Hydroxy-3-methylglutaryl-CoA synthase 2 

HPLC  High performance liquid chromatography 

Ifng Interferon γ 

IL Interleukin 

Ivl Involucrin 

i.p. Intraperitoneal 

Klk Kallikrein 

Krt Keratin 

Lor Loricrin 

Lrat Lecithin-retinol acyltransferase 
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Min Minute 

Mmp9 Matrix metalloproteinase 9 

MS-MS Mass spectrometry – mass spectrometry 

NR Nuclear hormone receptor 

NR4A1 Nuclear receptor family 4, group A, number 1 (NUR77) 

OVA Ovalbumin 

PBS Phosphate-buffered saline 

PPAR Peroxisome proliferator-activated receptor 

qRT-PCR Quantitative real time polymerase chain reaction 

RA Retinoic acid 

RAR Retinoic acid receptor 

Rarres2 Retinoic acid responder 2 

Rbp Retinol binding protein 

Rdh Retinol dehydrogenase  

Rpm Rounds per minute 

RT Room temperature 

RXR Retinoid X receptor 

Sdr16c5 Short chain dehydrogenase / reductase 16C5 

Sec Second 

SEM Standard error of mean 

Spink5 Serine peptidase inhibitor, Kazal-type 5 

SptIc2 Serine palmitoyltransferase  

S100a7a S100 calcium binding protein A7A / Psoriasin 

Tgm Transglutaminase  

Th1 T helper cell 1-type 

Th2 T helper cell 2-type 

TLDA TaqMan
®
 low density array 

Tslp Thymic stromal lymphopoietin 

UDL Under detection limit 

Ugcg UDP-glucose ceramide glucosyltransferase 

VA Vitamin A 
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1 INTRODUCTION 

 

 Retinoids, which comprise endogenous and exogenous vitamin A derivatives, are essential 

for the regulation of several physiological processes of many organs, tissues, and cell types. 

Through their involvement in the regulation of various aspects of skin cell proliferation, 

differentiation, apoptosis, epidermal barrier function, and Th1/Th2 balance (Elias, 1987; Elias 

et al., 1981; Stephensen et al., 2002), retinoids play particular roles in immune-modulatory 

events (Rühl, 2007; Rühl et al., 2004; Rühl et al., 2007), and skin physiology (Roos et al., 

1998). Retinoids exert their functions mainly via the nuclear hormone receptors retinoic acid 

receptors (RAR) α, β, and γ and retinoid X receptors (RXR) α, β, and γ. These are ligand-

dependent transcription factors which, as RAR-RXR heterodimers, regulate the expression of 

multiple genes in skin and various other tissues (Mangelsdorf et al., 1995). Retinoid 

metabolism and concentrations in skin are tightly regulated ensuring sufficient levels of the 

endogenous pan-RAR activator all-trans retinoic acid (ATRA) (Chapellier et al., 2002; Everts 

et al., 2004; Everts et al., 2007). However, alterations in retinoid metabolism, signaling, and 

concentrations have been observed in various dermatoses, such as psoriasis (Saurat, 1999), 

ichthyosis (Mevorah et al., 1996), and atopic dermatitis  (AD) (Mihály et al., 2011). Thereby, 

it remains unclear whether these changes are symptoms or the trigger of such diseases. The 

aim of this work was to determine how topically applied agonists or antagonists selective for 

RARs or RXRs might influence retinoid metabolism and signaling in mouse skin, as well as 

epidermal barrier homeostasis and skin-based immune regulation relevant for skin disorders 

such as AD. Moreover, it was of interest whether the induction of allergic immune responses 

by systemic or combined systemic and topical treatments with ovalbumin (OVA) is able to 

modify retinoid metabolism and retinoid-mediated signaling in the skin of mice and its 

correlation to receptor specific agonist or antagonist treatments of mice. 
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2 THEORETICAL BACKGROUND 

 

2.1 Retinoids  

 

 Vitamin A (VA) is an essential component of the human diet which can not be 

synthesized within the human body. The daily recommended allowance for VA corresponds 

to 0.8 mg for women and 1 mg for men, respectively (e.V., 2008). The term vitamin A (VA) 

designates all compounds that possess qualitatively the biological activity of the VA-alcohol 

retinol, such as retinal, retinyl esters, and various pro-VA carotenoids. Furthermore, the group 

of retinoids comprises several of these natural but also synthetic forms of VA, consisting of 

four isoprenoid units joined in a head-to-tail manner. In fact, the term retinoids designates all 

natural and synthetic compounds exhibiting similar structure and/or effectiveness like retinol 

and therefore also includes retinoic acids (RA) (IUPAC-IUB, 1982; Rühl, 1999).  

 

 Active metabolites of VA, such as RA and retinal, play important roles in several 

physiological processes such as epithelial surface maintenance, immune competence, 

reproduction, and development (Blomhoff, 1994). Moreover, retinoids are commonly used for 

the therapy of various skin disorders like psoriasis, ichthyoses, and particularly acne vulgaris 

(Baron et al., 2008). Acne is the most common human skin disorder which is characterized by 

comedogenesis, increased sebum production, inflammation, and colonization with 

Propionibacterium acne. The RA isomer 13-cis RA (Isotretinoin) is commonly used for acne 

therapy and proved to be effective by normalizing keratinization which prevents 

comedogenesis, by reducing sebum production, and diminishing inflammation (Layton, 2009; 

Saurat, 1997; Thielitz et al., 2006). However, several adverse effects of retinoids are reported 

such as teratogenicity, depression, and mucocutaneous side effects (e.g. cheilitis) rendering 

them a topic of debates (Blasiak et al., 2013; Brelsford and Beute, 2008; Layton, 2009). 

 

2.1.1 Retinoid metabolism  

 

 Retinoids are primarily obtained via the diet as retinyl esters from foods of animal origin, 

such as meat, fish, and dairy products, or they can be generated from plant-derived pro-VA 

carotenoids like β-carotene. Upon ingestion, retinyl esters are hydrolyzed by pancreatic and 

intestinal enzymes into free retinol which is then, together with pro-VA carotenoids, taken up 

by enterocytes (Blomhoff and Blomhoff, 2006). Within enterocytes, centric or eccentric 
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cleavage of pro-VA carotenoids (Glover and Redfearn, 1954; Karrer et al., 1930) is catalyzed 

by the enzymes beta-carotene oxygenase (BCO) 1 and 2 (Kiefer et al., 2001; Redmond et al., 

2001; von Lintig and Vogt, 2000) to generate retinal (or apo-8’-carotenal and other apo-

carotenals) (Goodman and Huang, 1965; Olson and Hayaishi, 1965) which is subsequently 

reduced to retinol (Figure 1) (Li and Tso, 2003). Following, retinol is bound to the cellular 

retinol binding protein 2 (Crbp2) which promotes its re-esterification by the enzymes 

lecithin:retinol acyl transferase (Lrat) (Herr and Ong, 1992) and to a smaller extent by 

diacylglycerol acyltransferase 1 (Dgat) (Wongsiriroj et al., 2008). In fact, Lrat mRNA 

expression is increased in response to high RA levels which is thought to be a feedback 

mechanism (Fisher and Voorhees, 1996; Kurlandsky et al., 1996; Pavez Lorie et al., 2009). 

Upon esterification, retinyl esters together with further lipids (cholesterol, triacylglycerides) 

are incorporated into chylomicrons which are secreted into the lymph for transport into the 

blood stream (Blomhoff et al., 1990; Harrison and Hussain, 2001). Chylomicron 

triacylglyceride hydrolysis results in the formation of chylomicron remnants which are taken 

up by hepatocytes or extra-hepatic target cells. Within the liver, retinyl esters are in turn 

hydrolyzed, the resulting retinol is bound to retinol binding protein 1 (Rbp1) and transferred 

to perisinusoidal stellate cells where dietary retinoids are stored as retinyl esters (Blomhoff 

and Blomhoff, 2006; D'Ambrosio et al., 2011; Newcomer and Ong, 2000). Indeed, hepatic 

stellate cells are the main storage site of VA in the human organism containing 50-80% of the 

body’s total retinol as retinyl esters (Blomhoff et al., 1985; Senoo, 2004). In order to maintain 

a steady plasma retinol concentration of 1-2 µM, retinol can be mobilized in hepatic stellate 

cells, associated to Rbp4 and is then secreted into the general circulation (Blomhoff and 

Blomhoff, 2006; O'Byrne et al., 2005; Soprano and Blaner, 1994). In the blood stream this 

complex associates with another protein, transthyretin (Peterson, 1971), which reduces 

glomerular filtration of retinol. Rbp-retinol complexes are thought to be taken up by target 

cells via the transmembrane-spanning receptor encoded by the Stra6 gene (Kawaguchi et al., 

2007). Within peripheral target tissues such as skin, retinol can be stored upon Lrat-catalyzed 

esterification (Baron et al., 2008) or it is converted into its bioactive metabolite ATRA via a 

two-step oxidation process. Firstly, all-trans retinol is oxidized by alcohol/retinol 

dehydrogenases and/or short-chain dehydrogenases/reductases (e.g. Adh7, Rdh10, Rdh16, and 

Sdr16c5) to generate all-trans retinal. By means of three different aldehyde dehydrogenases 

1a (Aldh1a1, 2, and 3) all-trans retinal is further oxidized to ATRA (Figure 1), the major 

biologically active VA metabolite (Blomhoff and Blomhoff, 2006; Conaway et al., 2013).  
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Figure 1. Retinoid metabolism and function following dietary uptake of retinyl esters and proVA 

carotenoids. Involved enzymes and retinoid transport proteins (italic) are indicated in grey. 

 

 

 ATRA is then bound by the cellular RA binding protein 2 (Crabp2) and shuttled to nuclear 

hormone receptors (NRs: RAR, RXR, PPARβ/δ) to exert its biological activity via gene 

expression regulation. Interestingly, Crabp2 itself is a direct target of ATRA and its 

expression increased upon high RA levels (Astrom et al., 1991; Sanquer and Gilchrest, 1994). 

However, RA levels are tightly controlled in skin cells and other tissues resulting in its 

degradation to more polar and less active metabolites by cytochrome P450 enzymes such as 

Cyp26a1, Cyp26b1, and Cyp2s1 (Blomhoff and Blomhoff, 2006; Roos et al., 1996; Smith et 

al., 2003; White et al., 1997; White et al., 2000) in case of excess. Another cellular RA 

binding protein, Crabp1 is believed to promote this degradation pathway via RA transport 

towards Cyp enzymes (Figure 1) (Donovan et al., 1995). Therefore, the steady-state-system of 

intracellular retinoid concentrations appears to be regulated by complex feedback mechanisms 

which involve several of the above mentioned enzymes and retinoid binding proteins. Indeed, 

despite lower consumption of retinyl esters by mice and direct cleavage of β-carotene in their 

intestine, retinoid metabolism and homeostasis are comparable within mice and man. 

Moreover, also topically applied retinoids are partly absorbed by skin cells via slow diffusion 

(Tavakkol et al., 1994).  Depending on the kind of retinoid applied, the compound can be 

further metabolized into various derivatives (Kang et al., 1995; Lehmann and Malany, 1989) 

which can potentially influence the expression of several genes in the skin.  
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2.1.2 Retinoid function in the skin 

 

 Retinoids are essential for skin physiology (Roos et al., 1998) through their role in the 

regulation of several aspects of skin cell proliferation, differentiation, apoptosis, epidermal 

barrier function, and immune regulation (Elias, 1987; Elias et al., 1981). Noticeably, 

alterations of retinoid metabolism and signaling were found in the skin of patients with 

various skin diseases, such as psoriasis (Saurat, 1999), ichthyosis (Mevorah et al., 1996), and 

AD (Mihály et al., 2011). Thereby, it is unclear whether these alterations are the trigger or if 

they are consequence of these skin diseases.  

 

Epidermal barrier 

 Retinoid function in skin barrier maintenance is mainly based on the regulation of 

epidermal permeability (based on epidermal hyperproliferation), epidermal differentiation 

(Elias, 1987), sebum secretion (Zouboulis et al., 1998), and apoptosis (Trautmann et al., 

2000). Furthermore, disturbance of retinoid receptor-mediated signaling (especially via RXR) 

in the skin was shown to result in various epidermal alterations such as disturbed keratinocyte 

proliferation, alopecia, and induction of AD in different mouse models (Feng et al., 1997; Li 

et al., 2001; Li et al., 2005). 

 

Immune system 

 Retinoids are important modulators of immune function and immune response (Rühl, 

2006; Schuster et al., 2008; Stephensen, 2001). It has been shown recently that VA can 

modify cell numbers of immune competent cells (Blomhoff et al., 1992; Miller and Kearney, 

1998; Ross and Stephensen, 1996; Smith et al., 1987), as well as cytokine and chemokine 

levels (Aukrust et al., 2000; Cantorna et al., 1995; Nunez et al., 2010), and antibody 

responses (Ross et al., 2009; Ross and Hämmerling, 1994). Interestingly, RAR- and RXR-

mediated pathways have been found to be involved in Th2 development and Th1/Th2 balance 

(Dawson et al., 2008; Rühl et al., 2004; Stephensen et al., 2007; Stephensen et al., 2002). 

Thereby, RA is possibly able to directly modify pro- and anti-inflammatory immune 

responses. Moreover, a role of retinoids in the modification of the immune phenotype of 

atopic skin diseases like AD has been shown previously (Rühl et al., 2004; Rühl et al., 2007). 
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2.2 Gene expression regulation by nuclear hormone receptors  

 

 Retinoids exert the vast majority of their functions in organs and tissues, such as the skin, 

via NR-mediated gene expression regulation. 

 

2.2.1  Nuclear hormone receptors 

 

 NRs comprise a superfamily of DNA binding, ligand-dependent transcription factors like 

RAR α, β, and γ, RXR α, β, and γ, or peroxisome proliferator-activated receptors (PPARα, 

β/δ, and γ). These molecules are present in the cytoplasm or nucleus and play a crucial role in 

development, homeostasis, and other biological processes in mammals (Whitfield et al., 

1999). NRs feature a specific structure consisting of a N-terminal extension which is highly 

variable in length and sequence, a well-conserved central DNA-binding domain containing 

two zinc-fingers as structural DNA-binding motif, a hinge region which influences 

intracellular trafficking and subcellular distribution of the NR, the large C-terminal ligand-

binding domain with moderately conserved sequence, and a variable C-terminal extension 

(Klinge, 2000). The variable sequences allow the discrimination between different NR 

subfamilies and further between various subtypes within these families.  

 

 NRs are sequence specific transcription modulators which regulate the gene expression in 

a ligand-dependent manner. This implies the plasma membrane penetration of lipophilic 

ligands, e.g. retinoids, followed by their delivery to the receptor and ligation of the ligand-

binding domain of the cognate NR. Upon ligation, RARs and PPARs form heterodimers with 

RXRs and conformational changes take place. This enables the dimer to bind with high 

affinity to a specific hormone response element as depicted in Figure 2. This structure is a 

specific hexanucleotide half-element in the DNA which is arranged in a particular motif, such 

as palindromes (inverted repeats) or direct repeats, with spacing between these half-sites (De 

Luca, 1991; Whitfield et al., 1999). It is usually located close to the core promoter, the region 

where the transcription process starts (Glass, 1994). These elements are referred to as RA-

responsive element in the case of RARs and as PPAR-responsive element for PPARs, 

respectively. Ensuing, in cooperation with several co-regulating proteins (co-activators and 

co-repressors) the gene expression of respective target genes is modulated (Michalik and 

Wahli, 2007a).  
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Figure 2. Basic mechanism of action of NRs (modified after Kersten et al. 2000). 

 

 

2.2.2 Nuclear hormone receptor families: RAR, RXR, and PPAR 

 

 The RAR was discovered in 1987 (Giguere et al., 1987; Petkovich et al., 1987) and up-to-

date 3 subtypes, RAR α, β, and γ, were identified (Chambon, 2004; Evans, 2004). These 

receptors belong to the same type 2 class as the PPARs α, β/δ, and γ within the NR 

superfamily (Michalik and Wahli, 2007a) and therefore always act as heterodimers with either 

RXR α, β, or γ (Levin et al., 1992).  

 

 The activated (i.e. liganded) RAR-RXR regulates the expression of multiple genes in skin 

and various other tissues (Mangelsdorf and Evans, 1995; Mangelsdorf et al., 1995) while its 

transcriptional activity is dependent on the RAR-activating ligand (Chapellier et al., 2002; 

Feng et al., 1997; Mangelsdorf and Evans, 1995; Pérez et al., 2012). The transport protein 

Crabp2 is responsible for the delivery of RAR agonists to the receptor (Dong et al., 1999). On 

the other hand, the heterodimer is believed to function as a transcriptional silencer in the 

absence of appropriate ligands (Bertram, 1999; Chambon, 1996). The most abundant RAR 

and RXR subtypes in the skin are RXRα and RARγ, followed by lower quantities of RARα, 

while RARβ and RXRγ are not expressed (Fisher et al., 1994). Since retinoid receptors 

exhibit tissue and cell type-specific distribution patterns, functional specificity of each 

subtype is suggested (Altucci et al., 2007; de Lera et al., 2007; Dolle et al., 1990; Elder et al., 

1992; Elder et al., 1991; Germain et al., 2006; Redfern and Todd, 1992). Moreover, RAR and 

RXR subtypes differ in ligand specificity and/or affinity (Allenby et al., 1993; Allenby et al., 

1994; Altucci et al., 2007; de Lera et al., 2007; Germain et al., 2006), therefore, it can be 

assumed that their contribution to gene expression patterns in tissues such as skin differs, 
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depending on quantitative receptor distribution, on the nature and level of co-regulators, as 

well as on available retinoid receptor-selective agonists and antagonists. 

 

 Unsaturated fatty acids and eicosanoids are applicable ligands for PPARα, β/δ, and γ 

(Bertram, 1999). The most abundant PPAR subtype in the skin is PPARβ/δ (Michalik and 

Wahli, 2007b). PPAR-mediated pathways are important in skin physiology because they are 

involved in epidermal barrier recovery, keratinocyte differentiation, and lipid synthesis 

(Michalik and Wahli, 2007b). For example, overexpression of PPARδ in the epidermis causes 

a psoriasis-like skin disease featuring hyperproliferation of keratinocytes, dendritic cell 

accumulation, and endothelial activation (Romanowska et al., 2010). 

 

2.2.3 Gene expression regulation by retinoids 

 

 The retinoid ATRA is the well known endogenous ligand of RARs which, through its 

binding, is able to induce or decrease the expression of various genes. Interestingly, a cross-

talk exists between RAR and PPARδ pathways. Indeed, besides RARs, also PPARδ can be 

activated by ATRA, depending on the ratio of their specific ligand transport proteins. Crabp2 

initiates RAR signaling, whereas the fatty acid-binding protein 5 (Fabp5) promotes PPARδ-

mediated signaling upon ATRA-binding (Schug et al., 2007; Shaw et al., 2003). Moreover, 

PPARδ activation has been reported at high ATRA concentrations suggesting that tissue 

levels of ATRA can determine which NR pathways are up-regulated and thereby influence the 

gene expression profile (Schug et al., 2007; Shaw et al., 2003). However, these findings are 

still controversially discussed (Berry and Noy, 2009; Borland et al., 2011; Rieck et al., 2008). 

 

2.3 The skin  

 

 The skin of mice and man consists of epidermis, dermis, and subcutis and represents the 

essential physical barrier between an organism and its surrounding environment which may 

contain pathogens, allergens, chemicals, etc. Therefore, a functioning epidermal barrier is the 

precondition to avoid percutaneous penetration and to prevent the development of cutaneous 

disorders. The epidermis is mainly composed of keratinocytes. Additionally, several structural 

proteins, enzymes, and lipids are involved in assembly and maintenance of the epidermal 

barrier. During terminal differentiation, keratinocytes move towards the stratum corneum 

layer of the epidermis and transform into flattened and anucleated corneocytes (Proksch et al., 
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2008). Their plasma membrane is replaced by an insoluble protein layer, the cornified 

envelope, and the cells are locked together by corneodesmosomes. The cornified envelope is 

predominantly composed of structural proteins such as loricrin (Lor), involucrin (Ivl), and 

filaggrin (Flg) which are cross-linked by transglutaminase 1 (Tgm1). Its function is to act as a 

scaffold for the attachment of lipids from the surrounding lipid lamellae matrix. The lipid 

matrix consists of cholesterol, cholesterol esters, free fatty acids, and most importantly 

ceramides (Holleran et al., 2006; Jennemann et al., 2007), and it helps to prevent water loss 

and the penetration of water soluble substances. Several enzymes, such as 3-Hydroxy-3-

methylglutaryl-CoA synthase 2 (Hmgcs2) (Proksch et al., 1993), β-Gluco-cerebrosidase 

(Gba), and UDP-glucose ceramide glucosyltransferase (Ugcg) (Coderch et al., 2003), are 

involved in the generation of these lipid matrix components.  

 

 Furthermore, in a process called desquamation corneocytes are continuously shed from 

the epidermal surface and replaced by new keratinocytes. Desquamation is regulated by 

proteases (e.g. kallikrein-related peptidase 5 (Klk5) and Klk7) which break down the 

extracellular corneodesmosomal adhesion proteins, as well as by protease inhibitors like 

Kazal-type 5 serine protease inhibitor LEKTI (encoded by the Spink5 gene) (reviewed in: 

(Cork et al., 2009; Proksch et al., 2008; Proksch et al., 2003).  

 

 

 

Figure 3. Simplified model of the skin with its epidermal barrier (magnified section). 
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 This epithelial tissue homeostasis and maintenance of the epidermal permeability barrier 

are tightly regulated processes. Moreover, the skin possesses several active immune 

surveillance mechanisms providing additional defense against the environment (reviewed by: 

(Kupper and Fuhlbrigge, 2004). However, disturbances of levels and/or activity of involved 

proteins, enzymes, and lipids disrupt the epidermal barrier and thereby compromise the 

physiological function which may predispose the skin to dermatological diseases. 

 

2.4 Atopic dermatitis  

 

 The allergic skin disease AD is the most common inflammatory skin condition, 

predominantly affecting infants and children and it is characterized by a disturbed epidermal 

permeability barrier, eczematous lesions, epidermal hyperproliferation, and skin dryness 

(Bieber, 2008; Bieber and Novak, 2009). AD is a Th2-driven disease and therefore described 

by increased IgE levels, elevated Th2 cytokines (e.g. IL-4, IL-10) and Th2 cell-attracting 

chemokines (CCL11, CCL17, CCL22, CCL24), as well as enhanced microbial colonization of 

the skin due to decreased expression of antimicrobial peptides (Boguniewicz and Leung, 

2010; Gros et al., 2009; Owczarek et al., 2010). Moreover, the number of T cells expressing 

the cutaneous lymphocyte-associated antigen for skin homing is increased while the 

infiltration of regulatory T cells is impaired in AD skin (Boguniewicz and Leung, 2010). AD 

is commonly associated with other allergic conditions such as allergic rhinitis and asthma. 

Around 10-30% of children and 2-10% of adults are affected in industrialized countries, with 

a marked increase in AD prevalence during the past 30 years (Bieber, 2008; Bieber and 

Novak, 2009; Palmer et al., 2006). Interestingly, alterations of retinoid metabolism and 

signaling were recently found in the skin of AD patients (Mihály et al., 2011). Furthermore, it 

has been shown that retinoids are able to modify the immune phenotype of atopic diseases by 

promoting Th2-mediated immune responses (Rühl et al., 2004; Rühl et al., 2007). Notably, 

various studies report an “outside-inside-outside” pathogenic mechanism of AD (Cork et al., 

2009; Elias et al., 2008; Marsella and Samuelson, 2009) which is initiated by inherited or 

acquired insults like a mutation of the Flg gene or disturbed lipid synthesis. This will induce 

alterations of the epidermal structure and function allowing the readily penetration of 

allergens or bacterial infection leading to immune system activation (the inside). Immune 

response components such as IL-4 can then reduce Flg expression and ceramide synthesis and 

thereby further compromise the epidermal barrier to the outside (Elias et al., 2008; Elias and 

Steinhoff, 2008). However, the exact disease pathogenesis is not yet fully elucidated.  
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3 MATERIALS AND METHODS 

 

Mice 

 For topical retinoid applications, 8-12 weeks old female C57BL/6 mice and for OVA 

treatment, 8-10 weeks old female BALB/c mice were obtained from and housed within the 

animal facility of the University of Debrecen, Hungary. Animals were maintained in single 

cages on standard animal chow and water ad libitum. All experimental procedures were 

approved by the Committee of Animal Research of the University of Debrecen, Hungary 

(Approval number: 25/2006 DEMÁB). 

 

Topical treatment with retinoid receptor specific agonists and antagonists 

 Mice (n=6-8 per treatment group) were anesthetized and subsequently shaved on dorsal 

skin sites using an electric razor. Retinoid receptor specific agonists and antagonists were 

applied topically each other day in 25 µl acetone (vehicle/control; Merck) per treatment for 

two weeks. According to previous studies by other groups (Calleja et al., 2006; Chapellier et 

al., 2002) following amounts of agonists and antagonist were applied per treatment (in 25 

µL): ATRA, 40 nmol; LG268, 100 nmol; BMS753, 40 nmol; BMS189961, 40 nmol; 

BMS614, 100 nmol; UVI2041, 100 nmol; BMS493, 100 nmol; UVI3003, 100 nmol. On day 

14, four hours after the last treatment, mice were sacrificed, sera and full thickness skin 

biopsies were collected, skin specimens were shock frozen in liquid nitrogen and all samples 

were kept at -80 °C until analyses. Skin samples were obtained from equal body sites by 

means of the same procedure for each mouse in order to control for variability among 

specimens. Samples were visibly controlled to ensure no excessive adipose tissue remained, 

though some contamination with remaining adipose tissue cannot be excluded. Animal studies 

were performed by J. Gericke with assistance (topical treatments) of the medical student J. 

Ittensohn. 

 

Retinoid receptor specific agonists and antagonists 

 ATRA was a gift from BASF (Ludwigshafen, Germany) and the synthetic RXR activator 

LG268 was kindly provided by Ligand Pharmaceuticals (San Diego, California, USA). All 

other synthetic agonists and antagonists were synthesized by Prof. Ángel de Lera (Vigo, 

Spain) according to the following protocols. Agonists selective for RARα (BMS753) and 

RARγ (BMS189961) were produced as described in the original patents (Swann et al., 1996; 

Zusi et al., 1998) with the yields indicated. 
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Figure 4. Reagents and conditions of the synthesis of BMS753: a. AlCl3, C6H6, 100 ºC, 4h (65%). b. 

KMnO4, H2O, NaOH, 100 ºC, 3h (78%). c. CrO3, AcOH, 25 ºC, 4h (93%). d. AlCl3, ClCOCO2Et, 

CH2Cl2, 25 ºC, 2 h (43%). e. NaOH (1N, aq), MeOH, 25 ºC, 1 h (99%). f. NaOH, MeOH, H2O2, 25 ºC, 

16 h (96%). g. i) Oxalyl chloride, CH2Cl2, DMF, 5 min. ii) Methyl 4-aminobenzoate, pyridine, 25 ºC, 

16 h (45%). h. NaOH (1N, aq), MeOH, 70 ºC, 4 h (89%). 

 

 

 The RARγ-selective antagonist (UVI2041) was prepared by the condensation of the ester 

15 derived from chalcone 14 (Alvarez et al., 2009) with hydroxylamine (Tsang et al., 2007; 

Tsang et al., 2005) followed by hydrolysis. 

 

 

 

 

Figure 5. Reagents and conditions of the synthesis of BMS189961: a. i) t-Butyllithium, THF, -78 ºC, 

30 min. ii) (COCO2Me)2, THF, 25 ºC, 16 h (88%) b. LiOH·H2O, 4h, 25 ºC (76%) c. i) Oxalyl chloride, 

DMF. ii) Ethyl 4-amino-3-fluorobenzoate, Et3N, EtOAc, 16 h, 25 ºC (65%). d. NaBH4, MeOH, 5 min, 

(79%) e. LiOH·H2O, 25 ºC, 4h (64%). 
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 The RAR pan-antagonist/inverse agonist (BMS493) and the RXR pan-antagonist 

(UVI3003) were synthesized according to reported procedures (Bourguet et al., 2010; 

Nahoum et al., 2007).  

 

 

 

 

Figure 6. Reagents and conditions of the synthesis of UVI2041: a) EDC (1.1 equiv), DMAP (0.01 

equiv), Trimethylsilylethanol (1.1 equiv), CH2Cl2, 18 h, 23 ºC, 65%. b) NH2OH (2 equiv), pyridine 

(2.2 equiv), EtOH, 70 
o
C, 20 h, 66% (E/Z isomer mixture at the oxime). c) TBAF (2 equiv), DMSO, 

30 min, 63%. 

 

 

 The RARα-specific antagonist (BMS614) was made following the patented procedure 

developed at BMS (Starrett et al., 1996; Starrett et al., 1998).  

 

 

 

 

Figure 7. Reagents and conditions of the synthesis of BMS614: a) HBF4, NaNO2, H2O, 10 ºC, 89%. b) 

H2SO4, H2O, reflux, 1h, 88%. c) Tf2O, Py, 25 ºC, 16h, 100%. d) Pd(OAc)2, dppp, CO, Et3N, MeOH, 

DMSO, 70 ºC, 3h, 93%. e) i. 3-bromoquinoline, n-BuLi, THF, -78 ºC. ii. THF, 25 ºC, 2h, 32%. f) p-

TsOH, toluene, 90 ºC, 2.5h, 83%. g) NaOH (10M), EtOH/H2O (1:1), 25 ºC, 24h, 88%. h) i. (ClCO)2, 

CH2Cl2, DMF, 25 ºC, 2h; ii. methyl 4-aminobenzoate, Py, 25 ºC, 2h, 26%. i) NaOH (10M), EtOH/H2O 

(1:1), 25 ºC, 24h, 28%. 
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 The purity of the synthesized compounds was determined to be greater than 95% by 

HPLC after crystallization. We have confirmed that these retinoids are stable when stored as 

solids or in solution at -78 °C, and during the time frame of biological experiments.  

 

Sensitization with ovalbumin 

 Sensitization (n=8 mice per treatment group) was performed by repetitive systemic 

administration of OVA and allergen-induced dermatitis was triggered based on a model 

previously reported (Dahten et al., 2008; Weise et al., 2011). Briefly, mice were sensitized at 

days 47, 60 and 67 with 10 µg OVA intraperitoneally (i.p.) (Sigma-Aldrich, Hungary) 

adsorbed to 1.5 mg aluminum hydroxide (Al(OH)3) (Thermoscientific, Hungary) or with 

phosphate-buffered saline (PBS; control) (Figure 8).  

 

 

 

Figure 8. Mice were sensitized i.p. with 10 µg OVA adsorbed to 1.5 mg Al(OH)3 (OVA i.p.) or with 

phosphate-buffered saline (PBS; control) on days 47, 60 and 67 (black arrows).  

 

 

 For combined treatment (Dahten et al., 2008), mice were sensitized i.p. on days 1, 14 and 

21 with 10 µg OVA adsorbed to 1.5 mg Al(OH)3. This was followed by topical application 

(e.c.) of 100 µg OVA adsorbed to 1.5 mg Al(OH)3 in 100 µl PBS (weekly dose) onto shaved 

dorsal skin, divided into four applications of 25 µl every other day of one week (Figure 9).  

 
 

 

 

Figure 9. A third group of mice was sensitized i.p. with 10 µg OVA adsorbed to 1.5 mg Al(OH)3 on 

days 1, 14 and 21 (black arrows) followed by e.c. OVA exposure for three 1-week periods (grey 

arrows) separated by 2-weeks intervals (OVA i.p.+e.c.). Each mouse received a weekly e.c. dose of 

100 µg OVA adsorbed to 1.5 mg Al(OH)3 in 100 µl PBS on shaved back skin divided into four 

applications of 25 µl every other day of one week (black angular arrows). Three days after the last 

treatment (day 70), mice were sacrificed and skin and serum samples were collected. 
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 Epicutaneous (e.c.) treatment was repeated for a total exposure of three weeks separated 

by two-week intervals. Three days after the last treatment (day 70) mice were sacrificed, skin 

and serum samples were collected and kept at -80 °C until analyses. All animal experiments 

were conducted by J. Gericke with assistance (topical treatment) of J. Ittensohn ( medical 

student). 

 

RNA preparation  

 Total RNA was isolated by J. Gericke from frozen full thickness skin biopsies using Tri
® 

reagent (Trizol) following the manufacturer’s instructions:  

 

1. A frozen skin sample (ca. 100 mg) is cut into small pieces and homogenized (3 

min) with the QIAGEN Tissue Lyser in 1 mL Trizol, using autoclaved QIAGEN 

metal beads. After short centrifugation (at 13.000 rpm; 4 °C), supernatants are 

transferred to 1.5 ml Microcentrifuge tubes. 

2. 200 µL of chloroform are added to each sample, samples are stirred, incubated for 

3 min at room temperature (RT), and centrifuged for 15 min (at 13.000 rpm; 4 °C).  

3. The obtained upper aqueous phase is transferred into 500 µL isopropanol 

containing Microcentrifuge tubes, stirred, incubated for 20 min at RT and 

centrifuged for 10 min (at 13.000 rpm; 4 °C). Supernatant is discarded. 

4. 800 µL of 70% ethanol are added, samples stirred briefly and centrifuged for 5 min 

(at 13.000 rpm, 4 °C). Supernatant is discarded. 

5. RNA pellets are dried for 20 minutes in the Eppendorf concentrator 5301. 

6. 60 µL of nuclease free water are added to each sample, samples are stirred and 

RNA activated for 10 min in a water bath at 65 °C (BIOSAN Dry Block Heating 

Thermostat). Samples are stirred briefly and cooled down on ice. 

7. Concentration and purity of RNA samples are determined with NanoDrop ND-

1000 spectrophotometer (Thermo Scientific, Hungary). Samples were kept at         

-80 °C until further analysis. 

 

Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) 

 In our studies, the tow-step TaqMan
®
 qRT-PCR was performed in order to quantify the 

mRNA expression level of mouse genes involved in retinoid metabolism, skin homeostasis 

and immune response. 
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 In the reverse transcription step, 750 ng of total RNA were reverse transcribed into 

complementary DNA (cDNA) using the High Capacity cDNA Reverse Transcription Kit 

(Life Technologies) according to the manufacturer’s instructions (Table 1) and the indicated 

thermal protocol (Table 2). 

 

 

Table 1. Master mix protocol for reverse transcription (per one reaction). 

 

Reagent Volume (µL) 

10x RT Buffer 3.0 

25x dNTP Mix (0.1M) 1.5 

10x RT Random Primers  3.0 

MultiScribe Reverse Transcriptase Enzyme (50 U/µL) 1.5 

Nuclease free water 17.5 

RNA (750 ng) 5.0 

 

Total (one reaction) 31.5  

 

 

 

Table 2. Thermal conditions for reverse transcription reactions. 

 

Time (min) Temperature (°C) 

10 25 

120 37 

5 72 

∞ 4 

 

 
 

 In the second step, the cDNA samples were amplified by the enzyme Taq DNA 

polymerase and their quantity measured to determine the mRNA expression level. qRT-PCR 

measurements were performed in triplicates using pre-designed TaqMan
®
 Gene Expression 

Assays (ROX-MGB assays) or FAM-TAMRA assays as well as TaqMan
® 

reagents. The 

master mix protocols differed according to the respective assay used as presented in Table 3. 

TaqMan
®
 Low Density Array (TLDA) cards were used for the OVA mouse model with 

duplicate determinations using TaqMan
®
 Gene Expression Master Mix (all Applied 

Biosystems). 
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Table 3. Master mix protocol for FAM-TAMRA assays or TaqMan
®
 ROX-MGB assays (per one 

reaction). 

 

 Volume (µL) 

Reagent FAM-TAMRA ROX-MGB 

NFW 2.1 1.9 

10x Taq buffer 1.0 1.0 

25 mM MgCl2 1.2 1.2 

2.5 mM dNTP 0.5 0.5 

Taq DNA polymerase (5 U/µl) 0.06 0.06 

100 µM m reverse primer 0.04 - 

100 µM m forward primer 0.04 - 

20 µM probe 0.06 - 

50x ROX - 0.2 

20x oligomix - 0.15 

cDNA (diluted 1:5) 5.0 5.0 

 

Total (one reaction) 10.0 10.01 
 

 

 

 All gene expression analyses were conducted on an ABI Prism 7900 using the following 

thermal protocols (Table 4). 

 

Table 4. Thermal conditions for real time-PCR per one cycle (for a total of 40 cycles). 

 

Time (sec) Temperature (°C) 

qRT-PCR  

      60 94 

      12 94 

      30 60 

TLDA  

    120 50 

    600 94.5 

      30 97 

      60 59.7 
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 Tables 5 and 6 present gene names, symbols and assay IDs (Table 5) or primer and probe 

sequences (Table 6), respectively, of all genes investigated within this study. 

 

 

Table 5. Gene names, symbols and assay IDs of ROX-MGB assays. 

 

Gene name Symbol               Assay ID
 

 Alcohol dehydrogenase 7 Adh7   Mm00507750_m1* 

 Aldehyde dehydrogenase 1A1 Aldh1a1   Mm00657317_m1*    

 Aldehyde dehydrogenase 1A2 Aldh1a2   Mm00501306_m1* 

 Aldehyde dehydrogenase 1A3 Aldh1a3   Mm00474049_m1* 

 Alkaline ceramidase 1 Acer1   Mm00460332_m1* 

 ATP-binding cassette A12 Abca12   Mm00613683_m1
 

 Beta-carotene oxygenase 2 Bco2                   Mm00460051_m1*
 

 Cellular retinoic acid binding protein 1  Crabp1           
 
   Mm00442776_m1 

 Cellular retinoic acid binding protein 2 Crabp2          Mm00801691_m1*    
 
 

 Cellular retinol binding protein 1 Rbp1                 Mm00441119_m1* 

 Chemokine (CC motif) ligand 11 / eotaxin-1   Ccl11   Mm00441238_m1*      

 Chemokine (CC motif) ligand 17 / Tarc Ccl17                Mm00516136_m1* 

 Chemokine (CC motif) ligand 22 / Mdc Ccl22               Mm00436439_m1*    

 Chemokine (CC motif) ligand 24 / eotaxin-2    Ccl24   Mm00444701_m1*      

 Chemokine (CC motif) receptor 3 Ccr3   Mm01216172_m1 

 Cyclophilin A
1
  Cyclo   Mm02342430_g1 

 Cytochrome P450 26A1 Cyp26a1           Mm00514486_m1* 

 Cytochrome P450 26B1 Cyp26b1        
 
   Mm00558507_m1* 

 Cytochrome P450 2S1 Cyp2s1           
 
   Mm00512037_m1* 

 Diacylgylcerol O-acyltransferase Dgat                  Mm00442776_m1 

 Fatty acid binding protein 5 Fabp5              Mm00783731_s1* 

 Filaggrin Flg   Mm01716522_m1*  

 Glucocerebrosidase Gba   Mm00484700_m1 

 Heparin-binding EGF-like growth factor Hbegf   Mm00439307_m1*
 

 Interferon γ Ifng   Mm00801778_m1 

 Interleukin 4 Il4   Mm00445259_m1* 

 Interleukin 10 Il10   Mm00439614_m1* 

 Interleukin 12A Il12a   Mm00434165_m1* 

 Involucrin Ivl   Mm00515219_s1* 

 Kallikrein-related peptidase 5 Klk5   Mm01203811_m1       
 

https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00507750_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=adh7&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00657317_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=raldh1&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00501306_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=raldh2&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00474049_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=raldh3&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00460332_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=asah3&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00460051_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=beta-carotene+oxygenase+2&kwdropdown=ge&adv_kw_filter1=ALL&species=Mus+musculus&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00801691_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=crabp2&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00441119_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=rbp1&kwdropdown=ge&adv_kw_filter1=ALL&species=Mus+musculus&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00441238_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=ccl11&kwdropdown=ge&adv_kw_filter1=ALL&species=Mus+musculus&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&uploadType=ID+List&adv_boolean3=AND&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00516136_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=ccl17&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00436439_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=ccl22&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00444701_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=ccl24&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm01216172_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=ccr3&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm02342430_g1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=Mm02342430_g1&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&uploadType=ID+List&adv_boolean3=AND&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00514486_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=cyp26a1&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00558507_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=cyp26b1&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00512037_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=cyp2s1&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00783731_s1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=fabp5&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm01716522_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=filaggrin&kwdropdown=ge&adv_kw_filter1=ALL&species=Mus+musculus&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00439307_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=hbegf&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00801778_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=ifng&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00445259_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=il4&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00439614_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=il10&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00434165_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=12a&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00515219_s1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=ivl&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
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Gene name Symbol               Assay ID 
 

 Kallikrein-related peptidase 7 Klk7                  Mm00496274_m1* 

 Keratin 4 Krt4                    Mm00492996_g1
 

 Keratin 6B Krt6b   Mm00834035_gH* 

 Keratin 16 Krt16   Mm00492979_g1*
 

 Keratin 17 Krt17   Mm00495207_m1* 

 Lecithin-retinol acyltransferase Lrat                   Mm00469972_m1* 

 
Loricrin Lor    Mm01219285_m1* 

 Matrix metalloproteinase 9 Mmp9   Mm00442991_m1*
 

 Nuclear receptor family 4, group A, number 1 Nr4a1/Nurr77   Mm01300401_m1* 

 Peroxisome proliferator-activated receptor delta Ppard   Mm00803184_m1* 

 Retinoic acid receptor α Rara      Mm00436264_m1*              

 Retinoic acid receptor β  Rarb   Mm01319677_m1* 

 Retinoic acid receptor γ Rarg   Mm00441083_m1  

 Retinoic acid receptor responder 2 Rarres2          
   

Mm00503579_m1* 

 Retinoid X receptor α Rxra   Mm00441182_m1 

 Retinol binding protein 4  Rbp4                  Mm00803266_m1* 

 Retinol dehydrogenase 10 Rdh10                Mm00467150_m1*
 

 Retinol dehydrogenase 16 Rdh16            Mm01625764_s1 

 Serine palmitoyltransferase SptIc2   Mm00448871_m1 

 Serine peptidase inhibitor, Kazal-type 5 Spink5   Mm00511522_m1*     

 Short chain dehydrogenase/reductase 16C5 Sdr16c5              Mm00725380_m1* 

 S100 calcium binding protein A7A / psoriasin S100a7a          Mm01218201_m1*
 

 Transglutaminase 1 Tgm1   Mm00498375_m1*     

 Transglutaminase 2  Tgm2   Mm00436987_m1* 

 UDP-glucose ceramide glucosyltransferase Ugcg   Mm00495925_m1 

 3-Hydroxy-3-methylglutaryl-CoA synthase 2 Hmgcs2   Mm00550050_m1* 

 

1 Gene expression analysis using TLDA 

 

 

 

 

 

 

 

 

https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00496274_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=klk7&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00492996_g1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=krt4&kwdropdown=ge&adv_kw_filter1=ALL&species=Mus+musculus&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00834035_gH&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=krt6b&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00492979_g1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=krt16&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00495207_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=krt17&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00469972_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=lrat&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm01219285_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=lor&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00442991_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=mmp9&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm01300401_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=nr4a1&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00803184_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=ppard&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00436264_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=rara&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&uploadType=ID+List&adv_boolean3=AND&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm01319677_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=rarb&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00441083_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=rarg&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00503579_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=rarres2&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00441182_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=rxra&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00803266_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=rbp4&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00467150_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=rdh10&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00511522_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=spink5&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00725380_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=mm00725380&kwdropdown=ge&adv_kw_filter1=ALL&species=Mus+musculus&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm01218201_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=s100a7a&kwdropdown=ge&adv_kw_filter1=ALL&species=Mus+musculus&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00498375_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=tgm1&kwdropdown=ge&adv_kw_filter1=ALL&species=Mus+musculus&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00436987_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=tgm2&kwdropdown=ge&adv_kw_filter1=ALL&inventoried=*&adv_query_text3=&species=Mus+musculus&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00550050_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=RECOMMENDED_ASSAY_FLAG+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=hmgcs2&kwdropdown=ge&adv_kw_filter1=ALL&species=Mus+musculus&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
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Table 6. Gene name, symbol and sequences of forward and reverse primers as well as probe of the 

used FAM-TAMRA assay. 

 

Gene name Symbol Sequence 

Cyclophilin A
1
 Cyclo forward  

         
77+ 5´-CGATGACGAGCCCTTGG-3´ 

reverse         142- 5´-TCTGCTGTCTTTGGAACTTTGTC-3´ 

probe   
 
              5´-TCTGCTGTCTTTGGAACTTTGTC-3´ 

1 Gene expression analysis using qRT-PCR 

 

 Relative quantification of mRNA expression was achieved using the comparative CT 

method and values were normalized to cyclophilin A mRNA. Gene expression values below 

detection limit were assumed to be zero for the purpose of statistical analysis. The Sequence 

Detector Software version 2.1 was used for data analysis. qRT-PCR analyses of n=5-6 mice 

per treatment group were performed by J. Gericke with support from Éva Papp (technical 

assistant). 

 

Histological analysis 

 Skin biopsies were taken from similar shaved, dorsal body sites and kept at -80 °C until 

analysis. Frozen specimens were sectioned (four µm) and stained with hematoxylin and eosin 

(H&E) for histological analysis by Dr. D. Töröcsik (retinoid model; n=3). For the OVA 

model, skin samples were fixed overnight with 4% paraformaldehyde at 4 °C and embedded 

in paraffin. Five µm sections were stained with H&E or Giemsa (n=8) at the Medical 

University of Innsbruck, Austria. Mast cells were quantified under a light microscope using 

20x lenses and a calibrated grid (six fields per sample) while epidermal thickness was 

measured using x10 lenses (five measurements per mouse). Evaluation was performed by J. 

Gericke. 

 

Immunohistochemical analysis 

 Frozen five µm skin sections (n=5 mice per treatment group) were fixed in acetone, 

blocked with mouse seroblock FcR block (AbD Serotec) or 10% goat serum (NGS; Vector 

Laboratories) and incubated with FITC rat anti-mouse CD3 molecular complex (17A2); biotin 

rat anti-mouse CD8a (53-6.7); purified hamster anti-mouse CD11c (HL3; all BD Biosciences 

- Pharmingen); or purified rat anti-mouse CD4 (GK1.5; BioLegend). Antibody binding was 

detected using biotinylated goat anti-rat Ig for anti-CD4 (Amersham Biosciences UK limited) 

and biotin mouse anti-hamster IgG cocktail for anti-CD11c (BD Biosciences - Pharmingen), 
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followed by incubation with Alexa Fluor 594-linked streptavidin (Invitrogen) for anti-CD4, 

anti-CD11c, and anti-CD8. Skin sections stained for CD11c were counterstained with FITC-

linked rat anti-mouse I-A/I-E (BD Biosciences - Pharmingen) to identify MHC class II-

positive cells. Staining of paraffin-embedded skin sections with rabbit Fabp5 polyclonal 

antibody (1:50; ProteinTech) was performed following the manufacturer’s directions using 

antigen retrieval buffer (0.1 M sodium citrate, 0.1 M citric acid) and blocking with 5% 

donkey serum. Biotinylated donkey anti-rabbit Ig (Amersham Biosciences UK limited) and 

Alexa Fluor 594-linked Streptavidin were applied for detection of antibody binding. Nuclei 

were visualized with DAPI and all sections were mounted with Vectashield Mounting 

Medium (Vector Laboratories). CD3
+
, CD4

+
, CD8

+
, MHC-class II

+
 and CD11c

+
 cells were 

counted under an Olympus BX60 epifluorescence microscope using 40x objective lenses and 

a calibrated grid (six fields per section). All immunohistochemical stainings and evaluation 

were conducted by J. Gericke. 

 

Total IgE levels in serum  

 Sera of OVA-sensitized mice (n=8 per treatment group) were collected at day 70 and kept 

at -80 °C until analysis. Plasma IgE concentration was measured using the mouse ELISA kit 

from BD-Pharmingen by J. Gericke. 

 

Determination of Fabp5 protein in skin 

 Fabp5 protein levels were determined in protein lysates from whole mouse skin (n=2 per 

group) by J. Gericke. Skin samples were lysed in RIPA lysis buffer in the presence of 

protease inhibitor (Pierce). Lysates were separated by 4-12% SDS-PAGE and then transferred 

to a nitrocellulose membrane (Invitrogen). The membrane was incubated in blocking solution 

(Pierce) for 30-60 min at RT. Subsequently, the membrane was incubated with the Fabp5 

antibody (1:500, ProteinTech) diluted in blocking buffer overnight at 4 °C. Endogenous 

proteins were detected with Alexa A680-conjugated anti-rabbit secondary antibody (1:10.000, 

Invitrogen). Blots were scanned with a LI-COR Biosciences analyzer. Anti-beta-actin (Sigma) 

was used as loading control. 

 

Cytokine levels in serum 

 Levels of TSLP, IL-4 and IL-12 (p70) were determined in serum (n=4 mice per group) 

using Quantikine Mouse Immunoassays (R&D Systems) by Dr. J. Mihály. Assay sensitivity 

was 2.63 pg/mL for TSLP, <2 pg/mL for IL-4, and <2.5 pg/mL for IL-12. 
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High performance liquid chromatography mass spectrometry – mass spectrometry 

(HPLC MS-MS) analysis 

 Concentrations of ATRA and retinol were determined in mouse skin samples (n≥5 mice or 

n=3 mice for the retinoid or OVA model, respectively) by our previously described HPLC 

MS-MS method by Dr. R. Rühl (Rühl, 2006). The HPLC system consisted of a Waters 

2695XE separation module (Waters), a diode-array detector (model 996, Waters) and an MS-

MS detector (Micromass Quattro Ultima Pt, Waters). In summary, 100 mg of skin biopsy (if 

samples were below 100 mg water was added up to the used standard weight: 100 mg) were 

diluted with a threefold volume of isopropanol, tissues were minced by scissors, vortexed for 

10 sec, put in an ultra sonic bath for 5 min, shaken for 6 min and centrifuged at 13.000 rpm in 

a Heraeus BIOFUGE Fresco at 4 °C. After centrifugation, the supernatants were dried in an 

Eppendorf concentrator 5301 (Eppendorf) at 30 °C. The dried extracts were resuspended with 

60 μL of methanol, vortexed, shaken, diluted with 40 μL of 60 mM aqueous ammonium 

acetate solution and transferred into the autosampler for subsequent analysis. 

 

Statistical Analysis 

 Data are indicated as mean ± standard error of mean (SEM). Satistical analysis of qRT-

PCR data was performed using one-way ANOVA followed by Dunett’s post-test (retinoid 

model) or followed by Tukey correction (OVA model). Significance of HPLC MS-MS results 

was determined using Student’s t-test. Differences were considered significant at p<0.05. All 

statistical analyses were performed by J. Gericke. 
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4 RESULTS 

 

4.1 Topical treatment of mice with various retinoid receptor agonists and antagonists  

              

 In the first part of the study mice were treated topically with the endogenous RAR agonist 

ATRA or with synthetic agonists specific for RARα, RARγ, or RXR for a period of 14 days. 

Further groups of mice were treated with retinoid receptor specific antagonists for (pan) RAR, 

RARα, RARγ, or pan RXR according to the same protocol. 

 

4.1.1 Retinoid signaling in the skin after topical treatment with various retinoid 

receptor agonists or antagonists 

 

 Initially, we investigated the expression pattern of genes involved in retinoid metabolism, 

retinoid transport, and retinoid signaling such as retinoid receptors and target genes in murine 

skin upon treatment with various retinoid receptor selective agonists or antagonists. By means 

of qRT-PCR the mRNA expression levels were determined and compared to those obtained 

for the vehicle control (acetone) treated mice. Data is indicated as fold change of gene 

expression and presented as mean per treatment group (n≥5 mice) ± SEM of triplicate 

measurements per data point. Significant changes (p<0.05) are indicated with asterisks. 

 

4.1.1.1 RARα and RARγ differentially regulate retinoid-mediated signaling in 

mouse skin 

 

  Since both, RARα and RARγ are expressed in skin (Fisher et al., 1994) we were interested 

in the effect of topically applied RAR subtype-selective agonists on retinoid metabolism. 

Interestingly, we found that treatment with the synthetic RARα agonist down-regulated the 

expression of all investigated genes with a role in retinoid metabolism that is RA synthesis, 

retinoid receptors, and target genes (Table 7, Figure 10).  
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Figure 10. Heat map displaying fold change of gene expression in mouse skin (n≥5 per group) after 

treatment with retinoid receptor specific agonists and antagonists compared to control mice (acetone). 

Genes are differentiated according to roles in retinoid metabolism or epidermal homeostasis. Retinoid 

target genes are further distinguished by specific function, i.e. retinoic acid metabolism (blue), retinoid 

transport (green), and genes unrelated to retinoid signaling (red). Color codes: dark red – significantly 

up-regulated; light red – non-significantly up-regulated; black – not regulated (±20%); light blue – 

non-significantly down-regulated; dark blue – significantly down-regulated. A p-value <0.05 was 

considered significant. 
1
all-trans retinoic acid; 

2
also relevant as retinoid target gene.    
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  Only mRNA levels of the lipid transporter Fabp5 and an enzyme involved in retinal 

synthesis (Rdh16) were significantly increased by the agonist. In contrast, the synthetic 

agonist for RARγ and the natural RAR agonist ATRA induced the expression of nearly all 

retinoid target genes in the skin of mice, e.g. Cyp26a1, Cyp26b1 (both degradation enzymes), 

Rbp1, Crabp1, Hbegf, and Krt4 as a marker for retinoid activity (Table 7, Figure 10). We 

were also interested in the effect of a synthetic RXR agonist on skin retinoid metabolism. 

Topical application of this agonist induced the expression of some retinoid target genes 

(Cyp26a1, Cyp26b1, Rbp4, Crabp1, Krt4), while the treatment did not affect or slightly 

decrease the expression of other targets (Crabp2, Fabp5, Rbp1, Hbegf). Moreover, repetitive 

treatment with the RARγ-selective agonist showed no significant effect on retinal and RA 

synthesis enzymes and retinoid receptor gene expression in the skin. In contrast, the 

endogenous RAR ligand ATRA and the RXR agonist markedly increased mRNA levels of 

Aldh1a2 and ATRA further induced Rara and Rxra gene expression, while it decreased 

Aldh1a3 expression in the skin (Table 7, Figure 10). 
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Table 7. Fold change of retinoid metabolism-related gene expression in the skin of mice after two 

weeks topical treatment with retinoid receptor specific agonists.  

 

  Agonists  (Fold change) 

Gene name Symbol              RARα1 RARγ2 ATRA3 RXR4 

Retinal synthesis      

  Beta-carotene oxygenase 2 Bco2 UDL UDL UDL 3305 ± 192*** 

  Short chain dehydrogenase /        

  reductase 16C5 
Sdr16c5 UDL 0.6 ± 0.1 9.4 ± 1.3*** 0.9 ± 0.1 

  Retinol dehydrogenase 10 Rdh10 0 ± 0*** 1.5 ± 0.1*** 0.7 ± 0.1* 0.6 ± 0.1** 

  Retinol dehydrogenase 16 Rdh16 493 ± 128*** 1.3 ± 0.3 2.5 ± 0.3 0.5 ± 0.1 

  Alcohol dehydrogenase 7 Adh7 0.2 ± 0.1 1.8 ± 0.3 2.8 ± 0.5*** 2 ± 0.1* 

 

Retinoic acid synthesis      

  Aldehyde dehydrogenase 1A1 Aldh1a1 UDL** 0.7 ± 0.1 0.6 ± 0.1 0.3 ± 0.1 

  Aldehyde dehydrogenase 1A2 Aldh1a2 0 ± 0* 0.7 ± 0.2 3.4 ± 0.5*** 2.4 ± 0.3** 

  Aldehyde dehydrogenase 1A35 Aldh1a3 UDL*** 1.0 ± 0 0 ± 0*** 0.9 ± 0.2 

 

Retinoid receptors      

  Retinoic acid receptor α Rara UDL* 0.3 ± 0.1 5.8 ± 0.4*** 0.7 ± 0.1 

  Retinoic acid receptor β5 Rarb UDL*** 1.1 ± 0.2 1.4 ± 0.1* 0.6 ± 0.1* 

  Retinoic acid receptor γ Rarg UDL*** 1.1 ± 0.1 0.9 ± 0.3 0.9 ± 0.1 

  Retinoid X receptor α Rxra 0 ± 0*** 0.9 ± 0.1 1.4 ± 0.1*** 1 ± 0.1 

 

Retinoid target genes      

Retinoic acid degradation      

  Cytochrome P450 26A1 Cyp26a1 UDL 19 ± 5.4 1410 ± 161*** 1.5 ± 0.3 

  Cytochrome P450 26B1 Cyp26b1 0 ± 0 13 ± 0.5 299 ± 54*** 1.6 ± 0.2 

  Cytochrome P450 2S1 Cyp2s1 UDL** 0.9 ± 0.1 0.6 ± 0.1 0.9 ± 0.1 

Retinoid transport proteins      

  Retinol binding protein 4 Rbp4 UDL UDL UDL 2816 ± 244*** 

  Cellular retinol binding protein 1 Rbp1 0 ± 0*** 1.4 ± 0.2 2.8 ± 0.2*** 0.7 ± 0.1 

  Cellular retinoic acid binding protein 1 Crabp1 0 ± 0** 1 ± 0.2 1.7 ± 0.3 1.8 ± 0.2* 

  Cellular retinoic acid binding protein 2 Crabp2 0 ± 0*** 1.5 ± 0.2* 2 ± 0.2*** 0.8 ± 0 

  Fatty acid binding protein 5 Fabp5 10 ± 0.8*** 1.9 ± 0.4 2.2 ± 0.1 1.2 ± 0.1 

Retinol esterification      

  Lecithin-retinol acyltransferase Lrat 0 ± 0*** 2.3 ± 0.2*** 2 ± 0.1*** 1 ± 0.1 

  Diacylgylcerol O-acyltransferase Dgat UDL*** 1.5 ± 0.2*** 0.4 ± 0.1*** 0.2 ± 0*** 

Further retinoid target genes not involved in retinoid signaling 

  Keratin 4 Krt4 UDL 6470 ± 646*** 3167 ± 679*** 7.7 ± 3 

  Retinoic acid receptor responder 2 Rarres2 UDL 1.8 ± 0.2 1.3 ± 0.3 1.6 ± 02 

  Heparin-binding EGF-like growth factor6 Hbegf 0 ± 0* 2.7 ± 0.6*** 2 ± 0.2* 0.3 ± 0.2 
 

1 BMS753; 2 BMS961; 3 all-trans retinoic acid; 4 LG268; 5retinoid target genes; 6 target genes not involved in retinoid 

signaling; 7 gene also relevant in epidermal homeostasis; UDL, under detection limit 

Fold change data are expressed as mean ± SEM and were determined in skin specimens of topically treated mice (n≥5)  by 

qRT-PCR. *p<0.05, **p<0.01, ***p<0.001, vs. control (acetone). 



 32 

4.1.1.2 RAR and RXR antagonists decrease the expression of genes involved in 

retinoid signaling in mouse skin 

 

 Topical application of antagonists for RARα or RARγ showed a more homogeneous 

pattern and resulted in non-significantly reduced or unaltered expression of several genes 

involved in retinoid signaling in skin. However, some genes seemed to be slightly induced by 

both antagonists, such as Bco2, Rbp4, Aldh1a1 which is responsible for RA synthesis, Rara, 

Rarg, and some target genes like Cyp26a1, Cyp26b1, and Krt4 (Figure 10, Table 8). In 

contrast, antagonists for RAR and RXR decreased the expression of nearly all of these genes 

below detection limit. Only mRNA levels of Bco2, Rdh16, Rbp4, and Fabp5 were found to be 

elevated by the antagonists. Most surprisingly, this expression pattern strongly resembled to 

that which we observed in mice treated with the RARα agonist (Figure 10, Table 8). 
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Table 8. Fold change of retinoid metabolism-related gene expression in the skin of mice after two 

weeks topical treatment with retinoid receptor specific antagonists.  

 

  Antagonists  (Fold change) 

Gene name Symbol RARα1 RARγ2 RAR3 RXR4 

Retinal synthesis      

  Beta-carotene oxygenase 2 Bco2 443 ± 84*** 124 ± 78 90 ± 41 117 ± 14 

  Short chain dehydrogenase / reductase 16C5 Sdr16c5 0.7 ± 0 0.3 ± 0 UDL UDL 

  Retinol dehydrogenase 10 Rdh10 0.8 ± 0.1 0.1 ± 0*** 0 ± 0*** 0.1 ± 0*** 

  Retinol dehydrogenase 16 Rdh16 0 ± 0 3.5 ± 0.7 6.5 ± 1.2 1.3 ± 0.5 

  Alcohol dehydrogenase 7 Adh7 0 ± 0* 1 ± 0.1 0 ± 0** 0 ± 0* 

 

Retinoic acid synthesis      

  Aldehyde dehydrogenase 1A1 Aldh1a1 1.3 ± 0.3 1.5 ± 0.3 UDL** UDL** 

  Aldehyde dehydrogenase 1A2 Aldh1a2 0.5 ± 0.1 0.2 ± 0 0.1 ± 0.1* 0 ± 0* 

  Aldehyde dehydrogenase 1A35 Aldh1a3 1.3 ± 0.2 1 ± 0.2 0 ± 0*** 0 ± 0*** 

 

Retinoid receptors      

  Retinoic acid receptor α Rara 1.5 ± 0.3 1.3 ± 0.1 UDL* UDL* 

  Retinoic acid receptor β5 Rarb 0.6 ± 0 0.7 ± 0.1 UDL*** UDL*** 

  Retinoic acid receptor γ Rarg 0.8 ± 0.1 1.7 ± 0.2** UDL*** UDL*** 

  Retinoid X receptor α Rxra 0.9 ± 0.1 0.8 ± 0.1* 0 ± 0*** 0 ± 0*** 

 

Retinoid target genes      

Retinoic acid degradation      

  Cytochrome P450 26A1 Cyp26a1 1.6 ± 0.6 0.9 ± 0.3 UDL UDL 

  Cytochrome P450 26B1 Cyp26b1 1.3 ± 0.2 1.1 ± 0.2 0 ± 0 0 ± 0 

  Cytochrome P450 2S1 Cyp2s1 0.9 ± 0.1 1.6 ± 0.1* UDL*** 0 ± 0** 

Retinoid transport proteins      

  Retinol binding protein 4 Rbp4 448 ± 18*** 1710 ± 505*** 12 ± 12 30 ± 30 

  Cellular retinol binding protein 1 Rbp1 0.6 ± 0.1 0.7 ± 0 0 ± 0*** 0 ± 0*** 

  Cellular retinoic acid binding protein 1 Crabp1 1.1 ± 0.3 UDL*** 0 ± 0** 0.1 ± 0** 

  Cellular retinoic acid binding protein Crabp2 0.7 ± 0.1 0.5 ± 0** UDL*** 0 ± 0*** 

  Fatty acid binding protein 5 Fabp5 0.9 ± 0.1 0.2 ± 0 13 ± 0.6*** 8 ± 1*** 

Retinol esterification      

  Lecithin-retinol acyltransferase Lrat 1.2 ± 0.1 0.6 ± 0.1 0 ± 0*** 0 ± 0*** 

  Diacylgylcerol O-acyltransferase Dgat 0.2 ± 0*** 0.1 ± 0*** UDL*** 0 ± 0*** 

Further retinoid target genes not involved in retinoid signaling 

  Keratin 4 Krt4 154 ± 37 UDL UDL UDL 

  Retinoic acid receptor responder 2 Rarres2 3.4 ± 0.6*** 1 ± 0.3 UDL 0 ± 0 

  Heparin-binding EGF-like growth factor6 Hbegf 0.8 ± 0.1 0.8 ± 0.1 UDL UDL* 

 

1 BMS614; 2 UVI2041; 3 BMS493; 4 UVI3003; 5 retinoid target genes; 6 target genes not involved in retinoid signaling; 7 gene 

also relevant in epidermal homeostasis; UDL, under detection limit 

Fold change data are expressed as mean ± SEM and were determined in skin specimens of topically treated mice (n≥5) by 

qRT-PCR. *p<0.05, **p<0.01, ***p<0.001, vs. control (acetone). 
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4.1.2 ATRA levels in the skin of topically treated mice 

 

 Gene expression analysis indicated alterations of retinoid metabolism (RA synthesis and 

degradation enzymes) in murine skin in response to various retinoid receptor specific agonists 

or antagonists. Therefore, we were interested whether the level of ATRA in the skin of mice 

was also affected by the various treatments. 

 

4.1.2.1 An RXR agonist and RARα antagonist increase ATRA levels in skin via 

induced synthesis    

 

 ATRA levels in the skin were determined via HPLC MS-MS and were found to be 

differentially affected depending on the applied receptor selective agonist or antagonist 

(Figure 10, Table 9).  

 
  
Table 9. ATRA concentration (ng/g) in murine skin after two weeks topical treatment with retinoid 

receptor selective agonists or antagonists.  

 

  Agonists Antagonists 

 acetone RARα1 RARγ2 RAR3 RXR4 RARα5 RARγ6 RAR7 RXR8 

ATRA 2.5 ± 0.4       1.1 ± 0.4*   1.8 ± 1.1    5001 ± 1127** 25 ± 9.4*         14 ± 4.2*        4.3 ± 1.7        5.6 ± 1.6        4.6 ± 2 

 

 

1 BMS753; 2 BMS961; 3 all-trans retinoic acid; 4 LG268; 5 BMS614; 6 UVI2041; 7 BMS493; 8 UVI3003  

Concentrations were determined in skin specimens of topically treated mice (n≥5) by HPLC MS-MS and were calculated as 

ng/g skin. Data are indicated as mean ± SEM. *p<0.05, **p<0.005, vs. control (acetone). 

 

 
 Concentrations of ATRA were significantly decreased in the skin of mice treated with the 

synthetic RARα agonist and non-significantly by the RARγ agonist. Furthermore, treatments 

with antagonists for RARγ, RARs, or RXRs resulted in elevated ATRA concentrations, while 

only the RARα antagonist induced a significant increase. As expected, we found ATRA levels 

markedly elevated upon treatment with this RAR agonist itself (highest level among all 

groups). Noticeably, however, was the pronounced elevation of ATRA in mouse skin after 

application of the synthetic RXR agonist which is in accordance with a significantly elevated 

gene expression of the RA synthesis enzyme Aldh1a2. 
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4.1.3 Impact of topical retinoid receptor agonists and antagonists on skin and 

immune homeostasis 

 

 RAR-RXR signaling pathways are well known to be involved in the modulation of 

immune responses (Rühl, 2007; Rühl et al., 2004; Rühl et al., 2007) as well as skin 

physiology (Roos et al., 1998). Furthermore, we recently found disturbed retinoid signaling in 

skin of AD patients, indicating the involvement of retinoid signaling in the disease’s 

pathogenesis (Mihály et al., 2011). Therefore, we aimed to investigate the impact of topically 

applied retinoid receptor specific agonists and antagonists on murine skin and immune 

homeostasis. 

 

4.1.3.1 RAR-RXR signaling pathways induce epidermal hyperproliferation 

 

 After two weeks topical treatment of mice with various retinoid receptor selective agonists 

or antagonists, obvious signs of dryness (scales) could be observed in some groups compared 

to control mice. Representative images of the treated skin area at day 14 (end of treatment) are 

shown in Figure 11.  
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Figure 11. Representative photographs of dorsal skin areas from mice topically treated with vehicle 

control (acetone), or various retinoid receptor selective agonists or antagonists for 14 days. Note the 

scaly skin of mice treated with the synthetic RXR agonist or the synthetic RARγ agonist, and 

appearing most pronounced in the RAR agonist (ATRA) treated group. 
1
all-trans retinoic acid / ATRA    

 

 
 Control animals were treated with acetone (vehicle) and their skin appeared normal 

without scales at the end of two weeks. Similar observations were made in the group treated 

with the RARα agonist showing only a very few scattered white scales on the back skin. In 

contrast, application of synthetic agonists for RXR or RARγ and the natural RAR ligand 

ATRA resulted in visibly dry and scaly skin. Compared to rather mild effects induced by the 

RXR agonist we could detect small scales already after the third treatment with the synthetic 

RARγ agonist. During the following days, number and size of scales increased and the skin 
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appeared red and slightly shiny compared to control mice (Figure 11). Application of ATRA 

(same amount as the synthetic RARγ agonist) showed the strongest effects resulting in 

apparently very dry skin with big white scales already shortly after initiating the treatment 

(not shown). Skin of these mice also seemed shiny compared to controls. Skin regions treated 

with receptor antagonists appeared mostly normal at day 14. A few small scales could be 

observed only after application of the RARα and RXR antagonists. In order to verify these 

macroscopic impressions we also performed histological analysis (Figure 12).  

 

 

 
 
Figure 12. Representative photographs of H&E stained skin sections from mice topically treated with 

vehicle control (acetone), or various retinoid receptor selective agonists or antagonists for 14 days. 

Note the epidermal thickness of mice treated with synthetic agonists for RXR or RARγ, and appearing 

most pronounced in the RAR agonist (ATRA) treated group. Epidermal thickness seemed comparable 

to vehicle control in mice treated with RARα agonist, RXR antagonist, RAR antagonist, and selective 

antagonists of RARα or RARγ. Original magnification (×20) was digitally magnified. 
1
all-trans 

retinoic acid / ATRA    
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 In accordance, epidermal thickness seemed comparable to control mice in all treatment 

groups except for mice treated with the synthetic RXR agonist, RARγ agonist, or ATRA. 

Epidermal thickness was markedly increased in all three groups (1.73 fold, 2.46 fold, 5.98 

fold increase, respectively) but appeared stronger in mice treated with the RARγ agonist and 

was most pronounced in ATRA-treated mice. Additionally, the epidermal surface seemed 

notably scaly after application of the synthetic RARγ agonist and ATRA (Figure 12). 

 

4.1.3.2 RAR-RXR signaling pathways modify epidermal barrier homeostasis 

 

 We next investigated the expression of various genes with significant functions in 

epidermal barrier homeostasis upon treatment with retinoid receptor agonists and antagonists. 

As shown in Table 10 and Figure 10, application of the synthetic RARγ agonist and ATRA 

both induced genes involved in skin barrier function (Abca12, Flg, Lor, Spink5, Krt16, 

Hbegf). On the other hand, mRNA levels of genes implicated in ceramide metabolism (Acer1, 

Gba, Ugcg) or cholesterol synthesis (Hmgcs2) were mainly decreased or unaffected by the 

treatment. Compared to RARγ ligand application, expression of these genes was markedly 

down-regulated (in several cases below detection limit) when mice were treated with the 

synthetic RARα agonist (Table 10, Figure 10). Noticeably, the same expression profile was 

observed after application of RAR or RXR antagonists. Treatment with the RXR agonist and 

RARα- and RARγ-specific antagonists resulted in inconsistent gene expression patterns with 

an increase of some genes (Spink5, Flg, Klk7) and decrease of other genes (Abca12, Krt16, 

Ugcg) involved in epidermal barrier function (Table 10, Figure 10). Krt6b expression was 

below the limit of detection in all groups (not shown). 
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Table 10. Fold change of mRNA expression of genes involved in epidermal barrier homeostasis and chemotaxis in murine skin after two weeks of 

topical treatment with retinoid receptor specific agonists or antagonists.  

 

  Agonists  (Fold change) Antagonists  (Fold change) 

Gene name  Symbol RARα1 RARγ2 ATRA3 RXR4 RARα5 RARγ6 RAR7 RXR8 

Epidermal barrier homeostasis          

  ATP-binding cassette A12 Abca12 1 ± 0.1 1.6 ± 0.2*** 1.5 ± 0.1*** 1 ± 0.1 0.6 ± 0.1* 0.5 ± 0.1** 0 ± 0*** 0 ± 0*** 

  Filaggrin Flg 0.2 ± 0.1 11.4 ± 1.3** 32 ± 4.4*** 4.1 ± 0.1 1.4 ± 0.1 2.2 ± 0.8 0 ± 0 0 ± 0 

  Involucrin Ivl 0.9 ± 0.1 1.6 ± 0.1*** 1.3 ± 0.1 0.9 ± 0.1 1 ± 0.1 1.2 ± 0.1 1.3 ± 0.1 0.8 ± 0.2 

  Loricrin  Lor 0 ± 0 1.8 ± 0.3 7.3 ± 0.8*** 0.6 ± 0.1 0.7 ± 0.2 1.3 ± 0.3 0 ± 0 0 ± 0 

  Transglutaminase 1 Tgm1 UDL*** 0.7 ± 0.2 2.5 ± 0.2*** 0.1 ± 0*** 0.4 ± 0.1** UDL*** UDL*** UDL*** 

  Serine peptidase inhibitor, Kazal-type 5 Spink5 0 ± 0 5.1 ± 1*** 2.8 ± 0.4* 2.8 ± 0.3* 5.1 ± 0.6*** 2.3 ± 0.3 0 ± 0 0 ± 0 

  Kallikrein-related peptidase 5 Klk5 UDL 4.9 ± 1.5*** 2.8 ± 0.4 1 ± 0.1 2.4 ± 0.5 3.4 ± 0.7* UDL UDL 

  Kallikrein-related peptidase 7 Klk7 0 ± 0 5.6 ± 1.8*** 2.7 ± 0.3 3.2 ± 0.6 2.1 ± 0.3 1.2 ± 0.1 0 ± 0 0 ± 0 

  Matrix metalloproteinase 9 Mmp9 0.4 ± 0 2.7 ± 0.5 2 ± 1.1 0.8 ± 0.1 4.7 ± 0.8*** UDL 0.3 ± 0.1 0.9 ± 0.3 

  S100 calcium binding protein A7A / psoriasin S100a7a 0.2 ± 0.1 1.4 ± 0.1 3.4 ± 0.6*** 0.8 ± 0.1 0 ± 0* UDL** UDL* 0 ± 0* 

  Keratin 16 Krt16 0 ± 0 3.8 ± 0.4*** 2.8 ± 0.9* 0.6 ± 0.1 0.5 ± 0.1 0 ± 0 0 ± 0 0 ± 0 

  Heparin-binding EGF-like growth factor9 Hbegf 0 ± 0* 2.7 ± 0.6*** 2 ± 0.2* 0.3 ± 0.2 0.8 ± 0.1 0.8 ± 0.1 UDL* UDL* 

  3-Hydroxy-3-methylglutaryl-CoA synthase 2 Hmgcs2 0 ± 0*** 0.5 ± 0.1* 0.1 ± 0*** 1.3 ± 0.3 0.6 ± 0.1 UDL*** 0 ± 0*** 0.1 ± 0*** 

  UDP-glucose ceramide glucosyltransferase Ugcg 0.1 ± 0*** 0.4 ± 0.1*** 0.1 ± 0*** 0.2 ± 0*** 0.9 ± 0.1 UDL*** 0 ± 0*** 0 ± 0*** 

  Glucocerebrosidase Gba 0.4 ± 0.2 1.4 ± 0.3 0.9 ± 0.2 0.9 ± 0.1 0.5 ± 0.2 UDL*** UDL*** 0 ± 0*** 

  Alkaline ceramidase 1 Acer1 UDL* 1.2 ± 0.1 0 ± 0*** 1.5 ± 0.2* 0.7 ± 0.1 0.1 ± 0*** UDL*** 0.2 ± 0*** 

 

Immune response 
         

  Chemokine (CC motif) ligand 11 / eotaxin-1   Ccl11 UDL*** 0.6 ± 0.1* 0.6 ± 0.1* 0.5 ± 0.1* 2 ± 0.2*** UDL*** UDL*** UDL*** 

  Chemokine (CC motif) ligand 24 / eotaxin-2   Ccl24 UDL*** 0.1 ± 0.1*** 0 ± 0*** 0.5 ± 0.1* 1.9 ± 0.2*** UDL*** UDL*** UDL*** 

  Chemokine (CC motif) ligand 17 / Tarc Ccl17 2 ± 0.6 2.7 ± 0.4 9.6 ± 1.5*** 0.6 ± 0.1 0.2 ± 0.1 13.9 ± 2.8*** UDL 0.1 ± 0.1 

  Chemokine (CC motif) ligand 22 / Mdc Ccl22 UDL 4.3 ± 1*** 1.9 ± 0.3 0.8 ± 0.1 0.5 ± 0.2 UDL UDL UDL 

  Keratin 17 Krt17 0 ± 0*** 1.5 ± 0.1*** 0.2 ± 0*** 1 ± 0.1 1.3 ± 0.1* 0 ± 0*** 0 ± 0*** 0 ± 0*** 

 

1 BMS753; 2 BMS961; 3 all-trans retinoic acid; 4 LG268; 5 BMS614; 6 UVI2041; 7 BMS493; 8 UVI3003; 9 gene also relevant as retinoid target gene; UDL, under detection limit 

Fold change data are expressed as mean ± SEM and were determined in skin specimens of topically treated mice (n≥5) by qRT-PCR. *p<0.05, **p<0.01, ***p<0.001, vs. control (acetone). 
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4.1.3.3 RAR-RXR signaling pathways modify skin based immune responses 

 

 Retinoid-mediated signaling is known to play an important role in the immune system and 

a dysregulated retinoid metabolism was found in skin of AD patients (Mihály et al., 2011). 

Therefore, we investigated whether topical application of receptor selective retinoids is 

sufficient to alter the expression of genes implicated in the immune response in skin, such as 

the Th2 cell attracting chemokines Ccl11 (eotaxin-1), Ccl17 (Tarc), Ccl22 (Mdc), Ccl24 

(eotaxin-2), the chemokine receptor Ccr3, and the inflammatory marker Krt17 (Table 10). The 

synthetic RXR activator exerted only a slight effect on their gene expression in skin, while 

levels of chemokines and Krt17 were markedly decreased in response to the RARα agonist 

(except for Ccl17). Once more, this result strongly resembled to those found after application 

of RAR or RXR antagonists. Topical treatment with the synthetic RARγ agonist and ATRA 

as well as the RARγ antagonist decreased mRNA levels of Ccl11 and Ccl24 but induced 

Ccl17 and partly Ccl22, while it was the opposite in mouse skin treated with the RARα 

antagonist. Moreover, the chemokine receptor Ccr3 was below detection level regardless of 

which agonist or antagonist was applied (not shown). Expression of Krt17 was increased only 

in response to the RARγ agonist or RARα antagonist while it was decreased or unaltered in all 

other groups (Table 10).  

 

4.2 Mouse model of allergen-induced dermatitis 

 

 Following determination of the contribution of retinoid receptor specific signaling to skin 

barrier homeostasis and immune response in the skin, in the second part of the study we were 

interested in the regulation of retinoid metabolism and retinoid-mediated signaling in the skin 

of mice under cutaneous disease conditions. Therefore, we applied a mouse model of 

allergen-induced dermatitis (Dahten et al., 2008; Weise et al., 2011) using combined systemic 

and topical OVA treatment. Further, we investigated the effect of systemic OVA sensitization 

without additional topical application on retinoid metabolism and signaling in murine skin. 

 

4.2.1 Induction of allergen-induced dermatitis by systemic and systemic  

plus topical OVA application 

 

 Several parameters involved in immune response pathways in the skin as wells as skin 

homeostasis, such as immune cell infiltration, total IgE levels, and gene expression were 
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investigated in response to OVA treatment in order to verify the induction of an allergen-

induced dermatitis. mRNA expression analysis was performed using qRT-PCR and TLDA 

and results are indicated as fold change of gene expression versus control mice (PBS-treated). 

Data are presented as mean per treatment group (n=6 mice) ± SEM of triplicate (qRT-PCR) or 

duplicate (TLDA) measurements per data point. Significant changes (p<0.05) are indicated 

with asterisks. 

 

4.2.1.1 Systemic sensitization with OVA triggers mild allergen-induced dermatitis 

when compared to additional topical OVA applications  

 

 BALB/c mice were systemically sensitized with OVA in addition or not to topical 

sensitization onto shaved back skin (Figure 8 and 9) and compared with PBS-injected mice 

(controls). Sensitization with OVA induced mild but statistically significant focal hyperplasia 

with a two-fold (OVA i.p.; p<0.001 vs. PBS i.p.) or three-fold (OVA i.p.+e.c.; p<0.001 vs. 

PBS i.p.; p<0.001 vs. OVA i.p.) increase in epidermal thickness, respectively. Histological 

analysis further revealed scaly skin in both OVA-sensitized groups (Figure 13).  

 

 

 
 
Figure 13. H&E staining of five-micrometer skin sections obtained from PBS or OVA treated dorsal 

skin sites (n=8 per group). Images were taken at x10 magnification (scale bar = 50 µm). 

 

 

 Interestingly, repeated systemic sensitization with OVA did not alter total serum IgE 

levels compared to control mice (Figure 14). However, combined systemic and topical 

sensitization leading to allergen-induced dermatitis resulted in significantly increased total 

serum IgE (21.696 ± 1.655 ng/ml) when compared to controls and systemically sensitized 

mice (Figure 14).  
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Figure 14. Total IgE levels were determined in the serum of mice treated systemically with or without 

additional topical sensitization with OVA. Data are presented as mean values ± SEM of three 

independent measurements with triplicate determination of n=8 mice/group.  

 

 

 Furthermore, inflammatory cells infiltrating the skin were characterized by Giemsa 

staining and immunohistochemical methods. Numbers of mast cells were significantly 

elevated in the dermis of both OVA-sensitized groups, while the increase in macrophages, 

dermal dendritic cells, and CD4+ lymphocytes reached statistical significance only in 

allergen-induced dermatitis (Table 11). Sensitization with OVA induced elevated numbers of 

CD3+ lymphocytes in dermis and epidermis (data not shown). Only few CD8+ lymphocytes 

could be detected in skin sections of OVA-sensitized mice (data not shown). Eosinophils 

could only be found in the dermis of OVA-sensitized mice and predominantly in allergen-

induced dermatitis (Table 11). In the epidermis, several Langerhans cells exhibiting activated 

morphology could be observed in OVA-sensitized mice (data not shown). Altogether, 

numbers of mast cells, macrophages and dermal dendritic cells were significantly higher only 

in allergen-induced dermatitis (Table 11).  
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Table 11. Systemic sensitization with ovalbumin (OVA) induced mild allergic dermatitis when 

compared to additional topical OVA applications. 

 

 Sensitization 

Analysis PBS i.p. OVA i.p. OVA i.p.+e.c. 

Inflammatory cell infiltrate in skin
1    

  Mast cells
2
 7 ± 1 27 ± 2

***
 45 ± 3

***###
 

  Eosinophils
2
 0 ± 0 5 ± 1

*
 9 ± 2

***
 

  Macrophages (MHC II
+
CD11c

-
)

3
  307 ± 16 369 ± 21 474 ± 14

***##
 

  Dermal dendritic cells (MHC II
+
CD11c

+
)

3
 40 ± 3 59 ± 4 90 ± 10

***#
 

  CD3
+
 lymphocytes

3
 164 ± 13 240 ± 15

**
 285 ± 10

***
 

  CD4
+
 lymphocytes

3
 4 ± 1 11 ± 2 14 ± 2

**
 

 

Cytokine serum levels (pg/ml)
4    

Th1-type    

  Interleukin 12 p70 (IL-12) 7.4 ± 3.9 6.5 ± 4 8.4 ± 5.6 

Th2-type    

  Interleukin 4 (IL-4) 73 ± 22 179 ± 24
*
 198 ± 15

**
 

  Thymic stromal lymphopoietin (Tslp) 3.5 ± 0.5 3.7 ± 1.2 3.4 ± 0.4 

 

e.c., epicutaneous; i.p., intraperitoneal; OVA, ovalbumin; PBS, phosphate-buffered saline; Th, T-helper cell. 

1 Positively stained cells were counted in six fields per section of n=5 (IHC-staining) or n=8 animals (Giemsa-staining), 

respectively, and expressed as cells per mm². ² Determined in Giemsa-stained skin sections. ³ Determined in IHC-stained skin 

sections. 4 Cytokine levels in sera were determined as triplicate measurements of n=4 mice per group using Quantikine mouse 

immunoassay kits. Cell numbers are indicated as mean ± SEM, cytokine levels are indicated as pg/ml.. *p<0.05, **p<0.01, 

***p<0.001, vs. PBS i.p.; #p<0.05, ##p<0.01, and ###p<0.001, vs. OVA i.p.  

  

 

4.2.1.2 Systemic sensitization with OVA triggers IL-4 serum levels  

 

 Levels of the cytokines IL-4, TSLP and IL-12 (IL-12p70) were determined in the sera of 

OVA-sensitized and control mice. IL-4 but not TSLP was significantly increased in both 

OVA-treated groups (Table 11, Figure 15). Serum levels of IL-12, a Th1-type cytokine, 

remained unaltered in all groups (Table 11). 
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Figure 15. IL-4 serum levels after systemic with or without additional topical OVA sensitization (n=4 

mice per group). 

 

 

4.2.1.3 Expression of Th1- and Th2-type immune response genes is only altered in 

allergen-induced dermatitis 

 

 Expression of genes relevant for Th1- or Th2-type immune responses was analyzed in the 

skin of mice by qRT-PCR and TLDA. As shown in Table 12, gene expression levels of the 

inflammation-associated Krt17 were moderately increased in the skin of OVA-sensitized 

mice. In contrast, expression of Th1 related genes including interferon γ (Ifng) and interleukin 

12A (Il12a) and of Th2 associated genes including interleukin 4 (Il4), interleukin 10 (Il10), 

Ccl11, and its corresponding receptor Ccr3 was significantly elevated only in the skin of mice 

with allergen-induced dermatitis (Table 12). Altogether, these results (Tables 11 and 12) show 

that only combined systemic and topical sensitizations with OVA fully recapitulate allergen-

induced dermatitis symptoms, which are also found in chronic AD (Grewe et al., 1998; 

Horikawa et al., 2002; Leung, 1995; Leung and Bieber, 2003; Werfel et al., 1996). 
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Table 12. Systemic and topical OVA sensitization results in inflammation. 

 

  Fold change 

Gene name Symbol   OVA i.p. OVA i.p.+e.c. 

Immune response    

  Keratin 17 Krt17 1.6 ± 0.2
*
 1.7 ± 0.2

**
 

Th1-type    

  Interleukin 12A Il12a 1639 ± 719 2613 ± 740
*
 

  Interferon γ Ifng 11.1 ± 5.4
 

22.1 ± 2.8
**

 

Th2-type    

  Interleukin 4 Il4 11.7 ± 4.5
 

92.7 ± 30.9
**#

 

  Interleukin 10 Il10 12.4 ± 5.5
 

32.7 ± 13.1
*
 

  Chemokine (CC motif) ligand 11 / eotaxin-1   Ccl11 0.2 ± 0.2
 

13.8 ± 5.1
*#

 

  Chemokine (CC motif) receptor 3 Ccr3 63.7 ± 34.4 1763 ± 534
***##

 

e.c., epicutaneous; i.p., intraperitoneal; OVA, ovalbumin; Th, T-helper cell. 

Fold change data are expressed as mean ± SEM and were determined in skin specimens of sensitized mice (n=6) by TLDA or 

qRT-PCR. *p<0.05, **p<0.01, ***p<0.001, vs. control (PBS i.p.); #p<0.05, ##p<0.01, and ###p<0.001, vs. OVA i.p. 

 

 

4.2.1.4 Systemic sensitization with OVA is sufficient to modify the expression of 

genes involved in epidermal barrier homeostasis  

 

 mRNA levels of several genes involved in epidermal barrier formation and maintenance, 

such as keratinocyte differentiation markers Ivl and Lor, matrix metalloproteinase 9 (Mmp9), 

and Spink5 were significantly decreased in the skin of OVA-treated mice (Table 13). Notably, 

expression levels of all tested genes, except for psoriasin (S100a7a), were lower in the OVA-

treated mice. Indeed, psoriasin expression was induced in mice treated with OVA (Table 13).  

 

 In contrast, genes related to the epidermal lipid components were mainly up-regulated in 

mouse skin after OVA challenges. In fact, mRNA expression levels of Hmgcs2, involved in 

cholesterol synthesis, of serine palmitoyltransferase 2 (Sptlc2), Ugcg, both catalyzing the 

synthesis of ceramides and glycosyl-ceramides, and of alkaline ceramidase 1 (Acer1), which 

is responsible for ceramide degradation, were significantly elevated in the skin of mice with 

allergen-induced dermatitis and/or solely systemic OVA sensitization (Table 13). Noticeably, 

only expression of Abca12, which is responsible for lipid loading into lamellar bodies, was 

decreased in OVA-treated groups (Table 13).  
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Table 13. Systemic and topical OVA sensitizations disturb epidermal barrier homeostasis. 

 

  Fold change 

Gene name Symbol   OVA i.p. OVA i.p.+e.c. 

 

Epidermal barrier homeostasis
    

  ATP-binding cassette A12 Abca12 0.3 ± 0
***

 0.6 ± 0.1
***##

 

  Involucrin Ivl 0.6 ± 0.1
* 

0.4 ± 0
***

 

  Loricrin Lor 0.5 ± 0
* 

0.8 ± 0.1
#
 

  Serine peptidase inhibitor, Kazal-type 5 Spink5 0.2 ± 0
***

 0.4 ± 0
***

 

  Matrix metalloproteinase 9 Mmp9 0.1 ± 0
*** 

0.6 ± 0.1
##

 

  S100 calcium binding protein A7A / psoriasin S100a7a 2.6 ± 0.3
**

 2.1 ± 0.3
*
 

  3-Hydroxy-3-methylglutaryl-CoA synthase 2 Hmgcs2 0.4 ± 0.1 4.4 ± 1.1
**##

 

  Serine palmitoyltransferase long chain base  

  subunit 2 

 

Sptlc2 

 

1.2 ± 0.3 

 

33.8 ± 10.6
**##

 

  UDP-glucose ceramide glucosyltransferase Ugcg 196 ± 16.9
***

 161 ± 14.4
***

 

  Alkaline ceramidase 1 Acer1 2.2 ± 0.6
 

3.9 ± 0.3
***#

 

e.c., epicutaneous; i.p., intraperitoneal; OVA, ovalbumin. 

Fold change data are expressed as mean ± SEM and were determined in skin specimens of sensitized mice (n=6) by TLDA or 

qRT-PCR. *p<0.05, **p<0.01, ***p<0.001, vs. control (PBS i.p.); #p<0.05, ##p<0.01, and ###p<0.001, vs. OVA i.p. 

 

 

 Taken together, our results suggest that systemic sensitization with OVA is sufficient to 

decrease the expression of differentiation markers and to increase the expression of proteins 

involved in the cutaneous lipid metabolism. This, in turn, might lead to an impaired epidermal 

barrier function. 

 

4.2.2 Retinoid metabolism and signaling in allergen-induced dermatitis 

 

 While retinoid-mediated signaling in skin is involved in several physiological processes, 

little is known about RAR-mediated signaling in inflammatory skin diseases (Mihály et al., 

2011). By means of our mouse model we aimed to investigate whether repeated systemic and 

combined systemic and topical sensitizations with OVA are able to induce changes in retinoid 

metabolism and retinoid-mediated signaling on the gene expression level in the skin.  
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4.2.2.1 ATRA levels are increased in allergen-induced dermatitis 

 

 Interestingly, we found significantly elevated concentrations of ATRA only in the skin of 

mice with allergen-induced dermatitis. Furthermore, retinol levels in mouse skin remained 

unchanged in all treatment groups (Table 14).  

 

 
Table 14. Systemic and topical OVA sensitizations result in increased ATRA levels in skin. 

 

Retinoid concentrations in ng/g PBS i.p. OVA i.p. OVA i.p.+e.c. 

ATRA 0.5 ± 0.2 0.8 ± 0.2 1.4 ± 0.2
*
 

Retinol 100 ± 14 126 ± 36 136 ± 13 

e.c., epicutaneous; i.p., intraperitoneal; OVA, ovalbumin; PBS, phosphate-buffered saline. 

Concentrations are expressed as ng/mg with mean ± SEM calculated and were determined by HPLC MS-MS method in skin 

specimens of control mice and OVA-sensitized mice (n=3 per group). *p<0.05 vs. PBS i.p. 

 

 

4.2.2.2 Retinoid metabolism is increased in allergen-induced dermatitis 

 

 After sensitization, the expression of Sdr16c5, responsible for the oxidation of retinol to 

retinal, was induced compared to controls while expression of Rdh10 remained unchanged 

(Table 15). In contrast, expression of enzymes responsible for the conversion of retinal to the 

bioactive retinoid ATRA (aldehyde dehydrogenases; Aldh1a1, 1a2 and 1a3) was significantly 

increased only in allergen-induced dermatitis (Table 15) and corresponding to ATRA levels in 

the skin. Effects of ATRA are mediated by different retinoid receptors in the skin. In parallel 

to the determined ATRA skin content, elevated mRNA levels of RARγ and RXRα, both the 

most abundant retinoid receptors in skin, were evidenced only in allergen-induced dermatitis   

(Table 15).  
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Table 15. Systemic and topical OVA sensitizations induce RA synthesis and dysregulate retinoid-

mediated signaling in the skin of mice.  

 

  Fold change 

Gene name Symbol   OVA i.p. OVA i.p.+e.c. 

Retinal synthesis    

  Short chain dehydrogenase/reductase 16C5 Sdr16c5 1.7 ± 0.2
*
 1.8 ± 0.2

*
 

  Retinol dehydrogenase 10 Rdh10 1.1 ± 0.1
 

1.3 ± 0.1 

 

Retinoic acid synthesis    

  Aldehyde dehydrogenase 1A1 Aldh1a1 1.8 ± 0.2 2.4 ± 0.4
**

 

  Aldehyde dehydrogenase 1A2 Aldh1a2 0.5 ± 0
 

3.9 ± 1.3
*#

 

  Aldehyde dehydrogenase 1A3
1
 Aldh1a3 4.8 ± 0.4

**
 4.0 ± 0.8

**
 

 

Retinoid receptors    

  Retinoic acid receptor α Rara 0.8 ± 0.1 1.0 ± 0.1 

  Retinoic acid receptor β
1
 Rarb 0.8 ± 0.1 0.9 ± 0.1 

  Retinoic acid receptor γ Rarg 0.8 ± 0.1
 

1.3 ± 0.2
#
 

  Retinoid X receptor α Rxra 0.7 ± 0.1 1.6 ± 0.2
*###

 

 

RAR target genes involved in retinoid signaling   

Retinoic acid degradation    

  Cytochrome P450 26A1 Cyp26a1 2.1 ± 0.7
 

7.9 ± 2.2
**#

 

  Cytochrome P450 26B1 Cyp26b1 0.6 ± 0.1 1.9 ± 0.2
*##

 

Retinoid transport proteins    

  Cellular retinol binding protein 1 Rbp1 3.5 ± 0.2
***

 3.0 ± 0.2
***

 

  Cellular retinoic acid binding protein 2 Crabp2 1.3 ± 0.1
 

1.4 ± 0.1 

Retinol esterification    

  Lecithin-retinol acyltransferase Lrat 2.4 ± 0.3 2.5 ± 0.7 

Further RAR target genes not involved in retinoid signaling  

  Keratin 4 Krt4 0.6 ± 0.2 0.3 ± 0
*
 

  Retinoic acid receptor responder 2 Rarres2 0.5 ± 0.1
* 

0.6 ± 0.1 

  Transglutaminase 2 Tgm2 0.9 ± 0.1
 

0.7 ± 0.1 

 

e.c., epicutaneous; i.p., intraperitoneal; OVA, ovalbumin. 1 RAR target genes 

Fold change data are expressed as mean ± SEM and were determined in skin specimens of sensitized mice (n=6) by TLDA. 

*p<0.05, **p<0.01, ***p<0.001, vs. control (PBS i.p.); #p<0.05, ##p<0.01, and ###p<0.001, vs. OVA i.p.  
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4.2.2.3 Retinoid-mediated signaling is increased in allergen-induced dermatitis 

 

 To further investigate the induction of retinoid-mediated signaling in sensitized skin, we 

assessed the expression of RAR target genes. Accordingly, we found that expression of genes 

encoding RA degradation enzymes, cytochrome P450 26a1 (eight-fold induction), and 

Cyp26b1 (two-fold increase) was increased in allergen-induced dermatitis (Table 15). 

Expression of proteins involved in retinoid transport (Rbp1, Crabp2) and metabolism (Lrat) 

was similarly increased in the skin of mice treated with OVA, regardless of further topical 

sensitization with OVA. In contrast, expression of RAR target genes not involved in retinoid 

signaling (Krt4, Rarres2, Tgm2) was not significantly altered (Table 15).  

 

 Notably, the ratio of Fabp5 vs. Crabp2 gene expression, both delivering ATRA to their 

respective cognate NR, was significantly increased in allergen-induced dermatitis (Figure 16).  

 

 

 
 

Figure 16. Ratio of Fabp5 vs. Crabp2 expression in the skin of OVA-treated mice (n=6 per group) 

compared to control mice (PBS i.p.). Data are presented as mean values ± SEM.  
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4.2.3 PPARδ-mediated signaling in allergen-induced dermatitis 

 

4.2.3.1 Gene targets involved in PPARδ pathways in the skin are mainly up-

regulated in allergen-induced dermatitis 

 

 Systemic or systemic plus topical sensitization of mice with OVA led to reduced Ppard 

gene expression compared to controls and this decrease was somewhat more pronounced in 

mice systemically sensitized only. In contrast, mRNA expression of Fabp5, the fatty acid 

binding protein 5 which delivers ligands to PPARδ, was increased after sensitization with 

OVA (Table 16).  

 

 

Table 16. Systemic and topical OVA sensitizations induce PPARδ target gene expression in skin. 

 

  Fold change 

Gene name Symbol OVA i.p. OVA i.p.+e.c. 

PPARδ signaling    

  Peroxisome proliferator-activated receptor δ Ppard 0.4 ± 0.0
**

 0.6 ± 0.0
* 

  Fatty acid-binding protein 5 Fabp5 1.7 ± 0.3 2.2 ± 0.2
**

 

  ATP-binding cassette A12 Abca12 0.3 ± 0.0
***

 0.6 ± 0.1
***##

 

  Keratin 6B Krt6b 5.8 ± 0.6 632 ± 177
**##

 

  Keratin 16 Krt16 0.5 ± 0.0 5.7 ± 1.2
***###

 

  Heparin-binding EGF-like growth factor Hbegf 1.1 ± 0.1 2.1 ± 0.3
*#

 

  3-Hydroxy-3-methylglutaryl-CoA synthase 2 Hmgcs2 0.4 ± 0.1 4.4 ± 1.1
**##

 

e.c., epicutaneous; i.p., intraperitoneal; OVA, ovalbumin. 

Fold change data are expressed as mean ± SEM and were determined in skin specimens of sensitized mice (n=6)  by TLDA 

or qRT-PCR. *p<0.05, **p<0.01, ***p<0.001, vs. control (PBS i.p.); #p<0.05, ##p<0.01, and ###p<0.001, vs. OVA i.p. 

 

 

 Moreover, Krt6b, Krt16, Hbegf, and Hmgcs2, all of which known to be induced upon 

PPARδ activation and involved in epidermal barrier homeostasis (Calleja et al., 2006; 

Romanowska et al., 2008; Romanowska et al., 2010) showed significantly elevated gene 

expression levels in skin after systemic and topical sensitization. Only the PPARδ target gene 

Abca12 (Jiang et al., 2009) which is responsible for epidermal barrier formation and 

maintenance showed decreased mRNA levels in both OVA treatment groups (Table 16). 

Altogether, our results suggest an induction of gene targets which are involved in PPARδ 
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signaling pathways, most noticeably Fabp5, in murine skin in response to systemic and 

topical OVA sensitization. 

 

4.2.3.2 Systemic sensitization with OVA increases Fabp5 protein levels 

 

 Because Fabp5 gene expression was induced in the skin after repeated systemic OVA 

sensitization (Table 16) we also assessed levels of Fabp5 protein in the skin of mice in our 

experimental conditions. Levels of Fabp5 protein as measured by Western Blots, increased in 

the skin of mice sensitized with OVA compared to controls. However, highest Fabp5 protein 

levels were detected in whole skin of mice systemically treated with OVA (Figure 17).  

 

 

 
 

Figure 17. Fabp5 protein levels in the skin of mice with allergen-induced dermatitis. 150 µg proteins 

were loaded per lane and beta-actin was used as control for even protein loading. Representative 

image of 3 independent experiments 

 

 

 In order to determine the localization of Fabp5 across the skin, we performed 

immunohistochemical analysis. We found intense staining for Fabp5 in the thickened 

epidermis and around hair follicles of mice treated with OVA (Figure 18). Thus, systemic 

sensitization with OVA is sufficient to increase levels of the PPARδ ligand-binding protein 

Fabp5 in the skin of mice.  

 

 

 
 

Figure 18. Immunohistochemical analysis of Fabp5 protein expression in five-micrometer back skin 

sections of OVA-sensitized mice. Representative images for n=3 mice per group. 
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5 DISCUSSION 

 

5.1 Retinoid function in the skin 

 

 Retinoids, such as ATRA are important modulators of epithelial surface maintenance 

(Blomhoff, 1994) and immune competence (Rühl, 2006; Schuster et al., 2008; Stephensen, 

2001). Through their role in the regulation of several processes of skin cell proliferation, 

differentiation, apoptosis, epidermal barrier function, and immune regulation (Elias, 1987; 

Elias et al., 1981), they are in particular essential for the physiology of the skin (Roos et al., 

1998). Retinoids mediate their functions mainly via gene expression regulation through NRs 

such as RARs and RXRs. Both these receptor families can be found in the skin, though with 

varying subtype distribution (Fisher et al., 1994). Up to now it is unknown whether all 

retinoid receptor subtypes present in the skin contribute equally to retinoid metabolism and 

signaling and, thereby, to skin physiology or whether differences may exist. Notably, 

alterations of retinoid metabolism and signaling were already found in the skin of patients 

with various skin diseases, such as psoriasis (Saurat, 1999), ichthyosis (Mevorah et al., 1996), 

and AD (Mihály et al., 2011). However, it is still unclear whether these alterations are the 

trigger or if they are consequence of these skin diseases.  

 

 In order to determine the effect of selective retinoid-mediated signaling in the skin on 

retinoid metabolism, epidermal barrier homeostasis, and immune regulation mice were treated 

topically with various retinoid receptor specific agonists or antagonists. The main finding is 

the strong difference between the positive retinoid-mediated signaling via RARγ pathways in 

contrast to the negative retinoid-mediated signaling via RARα. Furthermore, using an OVA-

induced allergic dermatitis mouse model, the present work additionally demonstrates that the 

immune response in allergen-induced dermatitis is associated with increased retinoid 

signaling and RA concentrations in murine skin. Moreover, signaling via PPARδ-mediated 

pathways, mostly through Fabp5 up-regulation, is mainly enhanced in allergen-induced 

dermatitis. Thus, retinoid-mediated signaling is involved in the pathogenesis and/or 

maintenance of allergic dermatitis and possibly further atopic skin diseases such as AD but 

the exact pathway has yet to be determined. 
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5.1.1 Retinoid signaling in the skin is oppositely regulated by RARα and RARγ 

 

 Topical treatment with retinoid receptor specific agonists affected the expression of all 

genes involved in retinoid-mediated signaling in the skin (retinoid metabolism, transport, 

target genes) in general oppositely to receptor antagonists. Likewise, target genes were mainly 

induced after treatment with ATRA or the synthetic RARγ agonist (Figure 10 and Table 7), as 

previously reported (Balmer and Blomhoff, 2002; Fisher and Voorhees, 1996; Lee et al., 

2009; Virtanen et al., 2000). Moreover, both agonists induced very similar gene expression 

patterns and given the fact that RARγ is the predominant RAR subtype in the skin (Fisher et 

al., 1994) it is indicated that ATRA mediates its activity in skin through RARγ rather than the 

RARα subtype (Chapellier et al., 2002; Fisher et al., 1994; Goyette et al., 2000).  

 

 Most interesting however, was a consequent down-regulation of gene expression by the 

synthetic RARα agonist which is in line with reduced ATRA levels in mouse skin, possibly 

due to decreased ATRA synthesis via Aldh enzymes (Table 7). Only Fabp5 and Rdh16 

expression was increased in response to the agonist. This expression pattern strongly 

resembled to that in response to RAR or RXR antagonists while both antagonists further 

seemed to induce Bco2 and Rbp4 expression (Figure 10, Tables 7 and 8). The proteins 

encoded by those genes are implicated in retinoid metabolism and transport (Chai et al., 1997; 

Goodman, 1984; Kiefer et al., 2001; Schug et al., 2007). Thus, it seems plausible that ATRA 

or retinoid derivatives different from ATRA, like oxo-retinoids or still unknown endogenous 

RAR ligands, could be generated upon retinoid receptor antagonism and shuttled to NRs 

different from RARs, as it was already proposed for Fabp5-mediated ATRA-induced PPARδ 

activation (Schug et al., 2007; Shaw et al., 2003; Tan et al., 2001).  

 

5.1.2 Retinoid-mediated signaling is induced in allergen-induced dermatitis 

 

 Corresponding to topical RARγ agonist treatment, several RAR target genes as well as 

genes involved in RA synthesis, degradation, transport, and esterification were induced in 

allergen-induced dermatitis indicating the involvement of this NR in the skin disease. In 

contrast, the expression of RAR targets which are not implicated in retinoid signaling or 

which are rather related to epidermal differentiation (such as Krt4, Rarres2, Tgm2) remained 

unaltered or reduced. These data indicate that potentially increased ATRA synthesis via 

Aldh1a enzymes and elevated ATRA levels in mouse skin, as observed in allergen-induced 



 54 

dermatitis, might not result in an overall increase of RAR-mediated signaling. In fact, these 

data further suggest the involvement of additional RA-mediated signaling pathways in murine 

skin. However, OVA treatment might also affect the level of several other lipids and NR 

agonists different from ATRA which might impact on gene expression.  

 

5.1.3 Alternative retinoid-mediated signaling pathways in the skin 

 

 The involvement of other NRs than RARs in retinoid-mediated signaling is not unlikely as 

also NR4A1/NUR77 and RXR were shown to form heterodimers which respond to RXR 

activators in vivo and in vitro (Perlmann and Jansson, 1995). Such heterodimers might 

participate in retinoid signaling especially when RARs are antagonized. Moreover, Volakakis 

et al. (2009) demonstrated that NR4A1/NUR77 can induce the expression of Fabp5 in 

HEK293 cells which potentially enhances RA-mediated PPARδ signaling. Indeed, it has 

previously been shown that ATRA can activate PPARδ when the ratio of the lipid transporters 

Fabp5 vs. Crabp2 is high within cells such as keratinocytes (Schug et al., 2007; Shaw et al., 

2003). Interestingly, we found Nr4a1/Nur77 and Ppard expression in the skin of NR ligand-

treated mice significantly decreased or below detection limit in response to those ligands 

which markedly induced Fabp5 expression, namely the RARα agonist, RAR and RXR 

antagonists (Tables 7, 8 and 17). This may be indicative of (late) negative feedback 

regulations on the gene expression level in response to induced Fabp5 expression. 

 

 Whether Fabp5-mediated PPARδ signaling and/or a novel, as yet undetermined retinoid(s) 

might mediate such an alternative retinoid pathway in the skin is currently unknown. In fact, 

mRNA levels of ATRA-synthesizing enzymes (Aldhs) following RAR and RXR antagonist 

application were not in accord with elevated ATRA levels in the skin of those mice. This 

suggests that ATRA synthesis upon antagonist treatment may be mediated by other enzymes 

such as Bco2, Rdh16, Rbp4, and/or other pathways, from precursors present in the skin and/or 

via transporter-mediated pathways delivering retinoids to the skin (Goodman, 1984). 
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Table 17. Fold change of mRNA expression of nuclear hormone receptors NR4A1/NURR77 and PPARδ in the skin of mice after two weeks topical treatment 

with retinoid receptor specific agonists or antagonists.  

 

  Agonists (Fold change) Antagonists (Fold change) 

Gene name Symbol RARα
1
 RARγ

2
 ATRA

3
 RXR

4
 RARα

5
 RARγ

6
 RAR

7
 RXR

8
 

Nuclear receptor family 4, 

group A, number 1 

   

Nr4a1/Nurr77 

                

0.1 ± 0.04
#
 

                  

0.9 ± 0.1 

                   

0.7 ± 0.1 

                   

0.4 ± 0.04 

                   

0.007 ± 0.001
#
 

                   

1.2 ± 0.1 

                         

UDL 

                

UDL 
          

Peroxisome proliferator-

activated receptor delta 

               

Ppard 

               

0.03 ± 0.01
#
 

                  

1.1 ± 0.1 

                  

0.9 ± 0.1 

                 

0.8 ± 0.04
*
 

                         

1 ± 0.1 

               

UDL 

                   

0.0009 ± 0.0009
#
 

                  

0.04 ± 0.01
#
 

 

1 BMS753; 2 BMS961; 3 all-trans retinoic acid; 4 LG268; 5 BMS614; 6 UVI2041; 7 BMS493; 8 UVI3003  

UDL, under detection limit 

Fold change data are expressed as mean ± SEM (n≥5) and were determined in skin specimens of topically treated mice by qRT-PCR. *p<0.05, #p<0.001, versus control (acetone).
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5.1.3.1 ATRA-induced PPARδ-mediated signaling in allergen-induced dermatitis 

 

 Moreover, the increased Fabp5 vs. Crabp2 ratio in the skin of mice with allergen-induced 

dermatitis further suggested favored ATRA signaling through PPARδ under disease 

conditions (Figure 16). This signaling pathway may significantly contribute to the specific 

gene expression patterns observed in this mouse model (Figure 19). Indeed, PPARδ signaling 

and several of its target genes were previously found increased in psoriasis and lesional AD 

skin (Romanowska et al., 2008; Romanowska et al., 2010; Westergaard et al., 2003) and 

Romanowska et al. (2010) further demonstrated the induction of an inflammatory skin disease 

similar to human psoriasis in PPARδ-overexpressing mice. Interestingly, in our mouse model 

of allergen-induced dermatitis we observed an increased expression of several target genes 

involved in PPARδ signaling pathways in the skin. This further indicates the involvement of 

PPARδ signaling pathways in allergen-induced dermatitis. 

 

 
 

Figure 19. ATRA-induced nuclear receptor-mediated signaling pathways depending on the 

predominant cellular transport protein.  

 

 

Interestingly, we determined highest Fabp5 protein levels in the skin of mice treated 

systemically with OVA (Figure 17). In contrast, immunohistochemical analysis showed 

particularly intense staining in the epidermis and around hair follicles of mice with allergen-

induced dermatitis (Figure 18). In the literature, Fabp5 protein is described to be 

predominantly present in epidermis (Ogawa et al., 2011), sebaceous glands and hair follicles 

(Collins and Watt, 2008), and in subcutaneous adipocytes (Zhou et al., 2010) and might 

explain our observations in whole skin biopsies. 

 

5.1.4 Retinoid receptor subtypes have distinct roles in mouse skin 

 

 Furthermore, our observations on retinoid receptor-selective signaling in murine skin 

indicate different roles of RXR-, RARα-, and RARγ-mediated signaling pathways in the skin 
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(Figure 20). These data further suggest that induction of RARα signaling might result in the 

suppression of RARγ-mediated pathways in the skin of mice. Considering the induced RARα 

gene expression after topical ATRA treatment, this appears to be an efficient physiological 

switch to different retinoid-mediated signaling pathways.  

 

 

 

Figure 20. Retinoid receptor selective induction of genes with specific roles in retinoid signaling or 

epidermal barrier homeostasis in skin of mice treated topically with selective receptor agonists. 

  

 

 So far, it is unknown how RARα mediates its suppressive action on RARγ signaling. High 

RARα expression was found in inflammatory cells infiltrating the skin in several dermatoses 

(Haider et al., 2008), however, in normal skin its expression level is fairly low compared to 

RARγ (Fisher et al., 1994). Thus it seems unlikely that a competition between both receptors 

for RXRα as heterodimer partner could be the explanation. Instead, RARα apparently 

regulates the expression of different sets of genes, possibly also in different skin cell types 

than does RARγ and might also induce the transcription of co-repressor molecules upon 

activation.  

 

5.1.5 RXR-mediated epidermal hyperproliferation 

 

 Another well established effect of RAR-activation in the skin is epidermal 

hyperproliferation (Chapellier et al., 2002; Cheepala et al., 2007; Fisher and Voorhees, 1996). 

This was found induced by topically applied ATRA and the synthetic RARγ agonist (Figure 

12) and also in the allergen-induced dermatitis model (Figure 13). Furthermore, epidermal 

hyperproliferation was supported by an induced expression of regulators of desquamation 

such as Spink5, Klk5, and Klk7 (Brattsand et al., 2005; Caubet et al., 2004; Roelandt et al., 
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2009) in RAR agonist-treated skin. Moreover, elevated mRNA levels of Hbegf and Krt16, 

which have already been related previously to induced keratinocyte proliferation (Chapellier 

et al., 2002; Lee et al., 2009; Weiss et al., 1984; Yoshimura et al., 2003), further confirmed 

the data (Table 10, Figure 10).  

 

 Surprising however, was the induction of epidermal proliferation by the synthetic RXR 

agonist since no such observation was reported in a previous study using another synthetic 

RXR agonist (Chapellier et al., 2002). Retinoid effects in skin are most likely mediated by 

RARγ-RXR heterodimers while their transcriptional activity is dependent on the RAR-

activating ligand (Chapellier et al., 2002; Feng et al., 1997). Upon treatment with the RXR 

agonist we observed increased Aldh1a2 gene expression and elevated ATRA levels in the 

skin (Table 7 and 9). This indicates an induced ATRA synthesis which might account for the 

mild epidermal hyperproliferation, most probably mediated by the RAR partner. However, 

another RXR heterodimer partner, PPARδ, was previously found to be implicated in the 

regulation of keratinocyte hyperproliferation (Michalik et al., 2001; Romanowska et al., 

2008; Romanowska et al., 2010). Compared to RAR-RXR, this heterodimer is permissive 

which means the ligand of PPAR or RXR, respectively, is sufficient to activate transcription 

of respective target genes (Tan et al., 2005). This might suggest alternative pathways to be 

involved in RXR agonist-induced hyperproliferation. 

 

5.1.6 Retinoid-mediated signaling is one piece of the epidermal barrier puzzle 

 

 Additionally, retinoid receptor ligand application affected various other processes in the 

skin as indicated by altered expression levels of genes involved in epidermal barrier 

homeostasis, such as Abca12, Flg, and Lor (Akiyama, 2011; Proksch et al., 2008), and of 

genes with roles in lipid barrier formation and ceramide metabolism, e.g. Hmgcs2, Ugcg, 

Gba, Acer1 (Harris et al., 1997; Holleran et al., 2006; Jennemann et al., 2007; Mao et al., 

2003). Consistently, such retinoid-mediated effects have already been reported by Lee et al. 

(2009) in epidermal keratinocytes. These results suggest that retinoid-mediated signaling is 

required for normal barrier homeostasis and that retinoid-induced dysregulation may be a 

predisposing factor for dermatological diseases such as allergen-induced dermatitis. Thereby, 

both antagonism and induction of RAR- and/or RXR-mediated signaling in skin appear to 

disturb barrier homeostasis (Attar et al., 1997; Fullerton and Serup, 1997; Li et al., 2001; Li et 

al., 2000; Stücker et al., 2002). Interesting in this regard is our observation from another study 



 59 

that only barrier disruption by repeated tape stripping (without further sensitization) alters 

retinoid metabolism in the skin of mice. This was indicated by reduced expression of Adh and 

Rdh enzymes while RA synthesis enzymes (Aldh1a isoforms) as well as most of the retinoid 

target genes were induced (unpublished data). These data further support a strong link 

between epidermal barrier homeostasis and retinoid metabolism and signaling. 

 

 Furthermore, also allergen-induced dermatitis led to altered expression of genes 

responsible for epidermal barrier formation and/or maintenance. However, this pattern was 

rather different from that observed after NR ligand application (e.g. Abca12, Lor, Ivl mainly 

down-regulated in allergic dermatitis but mainly up-regulated by topical ATRA and RARγ 

agonist). This data indicates the involvement of additional, non RARγ/RXR-mediated 

signaling pathways in epidermal barrier disturbance under disease conditions. 

 

5.1.7 Allergen-induced immune response in the skin is associated with increased RA 

signaling  

 

 It is well established that retinoids play important roles in the immune system (Rühl, 

2007; Stephensen, 2001), especially in Th2-type cell differentiation (Dawson et al., 2008; 

Iwata et al., 2003; Stephensen et al., 2002). Interestingly, the expression of various 

chemokines which are preferentially attracting Th2-type lymphocytes during inflammatory 

processes (Bonecchi et al., 1998; Imai et al., 1999; Sallusto et al., 1997) and which are known 

to be altered in human AD skin (Gros et al., 2009; Owczarek et al., 2010) and in an AD 

mouse model (Wang et al., 2007) was differently altered by the applied retinoid receptor 

ligands (Table 10). However, undetectable mRNA levels of the corresponding receptor Ccr3 

which is expressed by infiltrating immune competent cells such as eosinophils (Dulkys et al., 

2001; Menzies-Gow et al., 2002; Sabroe et al., 1999) suggests the absence of inflammatory 

cells in the skin upon retinoid treatments.  

 

 The opposite was true for the applied mouse model of allergen-induced dermatitis where 

high numbers of infiltrating dermal macrophages, dendritic cells, and mast cells were found in 

the skin (Table 11) as well as enhanced expression of Ccl11 and Ccr3 as previously reported 

(Wang et al., 2007). Moreover, a mixed Th1- and Th2-type immune response was present in 

those mice (Table 11 and 12), indicating that high RA levels in the skin might directly impact 

on systemic and local immune responses (Rühl, 2007; Rühl et al., 2007; Schuster et al., 2008; 
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Stephensen, 2001; Stephensen et al., 2007). In contrast, mice systemically treated with OVA 

exhibited only a partial phenotype with lower inflammatory infiltrates and cytokine 

expression in the skin. Interestingly, the highest levels of immune response-related gene 

expression, inflammatory cell infiltrates, and serum cytokines correlated with increased 

expression of RA synthesizing enzymes and ATRA levels in inflamed skin.  

 

 Increased levels of ATRA in the skin of OVA-sensitized mice (Table 14) might reflect the 

induced expression of Aldh1a enzymes (Table 15) responsible for elevated ATRA synthesis 

in murine skin. Besides resident skin cells, infiltrating immune cells might be a source of 

ATRA in sensitized skin. For example, human basophils which have been shown to infiltrate 

AD skin (Ito et al., 2011) were found to express Aldh1a2 enzyme and to produce RA upon 

activation with IL-3 in an ex vivo model (Spiegl et al., 2008). Unfortunately, identification of 

specific cell types producing RA in inflamed skin is currently not feasible due to problems in 

acquiring sufficiently large numbers of highly purified cells from the skin.  

 

 Thus our results indicate that topical retinoids can modify potential immune responses at 

least in part by altering the chemokine expression of resident skin cells and that the outcome 

of immune alterations seems to differ depending on the RAR subtype activated. Moreover, 

our data suggest that only overt allergen-induced dermatitis leads to increased ATRA 

concentration and altered RA signaling in the skin of mice. 

 

5.1.8 Inside-out pathogenesis in allergic skin disease 

 

 Notably, one further major outcome of the present work is to demonstrate that systemic 

OVA sensitization of mice per se is sufficient to induce partial skin immune responses and an 

impairment of expression of key genes involved in skin homeostasis and barrier function 

(Table 11, 12 and 13, Figure 15). Previous studies and reviews reported an “outside-inside-

outside” pathogenic mechanism of AD (Cork et al., 2009; Elias et al., 2008; Marsella and 

Samuelson, 2009). In contrast, our data support an “inside-out” mechanism initiated by 

immune system activation without preceding epidermal barrier impairment. Result of an 

increasing immune response is epidermal barrier disruption which facilitates the penetration 

of allergens and significantly contributes to the development of overt skin inflammation. 

Moreover, the OVA-induced alterations in the skin are accompanied by partially altered 

retinoid signaling (Table 15), strongly suggesting a causative relationship. 
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5.1.9 Retinoids act on various pathways in mouse skin with implication for allergic 

skin disease 

 

 In summary, this study lets us emphasize that there must be yet unidentified alternative 

retinoid signaling pathways or a broader range of endogenous retinoids present in the skin for 

selective RARα, RARγ, or RXR activation (Figure 21). Furthermore, also NR independent 

pathways might be involved in retinoid function in the skin. Though 13-cis RA has, in 

contrast to ATRA, little or no ability to bind to Crabp2 or RARs it is the most effective 

retinoid used in acne therapy (Layton, 2009). 13-cis RA is converted intracellularly into 

various RA derivatives such as 9-cis RA, ATRA, or oxo-retinoids (Layton, 2009) which may 

all contribute in some extent to the effects seen during acne therapy. However, only the 13-cis 

RA isomer is able to induce apoptosis of sebocytes (independent of RAR) resulting in the 

strong reduction of sebum secretion during acne therapy with this retinoid (Nelson et al., 

2011; Nelson et al., 2006; Zouboulis, 2006) and making it more effective than ATRA. 

 

 

 
 

Figure 21. Proposed outcome of selective signaling via RARα-RXR or RARγ-RXR in the skin of 

mice induced by endogenous retinoids such as all-trans retinoic acid (ATRA). 

 

 

 Moreover, our data indicate that unbalanced retinoid signaling in the skin mediated by 

RARα, RARγ, and/or RXR signaling pathways as well as potential unknown pathways, affect 

epidermal barrier homeostasis and skin-based immune responses in mice. This retinoid 

dysregulation may play a central role in various skin diseases as it is also indicated in our 

mouse model of allergen-induced dermatitis which is associated with increased retinoid 

signaling and elevated ATRA levels in the skin. Because expression of genes involved in all 

aspects of RA metabolism is increased, whereas expression of RAR target genes involved in 

other pathways such as epidermal differentiation remains largely unchanged, allergen-induced 



 62 

dermatitis might additionally redirect intracellular retinoid flux and metabolism. It is worth 

mentioning that high VA supplementation diet (600 mg retinol/kg for four weeks) is able to 

induce retinoid target gene expression in mouse skin as compared to normal VA diet (Mihály 

et al., 2012). Therefore, even diet might influence epidermal barrier homeostasis and skin-

based immune response and thereby might be of importance in skin diseases. Moreover, 

PPARδ gene targets are mainly induced indicating that RAR-mediated signaling and certain 

pathways/molecules involved in PPARδ signaling are altered in allergic dermatitis skin. 

Furthermore, systemic sensitization with an allergen is sufficient to modify the expression of 

genes central to epidermal homeostasis and immune response suggesting an “inside-out” 

effect in allergic skin disease pathogenesis possibly by increasing allergen penetration 

through the skin in response to immune system activation. Whether disturbed retinoid 

metabolism and retinoid-mediated signaling are symptoms or potential initiators of atopic 

sensitization still remains to be elucidated.  

 

5.2 The role of mouse models for human allergic skin disorders 

 

Mouse models of allergic skin diseases are of great importance to understand the 

pathomechanism of these disorders and to target possible therapies. However, the pathology 

of skin inflammation induced in mice and present in patients is not entirely the same. 

Therefore, data obtained within animal studies such as our retinoid and allergen-induced 

dermatitis mouse models provide indispensable scientific knowledge but demand further 

verification using human samples such as skin explants as well as human studies with allergic 

skin diseases before the results can be translated into treatment strategies in the clinic. 

 



 63 

6 SUMMARY 

 

Endogenous retinoids like all-trans retinoic acid (ATRA) play important roles in skin 

physiology and immune-modulatory events in the skin via nuclear hormone receptor-

mediated signaling through RARs and/or RXRs. Moreover, it has been shown recently that 

ATRA can activate another nuclear receptor involved in skin homeostasis, namely PPARδ, 

depending on specific transport proteins: Fabp5 initiates PPARδ signaling whereas Crabp2 

promotes signaling via RAR. Notably, alterations in retinoid metabolism, signaling, and 

concentrations have been found in various skin diseases such as atopic dermatitis. Thereby, it 

remains unclear whether these changes are symptoms or the trigger of such diseases.  

 

The aim of this study was to determine how topically applied agonists or antagonists 

selective for RARs or RXRs and how the induction of an allergic immune response by 

systemic or combined systemic and topical treatment with ovalbumin influence retinoid 

metabolism and signaling in mouse skin. Of further interest were nuclear receptor ligand 

treatment effects on epidermal barrier homeostasis and skin-based immune regulation relevant 

for skin disorders such as atopic dermatitis, as well as their correlation to the allergen-induced 

dermatitis mouse model. 

 

Our data indicate that RARα and RARγ subtypes possess different roles in mouse skin 

and may be of relevance for the auto-regulation of endogenous retinoid signaling in the skin. 

Moreover, dysregulated retinoid signaling mediated by RXR, RARα and/or RARγ as well as 

potential unidentified pathways may promote skin-based inflammation and disturbance of 

epidermal barrier properties. This is further supported by elevated ATRA levels and mainly 

increased signaling mediated by RAR or PPARδ in allergen-induced dermatitis skin. 

Furthermore, systemic sensitization with an allergen is sufficient to modify the expression of 

genes central to epidermal homeostasis suggesting an “inside-out” effect of allergen in 

allergic skin disease pathogenesis possibly by increasing allergen penetration through the 

skin. In summary, disturbed retinoid metabolism and retinoid-mediated signaling in the skin 

may contribute to the development and/or maintenance of allergic skin diseases. Whether 

these alterations are symptoms or potential initiators of atopic sensitization still remains to be 

elucidated.  



 64 

7 REFERENCES 

 

7.1 References 

 

Akiyama M (2011). The roles of ABCA12 in keratinocyte differentiation and lipid barrier 

formation in the epidermis. Dermatoendocrinol 3: 107-12. 

 

Allenby G, Bocquel MT, Saunders M, Kazmer S, Speck J, Rosenberger M, Lovey A, Kastner 

P, Grippo JF, Chambon P, et al. (1993). Retinoic acid receptors and retinoid X receptors: 

interactions with endogenous retinoic acids. Proc Natl Acad Sci U S A 90: 30-4. 

 

Allenby G, Janocha R, Kazmer S, Speck J, Grippo JF, Levin AA (1994). Binding of 9-cis-

retinoic acid and all-trans-retinoic acid to retinoic acid receptors alpha, beta, and gamma. 

Retinoic acid receptor gamma binds all-trans-retinoic acid preferentially over 9-cis-retinoic 

acid. J Biol Chem 269: 16689-95. 

 

Altucci L, Leibowitz MD, Ogilvie KM, de Lera AR, Gronemeyer H (2007). RAR and RXR 

modulation in cancer and metabolic disease. Nat Rev Drug Discov 6: 793-810. 

 

Alvarez S, Alvarez R, Khanwalkar H, Germain P, Lemaire G, Rodriguez-Barrios F, 

Gronemeyer H, de Lera AR (2009). Retinoid receptor subtype-selective modulators 

through synthetic modifications of RARgamma agonists. Bioorg Med Chem 17: 4345-59. 

 

Astrom A, Tavakkol A, Pettersson U, Cromie M, Elder JT, Voorhees JJ (1991). Molecular 

cloning of two human cellular retinoic acid-binding proteins (CRABP). Retinoic acid-

induced expression of CRABP-II but not CRABP-I in adult human skin in vivo and in skin 

fibroblasts in vitro. J Biol Chem 266: 17662-6. 

 

Attar PS, Wertz PW, McArthur M, Imakado S, Bickenbach JR, Roop DR (1997). Inhibition 

of retinoid signaling in transgenic mice alters lipid processing and disrupts epidermal 

barrier function. Mol Endocrinol 11: 792-800. 

 

Aukrust P, Muller F, Ueland T, Svardal AM, Berge RK, Froland SS (2000). Decreased 

vitamin A levels in common variable immunodeficiency: vitamin A supplementation in 

vivo enhances immunoglobulin production and downregulates inflammatory responses. 

European journal of clinical investigation 30: 252-9. 

 

Balmer JE, Blomhoff R (2002). Gene expression regulation by retinoic acid. J Lipid Res 43: 

1773-808. 

 

Baron JM, Skazik C, Merk HF (2008). [Retinoids and their metabolism: new therapeutic 

approaches?]. Hautarzt 59: 745-6. 

 

Berry DC, Noy N (2009). All-trans-retinoic acid represses obesity and insulin resistance by 

activating both peroxisome proliferation-activated receptor beta/delta and retinoic acid 

receptor. Mol Cell Biol 29: 3286-96. 

 

Bertram JS (1999). Carotenoids and gene regulation. Nutr Rev 57: 182-91. 

 

Bieber T (2008). Atopic dermatitis. N Engl J Med 358: 1483-94. 



 65 

Bieber T, Novak N (2009). Pathogenesis of atopic dermatitis: new developments. Curr 

Allergy Asthma Rep 9: 291-4. 

 

Blasiak RC, Stamey CR, Burkhart CN, Lugo-Somolinos A, Morell DS (2013). High-Dose 

Isotretinoin Treatment and the Rate of Retrial, Relapse, and Adverse Effects in Patients 

With Acne Vulgaris. JAMA Dermatol. 

 

Blomhoff HK, Smeland EB, Erikstein B, Rasmussen AM, Skrede B, Skjonsberg C, Blomhoff 

R (1992). Vitamin A is a key regulator for cell growth, cytokine production, and 

differentiation in normal B cells. J Biol Chem 267: 23988-92. 

 

Blomhoff R (1994) Overview of vitamin A metabolism and function. In: Vitamin A in health 

and disease (Blomhoff R, ed), New York: Marcel Dekker, Inc., pp. 1-36. 

 

Blomhoff R, Blomhoff HK (2006). Overview of retinoid metabolism and function. J 

Neurobiol 66: 606-30. 

 

Blomhoff R, Green MH, Berg T, Norum KR (1990). Transport and storage of vitamin A. 

Science 250: 399-404. 

 

Blomhoff R, Rasmussen M, Nilsson A, Norum KR, Berg T, Blaner WS, Kato M, Mertz JR, 

Goodman DS, Eriksson U, et al. (1985). Hepatic retinol metabolism. Distribution of 

retinoids, enzymes, and binding proteins in isolated rat liver cells. J Biol Chem 260: 

13560-5. 

 

Boguniewicz M, Leung DY (2010). Recent insights into atopic dermatitis and implications for 

management of infectious complications. J Allergy Clin Immunol 125: 4-13; quiz 4-5. 

 

Bonecchi R, Bianchi G, Bordignon PP, D'Ambrosio D, Lang R, Borsatti A, Sozzani S, 

Allavena P, Gray PA, Mantovani A, Sinigaglia F (1998). Differential expression of 

chemokine receptors and chemotactic responsiveness of type 1 T helper cells (Th1s) and 

Th2s. J Exp Med 187: 129-34. 

 

Borland MG, Khozoie C, Albrecht PP, Zhu B, Lee C, Lahoti TS, Gonzalez FJ, Peters JM 

(2011). Stable over-expression of PPARbeta/delta and PPARgamma to examine receptor 

signaling in human HaCaT keratinocytes. Cellular signalling 23: 2039-50. 

 

Bourguet W, de Lera AR, Gronemeyer H (2010). Inverse agonists and antagonists of retinoid 

receptors. Methods Enzymol 485: 161-95. 

 

Brattsand M, Stefansson K, Lundh C, Haasum Y, Egelrud T (2005). A proteolytic cascade of 

kallikreins in the stratum corneum. J Invest Dermatol 124: 198-203. 

 

Brelsford M, Beute TC (2008). Preventing and managing the side effects of isotretinoin. 

Seminars in cutaneous medicine and surgery 27: 197-206. 

 

Calleja C, Messaddeq N, Chapellier B, Yang H, Krezel W, Li M, Metzger D, Mascrez B, 

Ohta K, Kagechika H, Endo Y, Mark M, Ghyselinck NB, Chambon P (2006). Genetic and 

pharmacological evidence that a retinoic acid cannot be the RXR-activating ligand in 

mouse epidermis keratinocytes. Genes Dev 20: 1525-38. 

 



 66 

Cantorna MT, Nashold FE, Hayes CE (1995). Vitamin A deficiency results in a priming 

environment conducive for Th1 cell development. Eur J Immunol 25: 1673-9. 

 

Caubet C, Jonca N, Brattsand M, Guerrin M, Bernard D, Schmidt R, Egelrud T, Simon M, 

Serre G (2004). Degradation of corneodesmosome proteins by two serine proteases of the 

kallikrein family, SCTE/KLK5/hK5 and SCCE/KLK7/hK7. J Invest Dermatol 122: 1235-

44. 

 

Chai X, Zhai Y, Napoli JL (1997). cDNA cloning and characterization of a cis-retinol/3alpha-

hydroxysterol short-chain dehydrogenase. J Biol Chem 272: 33125-31. 

 

Chambon P (1996). A decade of molecular biology of retinoic acid receptors. Faseb J 10: 

940-54. 

 

Chambon P (2004). How I became one of the fathers of a superfamily. Nature medicine 10: 

1027-31. 

 

Chapellier B, Mark M, Messaddeq N, Calleja C, Warot X, Brocard J, Gerard C, Li M, 

Metzger D, Ghyselinck NB, Chambon P (2002). Physiological and retinoid-induced 

proliferations of epidermis basal keratinocytes are differently controlled. Embo J 21: 3402-

13. 

 

Cheepala SB, Syed Z, Trutschl M, Cvek U, Clifford JL (2007). Retinoids and skin: 

microarrays shed new light on chemopreventive action of all-trans retinoic acid. Molecular 

carcinogenesis 46: 634-9. 

 

Coderch L, Lopez O, de la Maza A, Parra JL (2003). Ceramides and skin function. Am J Clin 

Dermatol 4: 107-29. 

 

Collins CA, Watt FM (2008). Dynamic regulation of retinoic acid-binding proteins in 

developing, adult and neoplastic skin reveals roles for beta-catenin and Notch signalling. 

Dev Biol 324: 55-67. 

 

Conaway HH, Henning P, Lerner UH (2013). Vitamin a Metabolism, Action, and Role in 

Skeletal Homeostasis. Endocr Rev. 

 

Cork MJ, Danby SG, Vasilopoulos Y, Hadgraft J, Lane ME, Moustafa M, Guy RH, 

Macgowan AL, Tazi-Ahnini R, Ward SJ (2009). Epidermal barrier dysfunction in atopic 

dermatitis. J Invest Dermatol 129: 1892-908. 

 

D'Ambrosio DN, Clugston RD, Blaner WS (2011). Vitamin A Metabolism: An Update.  3: 

63-103. 

 

Dahten A, Koch C, Ernst D, Schnoller C, Hartmann S, Worm M (2008). Systemic 

PPARgamma ligation inhibits allergic immune response in the skin. J Invest Dermatol 

128: 2211-8. 

 

Dawson HD, Collins G, Pyle R, Key M, Taub DD (2008). The Retinoic Acid Receptor-alpha 

mediates human T-cell activation and Th2 cytokine and chemokine production. BMC 

Immunol 9: 16. 

 



 67 

de Lera AR, Bourguet W, Altucci L, Gronemeyer H (2007). Design of selective nuclear 

receptor modulators: RAR and RXR as a case study. Nat Rev Drug Discov 6: 811-20. 

De Luca LM (1991). Retinoids and their receptors in differentiation, embryogenesis, and 

neoplasia. Faseb J 5: 2924-33. 

 

Dolle P, Ruberte E, Leroy P, Morriss-Kay G, Chambon P (1990). Retinoic acid receptors and 

cellular retinoid binding proteins. I. A systematic study of their differential pattern of 

transcription during mouse organogenesis. Development 110: 1133-51. 

 

Dong D, Ruuska SE, Levinthal DJ, Noy N (1999). Distinct roles for cellular retinoic acid-

binding proteins I and II in regulating signaling by retinoic acid. J Biol Chem 274: 23695-

8. 

 

Donovan M, Olofsson B, Gustafson AL, Dencker L, Eriksson U (1995). The cellular retinoic 

acid binding proteins. J Steroid Biochem Mol Biol 53: 459-65. 

 

Dulkys Y, Schramm G, Kimmig D, Knoss S, Weyergraf A, Kapp A, Elsner J (2001). 

Detection of mRNA for eotaxin-2 and eotaxin-3 in human dermal fibroblasts and their 

distinct activation profile on human eosinophils. J Invest Dermatol 116: 498-505. 

 

e.V. DGfED (2008) [Referenzwerte für die Nährstoffzufuhr]: Frankfurt a.M., D. 

 

Elder JT, Astrom A, Pettersson U, Tavakkol A, Krust A, Kastner P, Chambon P, Voorhees JJ 

(1992). Retinoic acid receptors and binding proteins in human skin. J Invest Dermatol 98: 

36S-41S. 

 

Elder JT, Fisher GJ, Zhang QY, Eisen D, Krust A, Kastner P, Chambon P, Voorhees JJ 

(1991). Retinoic acid receptor gene expression in human skin. J Invest Dermatol 96: 425-

33. 

 

Elias PM (1987). Retinoid effects on the epidermis. Dermatologica 175 Suppl 1: 28-36. 

 

Elias PM, Fritsch PO, Lampe M, Williams ML, Brown BE, Nemanic M, Grayson S (1981). 

Retinoid effects on epidermal structure, differentiation, and permeability. Lab Invest 44: 

531-40. 

 

Elias PM, Hatano Y, Williams ML (2008). Basis for the barrier abnormality in atopic 

dermatitis: outside-inside-outside pathogenic mechanisms. J Allergy Clin Immunol 121: 

1337-43. 

 

Elias PM, Steinhoff M (2008). "Outside-to-inside" (and now back to "outside") pathogenic 

mechanisms in atopic dermatitis. J Invest Dermatol 128: 1067-70. 

 

Evans R (2004). A transcriptional basis for physiology. Nature medicine 10: 1022-6. 

 

Everts HB, King LE, Jr., Sundberg JP, Ong DE (2004). Hair cycle-specific 

immunolocalization of retinoic acid synthesizing enzymes Aldh1a2 and Aldh1a3 indicate 

complex regulation. J Invest Dermatol 123: 258-63. 

 



 68 

Everts HB, Sundberg JP, King LE, Jr., Ong DE (2007). Immunolocalization of enzymes, 

binding proteins, and receptors sufficient for retinoic acid synthesis and signaling during 

the hair cycle. J Invest Dermatol 127: 1593-604. 

 

 

Feng X, Peng ZH, Di W, Li XY, Rochette-Egly C, Chambon P, Voorhees JJ, Xiao JH (1997). 

Suprabasal expression of a dominant-negative RXR alpha mutant in transgenic mouse 

epidermis impairs regulation of gene transcription and basal keratinocyte proliferation by 

RAR-selective retinoids. Genes Dev 11: 59-71. 

 

Fisher GJ, Talwar HS, Xiao JH, Datta SC, Reddy AP, Gaub MP, Rochette-Egly C, Chambon 

P, Voorhees JJ (1994). Immunological identification and functional quantitation of retinoic 

acid and retinoid X receptor proteins in human skin. J Biol Chem 269: 20629-35. 

 

Fisher GJ, Voorhees JJ (1996). Molecular mechanisms of retinoid actions in skin. Faseb J 10: 

1002-13. 

 

Fullerton A, Serup J (1997). Characterization of irritant patch test reactions to topical D 

vitamins and all-trans retinoic acid in comparison with sodium lauryl sulphate. Evaluation 

by clinical scoring and multiparametric non-invasive measuring techniques. Br J Dermatol 

137: 234-40. 

 

Germain P, Chambon P, Eichele G, Evans RM, Lazar MA, Leid M, De Lera AR, Lotan R, 

Mangelsdorf DJ, Gronemeyer H (2006). International Union of Pharmacology. LX. 

Retinoic acid receptors. Pharmacol Rev 58: 712-25. 

 

Giguere V, Ong ES, Segui P, Evans RM (1987). Identification of a receptor for the 

morphogen retinoic acid. Nature 330: 624-9. 

 

Glass CK (1994). Differential recognition of target genes by nuclear receptor monomers, 

dimers, and heterodimers. Endocr Rev 15: 391-407. 

 

Glover J, Redfearn ER (1954). The mechanism of the transformation of beta-carotene into 

vitamin A in vivo. Biochem J 58: xv-xvi. 

 

Goodman DS (1984). Overview of current knowledge of metabolism of vitamin A and 

carotenoids. J Natl Cancer Inst 73: 1375-9. 

 

Goodman DS, Huang HS (1965). Biosynthesis of Vitamin a with Rat Intestinal Enzymes. 

Science 149: 879-80. 

 

Goyette P, Feng Chen C, Wang W, Seguin F, Lohnes D (2000). Characterization of retinoic 

acid receptor-deficient keratinocytes. J Biol Chem 275: 16497-505. 

 

Grewe M, Bruijnzeel-Koomen CA, Schopf E, Thepen T, Langeveld-Wildschut AG, Ruzicka 

T, Krutmann J (1998). A role for Th1 and Th2 cells in the immunopathogenesis of atopic 

dermatitis. Immunol Today 19: 359-61. 

 

Gros E, Bussmann C, Bieber T, Forster I, Novak N (2009). Expression of chemokines and 

chemokine receptors in lesional and nonlesional upper skin of patients with atopic 

dermatitis. J Allergy Clin Immunol 124: 753-60 e1. 



 69 

Haider AS, Lowes MA, Suarez-Farinas M, Zaba LC, Cardinale I, Blumenberg M, Krueger JG 

(2008). Cellular genomic maps help dissect pathology in human skin disease. J Invest 

Dermatol 128: 606-15. 

 

Harris IR, Farrell AM, Grunfeld C, Holleran WM, Elias PM, Feingold KR (1997). 

Permeability barrier disruption coordinately regulates mRNA levels for key enzymes of 

cholesterol, fatty acid, and ceramide synthesis in the epidermis. J Invest Dermatol 109: 

783-7. 

 

Harrison EH, Hussain MM (2001). Mechanisms involved in the intestinal digestion and 

absorption of dietary vitamin A. J Nutr 131: 1405-8. 

 

Herr FM, Ong DE (1992). Differential interaction of lecithin-retinol acyltransferase with 

cellular retinol binding proteins. Biochemistry 31: 6748-55. 

 

Holleran WM, Takagi Y, Uchida Y (2006). Epidermal sphingolipids: metabolism, function, 

and roles in skin disorders. FEBS Lett 580: 5456-66. 

 

Horikawa T, Nakayama T, Hikita I, Yamada H, Fujisawa R, Bito T, Harada S, Fukunaga A, 

Chantry D, Gray PW, Morita A, Suzuki R, Tezuka T, Ichihashi M, Yoshie O (2002). IFN-

gamma-inducible expression of thymus and activation-regulated chemokine/CCL17 and 

macrophage-derived chemokine/CCL22 in epidermal keratinocytes and their roles in 

atopic dermatitis. Int Immunol 14: 767-73. 

 

Imai T, Nagira M, Takagi S, Kakizaki M, Nishimura M, Wang J, Gray PW, Matsushima K, 

Yoshie O (1999). Selective recruitment of CCR4-bearing Th2 cells toward antigen-

presenting cells by the CC chemokines thymus and activation-regulated chemokine and 

macrophage-derived chemokine. Int Immunol 11: 81-8. 

 

Ito Y, Satoh T, Takayama K, Miyagishi C, Walls AF, Yokozeki H (2011). Basophil 

recruitment and activation in inflammatory skin diseases. Allergy 66: 1107-13. 

 

IUPAC-IUB (1982). Nomenclature of retinoids. Recommendations 1981. Eur J Biochem 129: 

1-5. 

 

Iwata M, Eshima Y, Kagechika H (2003). Retinoic acids exert direct effects on T cells to 

suppress Th1 development and enhance Th2 development via retinoic acid receptors. Int 

Immunol 15: 1017-25. 

 

Jennemann R, Sandhoff R, Langbein L, Kaden S, Rothermel U, Gallala H, Sandhoff K, 

Wiegandt H, Grone HJ (2007). Integrity and barrier function of the epidermis critically 

depend on glucosylceramide synthesis. J Biol Chem 282: 3083-94. 

 

Jiang YJ, Uchida Y, Lu B, Kim P, Mao C, Akiyama M, Elias PM, Holleran WM, Grunfeld C, 

Feingold KR (2009). Ceramide stimulates ABCA12 expression via peroxisome 

proliferator-activated receptor {delta} in human keratinocytes. J Biol Chem 284: 18942-52. 

 

Kang S, Duell EA, Fisher GJ, Datta SC, Wang ZQ, Reddy AP, Tavakkol A, Yi JY, Griffiths 

CE, Elder JT, et al. (1995). Application of retinol to human skin in vivo induces epidermal 

hyperplasia and cellular retinoid binding proteins characteristic of retinoic acid but without 

measurable retinoic acid levels or irritation. J Invest Dermatol 105: 549-56. 



 70 

Karrer P, Helfenstein H, Wehrli H, Wettstein A (1930). Über die Konstitution des Lycopins 

und Carotins. Helv Chim Acta 13. 

 

Kawaguchi R, Yu J, Honda J, Hu J, Whitelegge J, Ping P, Wiita P, Bok D, Sun H (2007). A 

membrane receptor for retinol binding protein mediates cellular uptake of vitamin A. 

Science 315: 820-5. 

 

Kersten S, Desvergne B, Wahli W (2000). Roles of PPARs in health and disease. Nature 405: 

421-4. 

 

Kiefer C, Hessel S, Lampert JM, Vogt K, Lederer MO, Breithaupt DE, von Lintig J (2001). 

Identification and characterization of a mammalian enzyme catalyzing the asymmetric 

oxidative cleavage of provitamin A. J Biol Chem 276: 14110-6. 

 

Klinge CM (2000). Estrogen receptor interaction with co-activators and co-repressors. 

Steroids 65: 227-51. 

 

Kupper TS, Fuhlbrigge RC (2004). Immune surveillance in the skin: mechanisms and clinical 

consequences. Nat Rev Immunol 4: 211-22. 

 

Kurlandsky SB, Duell EA, Kang S, Voorhees JJ, Fisher GJ (1996). Auto-regulation of 

retinoic acid biosynthesis through regulation of retinol esterification in human 

keratinocytes. J Biol Chem 271: 15346-52. 

 

Layton A (2009). The use of isotretinoin in acne. Dermatoendocrinol 1: 162-9. 

 

Lee DD, Stojadinovic O, Krzyzanowska A, Vouthounis C, Blumenberg M, Tomic-Canic M 

(2009). Retinoid-responsive transcriptional changes in epidermal keratinocytes. J Cell 

Physiol 220: 427-39. 

 

Lehmann PA, Malany AM (1989). Evidence for percutaneous absorption of isotretinoin from 

the photoisomerization of topical tretinoin. J Invest Dermatol 93: 595-9. 

 

Leung DY (1995). Atopic dermatitis: the skin as a window into the pathogenesis of chronic 

allergic diseases. J Allergy Clin Immunol 96: 302-18; quiz 19. 

 

Leung DY, Bieber T (2003). Atopic dermatitis. Lancet 361: 151-60. 

 

Levin AA, Sturzenbecker LJ, Kazmer S, Bosakowski T, Huselton C, Allenby G, Speck J, 

Kratzeisen C, Rosenberger M, Lovey A, et al. (1992). 9-cis retinoic acid stereoisomer 

binds and activates the nuclear receptor RXR alpha. Nature 355: 359-61. 

 

Li E, Tso P (2003). Vitamin A uptake from foods. Current opinion in lipidology 14: 241-7. 

 

Li M, Chiba H, Warot X, Messaddeq N, Gerard C, Chambon P, Metzger D (2001). RXR-

alpha ablation in skin keratinocytes results in alopecia and epidermal alterations. 

Development 128: 675-88. 

 

Li M, Indra AK, Warot X, Brocard J, Messaddeq N, Kato S, Metzger D, Chambon P (2000). 

Skin abnormalities generated by temporally controlled RXRalpha mutations in mouse 

epidermis. Nature 407: 633-6. 



 71 

Li M, Messaddeq N, Teletin M, Pasquali JL, Metzger D, Chambon P (2005). Retinoid X 

receptor ablation in adult mouse keratinocytes generates an atopic dermatitis triggered by 

thymic stromal lymphopoietin. Proc Natl Acad Sci U S A 102: 14795-800. 

 

Mangelsdorf DJ, Evans RM (1995). The RXR heterodimers and orphan receptors. Cell 83: 

841-50. 

 

Mangelsdorf DJ, Thummel C, Beato M, Herrlich P, Schutz G, Umesono K, Blumberg B, 

Kastner P, Mark M, Chambon P, Evans RM (1995). The nuclear receptor superfamily: the 

second decade. Cell 83: 835-9. 

 

Mao C, Xu R, Szulc ZM, Bielawski J, Becker KP, Bielawska A, Galadari SH, Hu W, Obeid 

LM (2003). Cloning and characterization of a mouse endoplasmic reticulum alkaline 

ceramidase: an enzyme that preferentially regulates metabolism of very long chain 

ceramides. J Biol Chem 278: 31184-91. 

 

Marsella R, Samuelson D (2009). Unravelling the skin barrier: a new paradigm for atopic 

dermatitis and house dust mites. Veterinary dermatology 20: 533-40. 

 

Menzies-Gow A, Ying S, Sabroe I, Stubbs VL, Soler D, Williams TJ, Kay AB (2002). 

Eotaxin (CCL11) and eotaxin-2 (CCL24) induce recruitment of eosinophils, basophils, 

neutrophils, and macrophages as well as features of early- and late-phase allergic reactions 

following cutaneous injection in human atopic and nonatopic volunteers. J Immunol 169: 

2712-8. 

 

Mevorah B, Salomon D, Siegenthaler G, Hohl D, Meier ML, Saurat JH, Frenk E (1996). 

Ichthyosiform dermatosis with superficial blister formation and peeling: evidence for a 

desmosomal anomaly and altered epidermal vitamin A metabolism. J Am Acad Dermatol 

34: 379-85. 

 

Michalik L, Desvergne B, Tan NS, Basu-Modak S, Escher P, Rieusset J, Peters JM, Kaya G, 

Gonzalez FJ, Zakany J, Metzger D, Chambon P, Duboule D, Wahli W (2001). Impaired 

skin wound healing in peroxisome proliferator-activated receptor (PPAR)alpha and 

PPARbeta mutant mice. J Cell Biol 154: 799-814. 

 

Michalik L, Wahli W (2007a). Guiding ligands to nuclear receptors. Cell 129: 649-51. 

 

Michalik L, Wahli W (2007b). Peroxisome proliferator-activated receptors (PPARs) in skin 

health, repair and disease. Biochim Biophys Acta 1771: 991-8. 

 

Mihály J, Gamlieli A, Worm M, Rühl R (2011). Decreased retinoid concentration and retinoid 

signalling pathways in human atopic dermatitis. Exp Dermatol 20: 326-30. 

 

Mihály J, Gericke J, Aydemir G, Weiss K, Carlsen H, Blomhoff R, Garcia J, Ruhl R (2012). 

Reduced retinoid signaling in the skin after systemic retinoid-X receptor ligand treatment 

in mice with potential relevance for skin disorders. Dermatology 225: 304-11. 

 

Miller SC, Kearney SL (1998). Effect of in vivo administration of all trans-retinoic acid on 

the hemopoietic cell populations of the spleen and bone marrow: profound strain 

differences between A/J and C57BL/6J mice. Laboratory animal science 48: 74-80. 

 



 72 

Nahoum V, Perez E, Germain P, Rodriguez-Barrios F, Manzo F, Kammerer S, Lemaire G, 

Hirsch O, Royer CA, Gronemeyer H, de Lera AR, Bourguet W (2007). Modulators of the 

structural dynamics of the retinoid X receptor to reveal receptor function. Proc Natl Acad 

Sci U S A 104: 17323-8. 

 

Nelson AM, Cong Z, Gilliland KL, Thiboutot DM (2011). TRAIL contributes to the apoptotic 

effect of 13-cis retinoic acid in human sebaceous gland cells. Br J Dermatol 165: 526-33. 

 

Nelson AM, Gilliland KL, Cong Z, Thiboutot DM (2006). 13-cis Retinoic acid induces 

apoptosis and cell cycle arrest in human SEB-1 sebocytes. J Invest Dermatol 126: 2178-89. 

 

Newcomer ME, Ong DE (2000). Plasma retinol binding protein: structure and function of the 

prototypic lipocalin. Biochim Biophys Acta 1482: 57-64. 

 

Nunez V, Alameda D, Rico D, Mota R, Gonzalo P, Cedenilla M, Fischer T, Bosca L, Glass 

CK, Arroyo AG, Ricote M (2010). Retinoid X receptor alpha controls innate inflammatory 

responses through the up-regulation of chemokine expression. Proc Natl Acad Sci U S A 

107: 10626-31. 

 

O'Byrne SM, Wongsiriroj N, Libien J, Vogel S, Goldberg IJ, Baehr W, Palczewski K, Blaner 

WS (2005). Retinoid absorption and storage is impaired in mice lacking lecithin:retinol 

acyltransferase (LRAT). J Biol Chem 280: 35647-57. 

 

Ogawa E, Owada Y, Ikawa S, Adachi Y, Egawa T, Nemoto K, Suzuki K, Hishinuma T, 

Kawashima H, Kondo H, Muto M, Aiba S, Okuyama R (2011). Epidermal FABP (FABP5) 

regulates keratinocyte differentiation by 13(S)-HODE-mediated activation of the NF-

kappaB signaling pathway. J Invest Dermatol 131: 604-12. 

 

Olson JA, Hayaishi O (1965). The enzymatic cleavage of beta-carotene into vitamin A by 

soluble enzymes of rat liver and intestine. Proc Natl Acad Sci U S A 54: 1364-70. 

 

Owczarek W, Paplinska M, Targowski T, Jahnz-Rozyk K, Paluchowska E, Kucharczyk A, 

Kasztalewicz B (2010). Analysis of eotaxin 1/CCL11, eotaxin 2/CCL24 and eotaxin 

3/CCL26 expression in lesional and non-lesional skin of patients with atopic dermatitis. 

Cytokine 50: 181-5. 

 

Palmer CN, Irvine AD, Terron-Kwiatkowski A, Zhao Y, Liao H, Lee SP, Goudie DR, 

Sandilands A, Campbell LE, Smith FJ, O'Regan GM, Watson RM, Cecil JE, Bale SJ, 

Compton JG, DiGiovanna JJ, Fleckman P, Lewis-Jones S, Arseculeratne G, Sergeant A, 

Munro CS, El Houate B, McElreavey K, Halkjaer LB, Bisgaard H, Mukhopadhyay S, 

McLean WH (2006). Common loss-of-function variants of the epidermal barrier protein 

filaggrin are a major predisposing factor for atopic dermatitis. Nat Genet 38: 441-6. 

 

Pavez Lorie E, Chamcheu JC, Vahlquist A, Torma H (2009). Both all-trans retinoic acid and 

cytochrome P450 (CYP26) inhibitors affect the expression of vitamin A metabolizing 

enzymes and retinoid biomarkers in organotypic epidermis. Arch Dermatol Res 301: 475-

85. 

 

Pérez E, Bourguet W, Gronemeyer H, de Lera AR (2012). Modulation of RXR function 

through ligand design. Biochim Biophys Acta 1821: 57-69. 

 



 73 

Perlmann T, Jansson L (1995). A novel pathway for vitamin A signaling mediated by RXR 

heterodimerization with NGFI-B and NURR1. Genes Dev 9: 769-82. 

 

Peterson PA (1971). Studies on the interaction between prealbumin, retinol-binding protein, 

and vitamin A. J Biol Chem 246: 44-9. 

 

Petkovich M, Brand NJ, Krust A, Chambon P (1987). A human retinoic acid receptor which 

belongs to the family of nuclear receptors. Nature 330: 444-50. 

 

Proksch E, Brandner JM, Jensen JM (2008). The skin: an indispensable barrier. Exp Dermatol 

17: 1063-72. 

 

Proksch E, Holleran WM, Menon GK, Elias PM, Feingold KR (1993). Barrier function 

regulates epidermal lipid and DNA synthesis. Br J Dermatol 128: 473-82. 

 

Proksch E, Jensen JM, Elias PM (2003). Skin lipids and epidermal differentiation in atopic 

dermatitis. Clin Dermatol 21: 134-44. 

 

Redfern CP, Todd C (1992). Retinoic acid receptor expression in human skin keratinocytes 

and dermal fibroblasts in vitro. J Cell Sci 102 ( Pt 1): 113-21. 

 

Redmond TM, Gentleman S, Duncan T, Yu S, Wiggert B, Gantt E, Cunningham FX, Jr. 

(2001). Identification, expression, and substrate specificity of a mammalian beta-carotene 

15,15'-dioxygenase. J Biol Chem 276: 6560-5. 

 

Rieck M, Meissner W, Ries S, Muller-Brusselbach S, Muller R (2008). Ligand-mediated 

regulation of peroxisome proliferator-activated receptor (PPAR) beta/delta: a comparative 

analysis of PPAR-selective agonists and all-trans retinoic acid. Molecular pharmacology 

74: 1269-77. 

 

Roelandt T, Thys B, Heughebaert C, De Vroede A, De Paepe K, Roseeuw D, Rombaut B, 

Hachem JP (2009). LEKTI-1 in sickness and in health. Int J Cosmet Sci 31: 247-54. 

 

Romanowska M, al Yacoub N, Seidel H, Donandt S, Gerken H, Phillip S, Haritonova N, 

Artuc M, Schweiger S, Sterry W, Foerster J (2008). PPARdelta enhances keratinocyte 

proliferation in psoriasis and induces heparin-binding EGF-like growth factor. J Invest 

Dermatol 128: 110-24. 

 

Romanowska M, Reilly L, Palmer CN, Gustafsson MC, Foerster J (2010). Activation of 

PPARbeta/delta causes a psoriasis-like skin disease in vivo. PLoS One 5: e9701. 

 

Roos TC, Jugert FK, Merk HF, Bickers DR (1998). Retinoid metabolism in the skin. 

Pharmacol Rev 50: 315-33. 

 

Roos TC, Jugert FK, Notzon I, Merk HF (1996). Cytochrome P450-mediated 4-hydroxy-

metabolites of retinoic acid are produced by human keratinocytes. J Invest Dermatol 106: 

870A. 

 

Ross AC, Chen Q, Ma Y (2009). Augmentation of antibody responses by retinoic acid and 

costimulatory molecules. Semin Immunol 21: 42-50. 

 



 74 

Ross AC, Hämmerling UG (1994) Retinoids and the immune system In: The retinoids: 

Biology, Chemistry and Medicine (Sporn MB, Roberts AB, Goodman DS, eds) 2nd ed., 

521-43. 

 

Ross AC, Stephensen CB (1996). Vitamin A and retinoids in antiviral responses. Faseb J 10: 

979-85. 

 

Rühl R. (1999) Untersuchungen zur Pharmakokinetik von Retinoiden und deren Glukuronide 

zum Verständnis deren embryotoxischer Wirkung. Freie Universität Berlin, Berlin, D. 

 

Rühl R (2006). Method to determine 4-oxo-retinoic acids, retinoic acids and retinol in serum 

and cell extracts by liquid chromatography/diode-array detection atmospheric pressure 

chemical ionisation tandem mass spectrometry. Rapid Commun Mass Spectrom 20: 2497-

504. 

 

Rühl R (2007). Effects of dietary retinoids and carotenoids on immune development. Proc 

Nutr Soc 66: 458-69. 

 

Rühl R, Garcia A, Schweigert FJ, Worm M (2004). Modulation of cytokine production by 

low and high retinoid diets in ovalbumin-sensitized mice. Int J Vitam Nutr Res 74: 279-84. 

 

Rühl R, Hanel A, Garcia AL, Dahten A, Herz U, Schweigert FJ, Worm M (2007). Role of 

vitamin A elimination or supplementation diets during postnatal development on the 

allergic sensitisation in mice. Mol Nutr Food Res 51: 1173-81. 

 

Sabroe I, Hartnell A, Jopling LA, Bel S, Ponath PD, Pease JE, Collins PD, Williams TJ 

(1999). Differential regulation of eosinophil chemokine signaling via CCR3 and non-

CCR3 pathways. J Immunol 162: 2946-55. 

 

Sallusto F, Mackay CR, Lanzavecchia A (1997). Selective expression of the eotaxin receptor 

CCR3 by human T helper 2 cells. Science 277: 2005-7. 

 

Sanquer S, Gilchrest BA (1994). Characterization of human cellular retinoic acid-binding 

proteins-I and -II: ligand binding affinities and distribution in skin. Arch Biochem Biophys 

311: 86-94. 

 

Saurat JH (1997). Oral isotretinoin. Where now, where next? Dermatology 195: 38-40. 

 

Saurat JH (1999). Retinoids and psoriasis: novel issues in retinoid pharmacology and 

implications for psoriasis treatment. J Am Acad Dermatol 41: S2-6. 

 

Schug TT, Berry DC, Shaw NS, Travis SN, Noy N (2007). Opposing effects of retinoic acid 

on cell growth result from alternate activation of two different nuclear receptors. Cell 129: 

723-33. 

 

Schuster GU, Kenyon NJ, Stephensen CB (2008). Vitamin A deficiency decreases and high 

dietary vitamin A increases disease severity in the mouse model of asthma. J Immunol 180: 

1834-42. 

 

Senoo H (2004). Structure and function of hepatic stellate cells. Medical electron microscopy 

: official journal of the Clinical Electron Microscopy Society of Japan 37: 3-15. 



 75 

Shaw N, Elholm M, Noy N (2003). Retinoic acid is a high affinity selective ligand for the 

peroxisome proliferator-activated receptor beta/delta. J Biol Chem 278: 41589-92. 

 

Smith G, Wolf CR, Deeni YY, Dawe RS, Evans AT, Comrie MM, Ferguson J, Ibbotson SH 

(2003). Cutaneous expression of cytochrome P450 CYP2S1: individuality in regulation by 

therapeutic agents for psoriasis and other skin diseases. Lancet 361: 1336-43. 

 

Smith SM, Levy NS, Hayes CE (1987). Impaired immunity in vitamin A-deficient mice. J 

Nutr 117: 857-65. 

 

Soprano DR, Blaner WS (1994) Plasma retinol binding protein. In: The retinoids: Biology, 

Chemistry and Medicine (Sporn MB, Roberts AB, Goodman DS, eds) 2nd ed., New York: 

Raven, 257-82  

 

Spiegl N, Didichenko S, McCaffery P, Langen H, Dahinden CA (2008). Human basophils 

activated by mast cell-derived IL-3 express retinaldehyde dehydrogenase-II and produce 

the immunoregulatory mediator retinoic acid. Blood 112: 3762-71. 

 

Starrett JE, Tortolani DR, Mansuri MM, Meanwell NA (1996). Retinoid-like heterocycles: 

US5559248. US patents. 

 

Starrett JE, Tortolani DR, Mansuri MM, Meanwell NA (1998). Heterocyclic-substituted 

naphthalenyl retinobenzoic acid derivatives: US5849923. US patents. 

 

Stephensen CB (2001). Vitamin A, infection, and immune function. Annu Rev Nutr 21: 167-

92. 

 

Stephensen CB, Borowsky AD, Lloyd KC (2007). Disruption of Rxra gene in thymocytes and 

T lymphocytes modestly alters lymphocyte frequencies, proliferation, survival and T 

helper type 1/type 2 balance. Immunology 121: 484-98. 

 

Stephensen CB, Rasooly R, Jiang X, Ceddia MA, Weaver CT, Chandraratna RA, Bucy RP 

(2002). Vitamin A enhances in vitro Th2 development via retinoid X receptor pathway. J 

Immunol 168: 4495-503. 

 

Stücker M, Hoffmann M, Altmeyer P (2002). Instrumental evaluation of retinoid-induced skin 

irritation. Skin Res Technol 8: 133-40. 

 

Swann RT, Smith DE, Tramposch KM, Zusi FC (1996). Preparation and RARg-specific 

retinoid receptor transactivation of retinobenzoic acid derivatives. Eur Pat Appl EP 

747347. 

 

Tan NS, Michalik L, Desvergne B, Wahli W (2005). Multiple expression control mechanisms 

of peroxisome proliferator-activated receptors and their target genes. J Steroid Biochem 

Mol Biol 93: 99-105. 

 

Tan NS, Michalik L, Noy N, Yasmin R, Pacot C, Heim M, Fluhmann B, Desvergne B, Wahli 

W (2001). Critical roles of PPAR beta/delta in keratinocyte response to inflammation. 

Genes Dev 15: 3263-77. 

 



 76 

Tavakkol A, Zouboulis CC, Duell EA, Voorhees JJ (1994). A retinoic acid-inducible skin-

specific gene (RIS-1/psoriasin): molecular cloning and analysis of gene expression in 

human skin in vivo and cultured skin cells in vitro. Molecular biology reports 20: 75-83. 

 

Thielitz A, Krautheim A, Gollnick H (2006). Update in retinoid therapy of acne. 

Dermatologic therapy 19: 272-9. 

 

Trautmann A, Akdis M, Blaser K, Akdis CA (2000). Role of dysregulated apoptosis in atopic 

dermatitis. Apoptosis : an international journal on programmed cell death 5: 425-9. 

 

Tsang KY, Sinha S, Liu X, Bhat S, Chandarardna RAS (2007). Disubstituted chalcone oximes 

having RARg retinoid receptor antagonist activities. US 7,253,319 B2. 

 

Tsang KY, Sinha S, Liu XB, Bath S, Chandraratna RAS (2005). Disubstituted chalcone 

oximes having RARg retinoid receptor antagonist activity. US 2005/0165095. 

 

Virtanen M, Torma H, Vahlquist A (2000). Keratin 4 upregulation by retinoic acid in vivo: a 

sensitive marker for retinoid bioactivity in human epidermis. J Invest Dermatol 114: 487-

93. 

 

Volakakis N, Joodmardi E, Perlmann T (2009). NR4A orphan nuclear receptors influence 

retinoic acid and docosahexaenoic acid signaling via up-regulation of fatty acid binding 

protein 5. Biochem Biophys Res Commun 390: 1186-91. 

 

von Lintig J, Vogt K (2000). Filling the gap in vitamin A research. Molecular identification of 

an enzyme cleaving beta-carotene to retinal. J Biol Chem 275: 11915-20. 

 

Wang G, Savinko T, Wolff H, Dieu-Nosjean MC, Kemeny L, Homey B, Lauerma AI, 

Alenius H (2007). Repeated epicutaneous exposures to ovalbumin progressively induce 

atopic dermatitis-like skin lesions in mice. Clin Exp Allergy 37: 151-61. 

 

Weise C, Zhu Y, Ernst D, Kuhl AA, Worm M (2011). Oral administration of Escherichia coli 

Nissle 1917 prevents allergen-induced dermatitis in mice. Exp Dermatol 20: 805-9. 

 

Weiss RA, Eichner R, Sun TT (1984). Monoclonal antibody analysis of keratin expression in 

epidermal diseases: a 48- and 56-kdalton keratin as molecular markers for 

hyperproliferative keratinocytes. J Cell Biol 98: 1397-406. 

 

Werfel T, Morita A, Grewe M, Renz H, Wahn U, Krutmann J, Kapp A (1996). Allergen 

specificity of skin-infiltrating T cells is not restricted to a type-2 cytokine pattern in 

chronic skin lesions of atopic dermatitis. J Invest Dermatol 107: 871-6. 

 

Westergaard M, Henningsen J, Johansen C, Rasmussen S, Svendsen ML, Jensen UB, 

Schroder HD, Staels B, Iversen L, Bolund L, Kragballe K, Kristiansen K (2003). 

Expression and localization of peroxisome proliferator-activated receptors and nuclear 

factor kappaB in normal and lesional psoriatic skin. J Invest Dermatol 121: 1104-17. 

 

White JA, Beckett-Jones B, Guo YD, Dilworth FJ, Bonasoro J, Jones G, Petkovich M (1997). 

cDNA cloning of human retinoic acid-metabolizing enzyme (hP450RAI) identifies a novel 

family of cytochromes P450. J Biol Chem 272: 18538-41. 

 



 77 

White JA, Ramshaw H, Taimi M, Stangle W, Zhang A, Everingham S, Creighton S, Tam SP, 

Jones G, Petkovich M (2000). Identification of the human cytochrome P450, P450RAI-2, 

which is predominantly expressed in the adult cerebellum and is responsible for all-trans-

retinoic acid metabolism. Proc Natl Acad Sci U S A 97: 6403-8. 

 

Whitfield GK, Jurutka PW, Haussler CA, Haussler MR (1999). Steroid hormone receptors: 

evolution, ligands, and molecular basis of biologic function. J Cell Biochem Suppl 32-33: 

110-22. 

 

Wongsiriroj N, Piantedosi R, Palczewski K, Goldberg IJ, Johnston TP, Li E, Blaner WS 

(2008). The molecular basis of retinoid absorption: a genetic dissection. J Biol Chem 283: 

13510-9. 

 

Yoshimura K, Uchida G, Okazaki M, Kitano Y, Harii K (2003). Differential expression of 

heparin-binding EGF-like growth factor (HB-EGF) mRNA in normal human keratinocytes 

induced by a variety of natural and synthetic retinoids. Exp Dermatol 12 Suppl 2: 28-34. 

 

Zhou G, Wang S, Wang Z, Zhu X, Shu G, Liao W, Yu K, Gao P, Xi Q, Wang X, Zhang Y, 

Yuan L, Jiang Q (2010). Global comparison of gene expression profiles between 

intramuscular and subcutaneous adipocytes of neonatal landrace pig using microarray. 

Meat science 86: 440-50. 

 

Zouboulis CC (2006). Isotretinoin revisited: pluripotent effects on human sebaceous gland 

cells. J Invest Dermatol 126: 2154-6. 

 

Zouboulis CC, Xia L, Akamatsu H, Seltmann H, Fritsch M, Hornemann S, Rühl R, Chen W, 

Nau H, Orfanos CE (1998). The human sebocyte culture model provides new insights into 

development and management of seborrhoea and acne. Dermatology 196: 21-31. 

 

Zusi FC, Reczek PR, Ostrowski J (1998). Preparation of 5-substituted-1,1,3,3-tetramethyl-2-

ketoindanes as retinoid-like compounds. PCT Int Appl WO 9847861. 

 

 
 



 78 

7.2 Publication list prepared by the Kenézy Life Sciences Library 

 

 
 



 79 

 



 80 

8 KEYWORDS 

 

Allergen-induced dermatitis, all-trans retinoic acid, atopic dermatitis, fatty acid binding 

protein 5, gene expression, nuclear hormone receptor, peroxisome proliferator-activated 

receptor δ, retinoic acid receptor, retinoids, retinoid X receptor, skin 



 81 

9 ACKNOWLEDGEMENTS 

 

 Among all those who contributed to this PhD thesis, first of all I would like to express my 

gratitude to my supervisor Dr. Ralph Rühl for the continuous support and motivation, for the 

scientific discussions, and for the opportunities he offered within this study. 

 I am especially grateful to Prof. Dr. László Fésüs as previous Head of the Department of 

Biochemistry and Molecular Biology for creating an encouraging and challenging academic 

research atmosphere. 

 I would like to thank the research groups of Prof. Dr. László Fésüs, Prof. Dr. Zsuzsanna 

Szondy, and Prof. Dr. László Nagy for kindly providing materials and instruments. Especially 

I am grateful to Dr. Szilárd Póliska for his continous technical support.  

 Many thanks I owe Vincziné Éva Papp and Monika Szklenar from our group for excellent 

technical assistence. I am also very thankful to Jan Ittensohn for his great support during 

animal experiments. 

 Much obliged I am to our collaborators Prof. Dr. Ángel de Lera, Dr. Susana Álvarez, and 

Dr. Rosana Álvarez for providing research materials for this study, and to Dr. Dániel Töröcsik 

for histological analysis. Very special thanks I owe Dr. Sandrine Dubrac and her group for 

offering enormous support during my short time in her lab in Innsbruck and beyond. 

 I wish to express my deepest gratitude to my colleagues and dear friends Johanna Mihály, 

Gamze Aydemir, Kathrin Weiß, Yasamin Kasiri, and Zsuzsanna Nagy. They have always 

been my greatest support, gave valuable advices, simply listened, and added so much fun. 

Especially, I am thankful to Johanna for her help with the organization of official matters 

throughout my time at the University of Debrecen and in particular for my thesis defense.  

 Especially, I would like to thank my friends and family who visited me during my time in 

Hungary and who supported me through continuous asking and listening about my work. 

 Most importantly and dearly, I would like to thank my parents Gitta and Wolfgang 

Gericke and all my grandparents for their unconditional love, patience, and encouragement in 

any situation of my life. I am especially indebted to my brother Falko and his family for their 

love and for supporting me which ever way I chose. 

 All my love and deepest gratitude, I wish to express to Philipe who supported me and this 

work from the day we met. Thank you for always listening to my thoughts, for offering 

solutions, and for adding so much love and happiness to my life. 


	ABBREVIATIONS
	CONTENTS
	1  INTRODUCTION
	2  THEORETICAL BACKGROUND
	2.1 Retinoids
	2.1.1 Retinoid metabolism
	2.1.2 Retinoid function in the skin

	2.2 Gene expression regulation by nuclear hormone receptors
	2.2.1  Nuclear hormone receptors
	2.2.2 Nuclear hormone receptor families: RAR, RXR, and PPAR
	2.2.3 Gene expression regulation by retinoids

	2.3 The skin
	2.4 Atopic dermatitis

	3  MATERIALS AND METHODS
	4  RESULTS
	4.1 Topical treatment of mice with various retinoid receptor agonists and antagonists
	4.1.1 Retinoid signaling in the skin after topical treatment with various retinoid receptor agonists or antagonists
	4.1.1.1 RARα and RARγ differentially regulate retinoid-mediated signaling in mouse skin
	4.1.1.2 RAR and RXR antagonists decrease the expression of genes involved in retinoid signaling in mouse skin

	4.1.2 ATRA levels in the skin of topically treated mice
	4.1.2.1 An RXR agonist and RARα antagonist increase ATRA levels in skin via induced synthesis

	4.1.3 Impact of topical retinoid receptor agonists and antagonists on skin and immune homeostasis
	4.1.3.1 RAR-RXR signaling pathways induce epidermal hyperproliferation
	4.1.3.2 RAR-RXR signaling pathways modify epidermal barrier homeostasis
	4.1.3.3 RAR-RXR signaling pathways modify skin based immune responses


	4.2 Mouse model of allergen-induced dermatitis
	4.2.1 Induction of allergen-induced dermatitis by systemic and systemic  plus topical OVA application
	4.2.1.1 Systemic sensitization with OVA triggers mild allergen-induced dermatitis when compared to additional topical OVA applications
	4.2.1.2 Systemic sensitization with OVA triggers IL-4 serum levels
	4.2.1.3 Expression of Th1- and Th2-type immune response genes is only altered in allergen-induced dermatitis
	4.2.1.4 Systemic sensitization with OVA is sufficient to modify the expression of genes involved in epidermal barrier homeostasis

	4.2.2 Retinoid metabolism and signaling in allergen-induced dermatitis
	4.2.2.1 ATRA levels are increased in allergen-induced dermatitis
	4.2.2.2 Retinoid metabolism is increased in allergen-induced dermatitis
	4.2.2.3 Retinoid-mediated signaling is increased in allergen-induced dermatitis

	4.2.3 PPARδ-mediated signaling in allergen-induced dermatitis
	4.2.3.1 Gene targets involved in PPARδ pathways in the skin are mainly up-regulated in allergen-induced dermatitis
	4.2.3.2 Systemic sensitization with OVA increases Fabp5 protein levels



	5 DISCUSSION
	5.1 Retinoid function in the skin
	5.1.1 Retinoid signaling in the skin is oppositely regulated by RARα and RARγ
	5.1.2 Retinoid-mediated signaling is induced in allergen-induced dermatitis
	5.1.3 Alternative retinoid-mediated signaling pathways in the skin
	5.1.3.1 ATRA-induced PPARδ-mediated signaling in allergen-induced dermatitis

	5.1.4 Retinoid receptor subtypes have distinct roles in mouse skin
	5.1.5 RXR-mediated epidermal hyperproliferation
	5.1.6 Retinoid-mediated signaling is one piece of the epidermal barrier puzzle
	5.1.7 Allergen-induced immune response in the skin is associated with increased RA signaling
	5.1.8 Inside-out pathogenesis in allergic skin disease
	5.1.9 Retinoids act on various pathways in mouse skin with implication for allergic skin disease

	5.2 The role of mouse models for human allergic skin disorders

	6  SUMMARY
	7  REFERENCES
	7.1 References
	7.2  Publication list prepared by the Kenézy Life Sciences Library

	8  KEYWORDS
	9  ACKNOWLEDGEMENTS

