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ABBREVIATIONS

AA - arachidonic acid

AD - atopic dermatitis

ADH - alcohol dehydrogenase

ALA - alpha-linolenic acid

AS - affected skin

ATRA - alltrans retinoic acid

BCMO1 - beta-carotene mono-oxygenase 1

BCMO2 - beta-carotene mono-oxygenase 2

CRBP1 - cellular retinol binding protein 1

CRABP1 - cellular retinoic acid binding protein 1

CRABP2 - cellular retinoic acid binding protein 2

CTRL - control

cyclo - cyclophilin A

CYP26A1 - cytochrome P450 26A1

CYP26B1 - cytochrome P450 26B1

CYP2S1 - cytochrome P450 2S1

DBD - DNA-binding domain

DGAT - diacylglycerol acyltransferase

DHA - docosahexaenoic acid

DHGLA - dihomo-gamma-linolenic acid

DPA - docosapentaenoic acid

ELOVL - fatty acid elongase

EPA - eicosapentaenoic acid

FADS1 - fatty acid desaturase 1

FADS2 - fatty acid desaturase 2

GLA - gamma-linolenic acid

HB-EGF - heparin-binding EGF-like growth factor

HPLC-MS-MS - high performance liquid chromatographass spectrometry — mass
spectrometry

HS - skin from healthy volunteers

IL-13 - interleukin 13

LA - linoleic acid



LBD - ligand-binding domain

LRAT - lecithin:retinol acyltransferase
LXR - liver X receptor

MUFA - monounsaturated fatty acid

NAS - non-affected skin

NHR - nuclear hormone receptor

OVA - ovalbumin

QRT-PCR - quantitative real time polymerase cheaction
PBS - phosphate buffered saline
PPAR - peroxisome proliferator-activated recepto
PUFA - polyunsaturated fatty acid

RA - retinoic acid

RAL - retinal

RALDH - retinaldehyde dehydrogenase
RARRES - retinoic acid receptor responder
RBP4 - retinol binding protein 4

RDH - retinol dehydrogenase

ROL - retinol

RAR - retinoic acid receptor

RARE - retinoic acid response element
RXR - retinoid X receptor

SFA - saturated fatty acid

TAG - triacyl-glycerol

TGM2 - transglutaminase 2

TR - thyroid receptor

VA - vitamin A

VDR - vitamin D receptor
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1. INTRODUCTION

Retinoids are known to regulate various eventsvagiefor skin diseases like epidermal
differentiation, proliferation, apoptosis, immuregulation and epidermal barrier properties.
In previous studies it has been shown that retisoigplementation evokes high IgE levels
and alters Thl/Th2 balance. Over the years sevetaloids, such as retinoic acid and
synthetic retinoic acid analogues have been usadjplbutically in skin and immune diseases
and proved to be beneficial. Atopic dermatitis ishaonically relapsing inflammatory skin
disease, characterized by disturbed epidermal dvafuinction, an increased Th2 immune
response and elevated IgE levels. Polyunsaturastty ficids (PUFAs), are essential
constituents of various layers of the skin andiggortant precursors of several pro- and anti-
inflammatory mediators. Numerous studies detectigghifcant changes of the PUFA
composition of the skin and serum in patients suffefrom atopic dermatitis. So far the gene
expression profiles of all known genes involvedetinoid metabolism, namely metabolizing
enzymes, retinoid transport proteins, retinoid péaes and target genes have not been
investigated in skin of patients with atopic dertmat Our interest was to find out whether
retinoid concentrations change and how retinoichaigg pathways are altered in atopic
dermatitis. Further we aimed to determine the impdallergic sensitization on the PUFA
composition of various serum lipid classes in masewell as the IgE secretion in a mouse

model with or without dietary docosahexaenoic amdehed fish oil supplementation.



2. THEORETICAL BACKGROUND

2.1 Atopy and atopic dermatitis

2.1.1. Atopy - definition and epidemiology

The term “atopy” was first coined by Coca and Cowk#&923, the word taken from Greek
meaning placelessness, out of place, unusual,apédcopy describes the predisposition to
the development of allergic diseases including binead asthma, allergic rhinitis and atopic
dermatitis (AD) (Rocken, et al., 1998) and afflicip to 20% of the population of the
industrialized countries (Kankaanpaa, et al., 1999ppy can be characterized by the
following phenotypical criteria: a.) increased lesveof total serum IgE (where parasitic
infections or other causes have to be excludefl)aliergen specific serum IgE, c.) immediate
type skin reactions. However, none of these atppenomena are pathognomonic for atopy
and not all need to be present at the same timek@Ro et al., 1998).

2.1.2. Atopic dermatitis - definition and epidermblogy

AD is a highly pruritic, chronic and relapsing mfhmatory skin disease and it can
commonly occur concomitantly with asthma, food rgife allergic rhinitis or conjunctivitis
based on common patomechanism (Leung, et al., 28@érgel and Paller, 2003). It
predominantly occurs in infancy and childhood, tbudan also begin later in life and persist
into adulthood having a high familial occurrencesifhg, et al., 2003; Lonne-Rahm, et al.,
2004). In the prevalence of AD a great worldwideiation can be observed, ranging from
0.6 % to 20.5 % (Williams, et al., 1999) and iteyalence is higher in developed countries,
although the reasons are not known (Simpson andfirlap005). Two types of AD can be
distinguished: extrinsic and intrinsic types. BEx$ic or allergic AD is associated with high
total serum IgE levels and the presence of spelgficfor environmental and food allergens
and its incidence is 70-80 % of the patients. hsid or non-allergic AD exhibits normal total
IgE values and the absence of specific IgE andoaqpately 20 % - 30 % of the patients are

involved in it, with a female predominance (Leuatal., 2004; Tokura, 2010).



2.1.3. Pathophysiology of atopic dermatitis

Atopic dermatitis is a hereditary disease presgrairspectrum of abnormalities including
permeability barrier disruption, inflammation andbnarmal keratinocyte differentiation
(Proksch, et al., 2008; Proksch, et al., 2006; Son@and Hanifin, 2005).

A significant familial association has been shown dtopic dermatitis. Genetic studies
indicated an association with the interleukin 13-1B) gene promoter polymorphism for a
cluster of cytokine genes located on chromosomel 8§ (Hummelshoj, et al., 2003). A
genome-wide linkage research showed highly sicgmfic evidence for linkage on
chromosome 3g21. Atopic dermatitis, asthma andgilesensitization are closely associated
and show strong familial clustering supporting gresence of an atopy gene in this region
(Lee, et al., 2000). Various other atopy genes lman identified with lesser or no familial
association.

Atopic dermatitis is characterized by the presenicepidermal barrier dysfunction. The
major function of skin is to form a barrier betwetbie external hostile environment and the
internal milieu of the host (Feingold, et al., 2D0The skin must avoid the percutaneous
penetration of chemical irritants and allergentgut the host from mechanical trauma,
ultraviolet light and pathogenic microorganisms,reaver it has to prevent excessive trans-
epidermal water loss hindering thus the body frossictation (Feingold, 2007). The
epidermal barrier is located in the deeper parthaf stratum corneum, which forms a
continuous sheet of protein-enriched cells (corge®) connected by modified desmosomes,
called corneodesmosomes and embedded in an ihtdgicematrix enriched in non-polar
lipids and organized as lamellar lipid layers (Rak et al., 2008). The lipid lamellae matrix
is a substance composed of ceramides, cholesfattyt, acids and cholesterol esters. The
percutaneous penetration of exogenous substandes irathe different parts of the body due
to the differences in the thickness of the strattwmeum, the highest penetration is in
through the thinnest parts of the stratum corneéAmlarger variability can be observed
between individuals (Cork, et al., 2006).



2.2. Retinoids and vitamin A

2.2.1. Definition and chemical structure

The term “retinoids” includes both naturally océng forms of VA and other synthetic
retinol analogs showing biological activities claeaistic for VA (Futoryan and Gilchrest,
1994). Retinoids are a class of compounds defiserbasisting of four isoprenoid units with
several double bonds §8 = C(CH)-CH = CH) joined in a head-to-tail manner, as defined
by the IUPAC-IUB in 1982 (Reichrath, et al., 200/ghlquist, 1999). The retinoid molecule
can be divided into three parts: a non-aromatig sinucture, a polyprenoide side chain and a
polar carbon-oxygen end group. Considering the atenfieatures of these molecules, their
involvement in physicochemical reactions and manrly tleeir biological effects is
understandable. Though natural retinoids are ptesamly in the all-trans configuration, cis-
trans isomerization forms of the polyprenoid sith@in have also biologically relevant role
(Vahlquist, 1999).

2.2.2. The importance of retinoids in skin physiology

Vitamin A and its derivatives (retinoids) play angortant role in skin physiology (Roos,
et al., 1998). Retinoids regulate several effentdifferentiation, proliferation, apoptosis,
immune regulation, epidermal barrier propertiesa&;11987; Elias, et al., 1981) and sensorial
functions (Aydogan and Karli, 2007) in numerousnsg&ell types. Several skin diseases like
psoriasis (Saurat, 1999), ichthyosis (Mevorah, |et1®96), skin cancers (Klaassen, et al.,
2002), acne (Rollman and Vahlquist, 198&%)d various other dermatoses are related to
alterations in retinoid metabolism / signaling. iReid-based treatments have been shown to
be beneficial for various therapeutic approacheshete skin diseases (Ellis, et al., 2000;
Orfanos and Zouboulis, 1998). Topical and system@atments with retinoids like, retinoic
acid and synthetic retinoic acid analogues or d¢irres which modify retinoid metabolism
are used already in therapy (Bissonnette, et @L020kuno, et al., 2004; Roos, et al., 1998;
Vahlquist, 1999; Zouboulis, 2001).
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2.2.3. Retinoid metabolism in skin

Ingested retinyl-esters via the diet are hydralyie retinol (ROL) by enteral hydrolases
in the intestine. ROL and carotenoids are absolhyethtestinal mucosa cells (Roos, et al.,
1998). Skin expresses lecithin:retinol acyltrares$er(LRAT), known to catalyze retinyl-ester
synthesis (Kurlandsky, et al., 1996). After inteatiabsorption, retinoids can be produced by
two pathways: first, retinal (RAL) can be synthesizoy oxidative cleavage of the central
double bound and this step is followed by the rédndo ROL. ROL binds to cellular retinol
binding proteins (CRBP1). Biosynthesis of retinamd (RA) from ROL can occur in two
steps. ROL is oxidized to RAL by members of theohtl dehydrogenase (ADH) and retinol
dehydrogenases (RDH) through a reversible interexamn; and RAL is further oxidized to
RA by means of retinaldehyde dehydrogenase enzy®A&DH) and cytochrome P450
enzyme family members (Fisher and Voorhees, 199@sRet al., 1998). The intra-cellular
transportation of RA is done by means of celluketinoic acid binding proteins 1 and 2
(CRABP1, CRABP2) (Zhelyaznik, et al., 2003) (Figdre

Binding to
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RARa / RARB / RARY - RXR

to initiate gene expression ﬁCMO'l \BCMO'Z

CYP26 / RARB/ TGM2 / RARRES1 /
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HBEGF / CYP2S1/ CRBP1/ CRABP2 Ej:\)\/\/u ?
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Figure 1. General scheme of retinoid signaling pathway iniclgdtructures and involved binding proteins and
retinoid-metabolizing enzymes: RA - retinoic acRIDH — retinol dehydrogenase, RALDH - retinaldehyde
dehydrogenase, BCMO - beta-carotene monooxyge@RBP - cellular retinol binding protein, CRABP —
cellular retinoic acid binding protein, LRAT - Id¢gin:retinol acyltransferase, DGAT - diacylglycerol
acyltransferase, RBP4 — retinol binding proteirRAR — retinoic acid receptor, RXR — retinoid X rpta,
TGM2 — transglutaminase 2, RARRES1 - retinoic aeceptor responder 1, HBEGF — heparin-binding EGF-
like growth factor
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2.3. Polyunsaturated fatty acids

Dietary fat is an important macronutrient for theowth and development of all
organisms. Besides having a nutrient value andffext on the membrane lipid composition,
dietary fat has a strong effect on gene expresamwrwell, which results in changes of
metabolism (Jump and Clarke, 1999). Furthermordyupsaturated fatty acids (PUFAS)
modulate immune responses via their metabolitesttagr@by showing beneficial effects in a

variety of inflammatory disorders (Stulnig, 2003).
2.3.1. Molecular structure and nomenclature of PUFA

Fatty acids are carbon-chains with a methyl-graumne end of the molecule (termed
omega® or n) and an acid group in the other end, with at |&éast double bonds in their
structure.

Polyunsaturated fatty acids contain two or morebtionds in varying positions from
the .’ or ,n” carbon. Therefore, if the first double b is between theBand 4" carbon
atom from the ,n” carbon, they are called omega-3) fatty acids. When the first double
bond is between thé"gand #' carbon atom from the ,n” carbon, they are calletega-6 (n-
6) fatty acids (Figure 2.). PUFAs are designatedheylenght of their chain (C), the number
of the double bonds in their structure (D), respet the position of the first double bond
counted from the terminal methyl group (n-). Thilgir structure can be designed by using
the C:Dn-x nomenclature (Das, 2006).

a.) ‘
//E\B//\\ //\\ //\\ / / \ //ﬁ\/

OH

OH B
b) \j*(/\/\/ B W A W W W \

Figure 2. Chemical structure of PUFAs. a. n-3 PUFA.n46. PUFA
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2.3.2. Dietary sources of PUFAs

The 18-carbon long n-6 and n-3 PUFAs are syntheédigeseveral plants, therefore they
are obtained from dietary vegetable oils, such w#l®wver oil. However, longer chain
members of fatty acids are either obtained direadythe diet from animal or marine sources,
such as fish or marine oils, or they are biosyn#eein vivo after the dietary ingestion of the
shorter 18-carbon precursors (Ziboh, 1996). Varplast oils, such as sunflower or soybean
oil, and meat products, contain mainly n-6 PUFAghsas linoleic acid (LA) (18:2n-6) and
arachidonic acid (AA) (18:3n-6), while fish oil nmlly contains n-3 PUFAs: eicosapentaenoic
acid (EPA) (20:5n-3) and docosahexaenoic acid (DKiZ9:6n-3) (Drevon, et al., 1995;
Meydani, et al., 1991).

2.3.3. Physiological functions of PUFAS

PUFAs have several physiological functions in themmalian organism. As mentioned
before they are important dietary sources, beisgrdgal macronutrients for the growth and
development of all organisms (Jump and Clarke, L9®9FAs are structural components of
the cells and they also exert dramatic effects @megexpression by regulating the activity of
four families of transcription factors (Jump, 200R)oreover PUFAs play an important role
in the skin, contributing to the physical structafethe epidermal barrier, exerting profound
effects on the endogenous epidermal phospholipig &id composition and also take part in
the generation of anti-inflammatory and antiprobfieve metabolites, thus modulating
immune responses (Serhan, 2008; Stulnig, 2003;hZitoal., 2000).

2.3.4. PUFA metabolism

PUFA metabolism involves the alternating6-desaturation, elongation and5-
desaturation. Thus gamma-linolenic acid (GLA) issatarated by FADS2 (fatty acid
desaturase 2) from LA which is further elongatedittomo-gamma-linolenic acid (DHGLA)
by fatty acid elongase (ELOVL) 5 and metabolizedA# acid by fatty acid desaturase 1
(FADS1). Similarly, docosapentaenoic acid (DPAYasmed by elongation from EPA and
after an intermediate desaturation step, DHA imfmt (Duchen and Bjorksten, 2001) (Figure
3.).
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n-6 PUFAs n-3 PUFAs

Linoleic acid (18:2n-6) o - Linolenic acid (18:3n-3)
FADS2 FADS2
y -linolenic acid (18:3n-6) Stearidonic acid (18:4n-3)
ELOVL5 ELOVL5
Dihomo- y -linolenic acid (20:3n-6) Eicosatetraenoic acid (20:4n-3)
FADS1 FADS1
Arachidonic acid (20:4n-6) Eicosapentaenoic acid (20:5n-3)
ELOVL2
Docosapentaenoic acid (22:5n-3)
FADS2

Docosahexaenoic acid (22:6n-3)

Figure 3. The biosynthesis of polyunsaturated fatty acids.

2.4. Nuclear hormone receptors in the human skin

Nuclear hormone receptors (NHRs) are transcripfamtors that are activated on the
binding of specific ligands and that bind to speaésponse elements mainly located within
the promoters of their target genes (Desvergne/R0BIHRs share a common structural
organization being composed of multiple functiodamains. The N-terminal domain harbors
a very weak to strong ligand-independent transatitim domain. The central C-domain
contains the DNA binding domain (DBD) which is camspd of two highly conserved zinc
fingers and is the hallmark of the nuclear receptgoerfamily. The DBD is linked by the
hinge region to the ligand-binding domain (LBD), il is at the C-terminal half of the
receptor and an area which mediates binding tor sthelear hormone receptors (Desvergne,
2007; Mangelsdorf and Evans, 1995; Mangelsdorflet1995; Nagy and Schwabe, 2004)
(Figure 4.).
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DBD

LBD
. | 1 N I -+

AF-1 AF-2

Figure 4. The structure of the nuclear hormone receptor®: Agand - independent transactivation (AF-1)
domain, C: DBD, DNA - binding domain, D: connedts DBD with the LBD, E: LBD, ligand binding domain,

F: ligand -dependent transactivation domain

Several nuclear hormone receptors require ligandibg to be activated. A large variety
of natural compounds has been identified as NH&nlig. Such ligands are steroids, vitamins
A and D derivatives, thyroid hormone, PUFAs, PUFAtabolites, oxysterols and xenobiotic
lipids (Schmuth, et al., 2007). Vitamin A derivassare ligands of RAR and RXR, while free
fatty acids and especially their metabolites arelear receptor specific ligands of PPARs
(Mangelsdorf and Evans, 1995; Schmuth, et al., 2007

Most nuclear receptors function as dimers, eithemddimers, or mainly forming
heterodimers with retinoid X receptors (RXR) (Degyve, 2007). Members of this subgroup
play a critical role in cutaneous biology and imduthe retinoic acid receptors (RAR), the
vitamin D receptor (VDR), the thyroid receptor (TR)e peroxisome proliferator-activated
receptors (PPARSs) and the liver X receptors (LX&)hmuth, et al., 2007) (Figure 5.).

RAR a,By

LXR ap VDR

N A

PPAR qa, B0y RXR a By TR a,p

Other potential RXR heterodimers

Figure 5. RXR heterodimers. RXR: retinoid X receptor, RABtinoic acid receptor, VDR: vitamin D receptor,

TR: thyroid receptor, LXR: liver X receptor, PPABeroxisome proliferator-activated receptor
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Retinoids mainly exert their activity via two fames of nuclear hormone receptors, the
retinoic acid receptors (RAR) and the retinoid Xapgtors (RXR) (Allenby, et al., 1993;
Fisher, et al., 1994; Reichrath, et al., 1997) hBamilies of retinoid receptors consist of three
isotypes:a, B andy encoded by separate genes (Mangelsdorf and E¥/88S). RARs can be
mainly activated by altrans retinoic acid (ATRA), while Sis retinoic acid (9CRA) is a
potential candidate ligand of RXRs (Allenby, et, @993). Human epidermis expresses
transcripts for RAR, RARy, RXRa (Elder, et al., 1992) and RARnN a low level (Elder, et
al., 1991).

PPARs are ligand-activated transcription factororging to the nuclear hormone
receptor superfamily. The PPAR family consists oim@mbers: PPA&®R PPAR3/6 and
PPARy, based on sequence homology (Michalik, et al. 2208l 3 isotypes are expressed in
both rodent and human skin, PPARNd PPAR/S being instrumental in skin repair after
injury, both of them playing specific roles (Micikand Wahli, 2007). PPA&Rhas important
role in the molecular mechanisms involved in skapair and in epidermal differentiation thus
contributing to the permeability barrier formatifitlomuves, et al., 2000). Moreover evidence
has shown the role of PPARN controlling skin and systemic inflammatory respes in
patients with AD (Staumont-Salle, et al., 2008)h#ts been shown that the activation of
PPARB3/d enhances keratinocyte proliferation in psoriagisinduction of heparin-binding
EGF-like growth factor (HB-EGF) and that PPR® also regulates epithelial cell
differentiation (al Yacoub, et al., 2008; Romanoajslet al., 2008). Recently it was
demonstrated that retinoic acid is also a ligandPBAR3/d in cells that display a high
FABP5/CRABP2 expression ratio (Berry and Noy, 208@hug, et al., 2007).

2.4.1. Nuclear hormone receptors and retinoids

Retinoic acid activities are mainly mediated byim@tt acid bound to its RA nuclear
receptors, the RAR family and the RXR family (Albsn et al., 1993). It has been
demonstrated that RA, bound to an RAR can bind Aorésponse elements (RARES) in the
DNA and modulate the transcription of specific &trgienes. These changes in the gene
expression are responsible for the biological adsd #or the therapeutic effects of retinoids
(Futoryan and Gilchrest, 1994).

In humans three distinct RARs have been identifitiRa, RARB and RAR. The three

RAR genes have different expression patterns ferdifit cells and also during development.
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RARa gene transcripts are found in most embryonic ahdtdissues and may be therefore
responsible for the effects of retinoids on growatid differentiation. RAR is just expressed
in a low level in adult human skin (Elder, et d1991), while most of the RAR receptors in
adult skin are RAR (Elder, et al., 1991).

The RXR family has also three receptors: RXRXRB and RXR. These receptors
have similarities, but are quite different from tRARs both in structure and ligand
specificity. RXRx appears to be the mostly expressed in human epsléMangelsdorf, et
al., 1992).

2.4.2. Nuclear hormone receptors and fatty acids

Although 9 - cis - retinoic acid has been describede the natural ligand for RXR
(Levin, et al., 1992), recently evidence indicatdsat it can also become activated by
naturally occurring polyunsaturated fatty acidgluding docosahexaenoic acid (de Urquiza,
et al.,, 2000), arachidonic acid (Lengqvist, et 2D04) or phytanic acid (Lemotte, et al.,
1996).

Certain fatty acids and their oxidation producte ampable of binding and activating
PPARs (Bull, et al., 2003). It has been shown thatoxidative metabolism of linoleic acid
produces several bioactive metabolites that bindRARs (Nagy, et al., 1998). A search for
natural ligands in human serum identified palmiticid, oleic acid, linoleic acid and
arachidonic acid as endogenous activators of r&tReP(Banner, et al., 1993). Unlike the
PPARux subtype, PPARRhas a clear preference for polyunsaturated fatitysa The essential
fatty acids linoleic acid, linolenic acid, arachimdo acid and eicosapentaenoic acid have been
shown to bind to PPARat micromolar concentrations (Kliewer, et al., 79%u, et al.,
1999). PPARY/S is also a receptor for naturally occurring polyataseated fatty acids, such as
dihomo«-linolenic acid, arachidonic acid and EPA with l@ffinities in low micromolar
range (Xu, et al., 1999).
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2.5. Aim of the studies

Vitamin A and its derivatives, the retinoids, ameportant for skin physiology. Several
skin diseases were related to altered retinoid Inoéitan. Topical and systemic treatments
with retinoids such as retinoic acid or other segtithretinoic acid analogues or derivatives
that are known to modify retinoid metabolism areeatly used in therapy. Retinoids have
been shown to evoke high IgE levels and alter Thé&/balance in mouse supplementation

studies. The aim of our study was:

- to investigate the gene expression profiles lbfkaown genes involved in retinoid
metabolism, namely metabolizing enzymes, retin@ddport proteins, retinoid receptors and
target genes in the skin biopsies of atopic patientcomparison to the skin of healthy

volunteers.

- to investigate the retinoid concentrations efusn and skin samples of these patients by
means of high performance liquid chromatographysrsectrometry — mass spectrometry
(HPLC MS-MS) methodology.

PUFA levels have been shown to be altered in the skatopic dermatitis patients in
comparison to healthy volunteers and dietary supeigation with oils rich in n-3 PUFAs,
such as EPA and DHA have been shown to induceirdt@mmatory effects inn vitro as
well asin vivo experiments. Moroverer, a higher dietary intake-& PUFAs was associated
with lower incidences of allergic sensitization aatbpic diseases in several studies.
Therefore, we aimed:

- to find out how allergic sensitization, DHAf&hed fish oil supplementation and allergic
sensitization with concomitantly DHA-enriched fisli supplementation of mice influences
the percentile distribution of n-3 / n-6 PUFAs bduto cholesteryl-, triacylglycerol- and

phospholipid-esters of n-3 metabolism and vari@i®$ of eicosanoid precursor PUFAs like

EPA, DHA and AA in the serum as well as IgE resgsns
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3. MATERIALS AND METHODS

Skin biopsies and serum samples

Punch biopsy specimens were taken from involvedh sKi 6 patients with atopic
dermatitis (2 male and 4 female patients; avergge34d years) and from 6 non-atopic healthy
volunteers (2 male and 4 female individuals; average 30 years), who were characterized
by the absence of personal or family history ofpatalisease. Prior informed consent was
obtained according to the guidelines of the Ethi@ainmittee and the declaration of Helsinki.
In Table 1. the clinical and basic demographic d#t#he healthy volunteers and diseased

patients are shown:

Healthy volunteers AD patients
age in years 30+11 31+14
gender 67 % female 67 % female
SCORAD 0+0 36+11
total IgE (KU/L) 32+17 1879 + 764

Table 1.Clinical and basic demographic data from healtiy diseased donors

In case of AD patients, one biopsy of affected skmal one biopsy of non-affected skin
were taken from each patient. Epidermis represemt20-30 % of the skin biopsy used for
analysis. Specimens were immediately frozen oniceyand stored at -70 °C until RNA
isolation or HPLC analysis was performed. At theneaime, serum samples were drawn
from the same patients and were kept at -70 °Q anélysis. Ethical approval for the study
was obtained from the local ethics committee (EA8/06) and from each volunteer a signed

informed consent was obtained.
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RNA extraction

RNA isolation was performed from human skin tissiesneans of Tfi Reagent (Trizol)

isolation manual technique.

1. A skin sample of ca. 100 mg is homogenised with QEN Tissue Lyser in 1 ml of
Trizol, using previously autoclaved QIAGEN metal ads. After 1 minute
centrifugation (at 4 °C, 13000 rpm) of the samptbs, supernatants are transferred
into 1.5 ml Eppendorf tubes.

2. 200 pl of chloroform is added to each sample, the sasale stirred thorougly and
incubated for 3 minutes on room temperature. Afterubation the samples are
centrifuged for 15 minutes (at 4 °C, 13000 rpm) &hd upper aqueous phase is
transferred into a new Eppendorf tube.

3. 500ul of isopropanol is added to the samples, stirrediiacubated for 20 minutes on
room temperature. After incubation the samples camtrifuged for 10 minutes (at
4 °C, 13000 rpm). The supernatant is discarded.

4. 800pl of 70 % ethanol is added, stirred shortly andiifeiged for 5 minutes (at 4 °C,
13000 rpm). The supernatant is discarded.

5. RNA pellets are dried for 20-25 minutes in an Egjmrhconcentrator 5301.

6. 40 ul of nuclease free water (NFW) is added to eachpsanstirred and incubated for
10 minutes at 65°C in a BIOSAN Dry Block Heatingefimostat. Samples are stirred
briefly and cooled down on ice.

7. The concentrations and purities of the RNA samptesmeasured by NanoDrop ND-

1000 Spectrophotometer. Samples were kept at -2htiCfurther usage.

Quantitative real-time reverse transcription polymeaase chain reaction (QRT-PCR)

In our study the two-step Tagman QRT-PCR was perddr in order to quantify the

MRNA expression level of the human genes involveithé retinoid metabolism.

Firstly, in the reverse transcription step the RN@&mples are transcribed by reverse
transcriptase enzyme (RT) into complementary DNBN#A) using the Super Script 1l First-
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Strand Synthesis System (Invitrogen), since theyremeded for the amplification. For the

reaction random primer is used.

The following reaction mixture is used (Table 2.):

RT reaction 1 reaction (ul)
5 x SSII buffer 8

25 x dNTP 8

10 x random primer 0.2

SSII RT (200 Ulul) 0.2

DTT 4

RNA 20

Table 2. Reaction mixture used for reverse transcription

The following thermal protocol is used (Table 3.):

Time (min) Temperature (°C)
10 25

120 42

5 72

00 4

Table 3. Thermal protocol used for reverse transcription
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Secondly, the previously obtained cDNA is amplifiegg the TagDNA polymerase
enzyme and it is measured quantitatively in ordetdtermine the mRNA expression level.
The following reaction mixture is used in case BM~TAMRA assays (51l cDNA is added
to 5pl mastermix) (Table 4.):

Compound Concentration Volume (ul) (1 reaction)
Nuclease Free Water 2.1

MgCl, 0.1 M 1.2

Tag-buffer 10 x 1.0

dNTP 2.5 mM 0.5

Tag-polymerase 5U 0.0625
Forward-primer 100 UM 0.0375

Reverse-primer 100 UM 0.0375

Probe (FAM-TAMRA) 20 UM 0.0625

Table 4. Reaction mixture used for quantitative real tim@=RP with FAM-TAMRA probe based assays.

Volumes are given for 1 reaction. Concentratiothefused compounds is indicated.

In case of TagMan ROX-MGB assays, the reaction uméxtis modified according to the

following table (5ul cDNA is added to %l mastermix) (Table 5.):

Compound Concentration Volume (ul) (1 reaction)
Nuclease Free Water 1.9

MgCl, 25 mM 1.2

Tag-buffer 10 x 1.0

dNTP 2.5 mM 0.5

Tag-polymerase 5U 0.0625

50 x ROX 0.2

20 x oligo mix 0.15

Table 5. Reaction mixture used for quantitative real tin@RPwith ROX-MGB assays. Volumes are given for 1

reaction. Concentration of the used compounddiicéted.

QRT-PCR was carried out in triplicate using preigiesd MGB assays or FAM-TAMRA
assays ordered from Applied Biosystems, on an A&nf 7900. Pre-designed MGB assays
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or FAM-TAMRA assays were used in our experimentbl& 6. contains a list of symbols,

gene names and assays IDs of all investigated R@BMssays in our experimental setup.

No. | Gene symbol| Gene name Assay ID
1. hBCMO1 beta-carotene mono-oxygenase 1 Hs003631Y 6
2. hBCMO2 beta-carotene mono-oxygenase 2 Hs00230564
3. hDGAT1 diacylglycerol acyltransferase Hs0020138%
4, hLRAT lecithin:retinol acyltransferase Hs004281M1
5. hRDH2 retinol dehydrogenase 2 Hs00331485 |m1
6. hRDH16: retinol dehydrogenase 16 Hs00559712| m1
7. hADH1C alcohol dehydrogenase 1C Hs00817827 | m1
8. hRALDHS3 retinal dehydrogenase 3 Hs00167476_m1
9. hCRABP1 cellular retinoic acid binding protein 1 Hs00171635_m1
10. | hCRBP1 cellular retinol bindig protein 1 Hs00262_m1
11. | hRBP4 retinol bindig protein 4 4 Hs00924047_m1
12. | hCYP26Al cytochrome P450, subfamily 26A, Hs00175627_m1
polypeptide 1
13. | hCYP26B1 cytochrome P450, subfamily 26B, Hs01595346_ml
polypeptide 1
14. | hCYP2S1 cytochrome P450, subfamily 2S, polydept| Hs00258076_ml1
1
15. | hRARB retinoic acid receptor beta Hs00233407_m1
16. | hRARRES1 retinoic acid receptor responder 1 OHeM0204 ml
17. | hHBEGF heparin-binding EGF-like growth factor sd9961131_m1

Table 6. List of gene symbols, gene names and assay |@b thfe investigated ROX-MGB assays.
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Table 7. includes a list symbols, gene names andafd (+) and reverse (-) primer and

probe (P) sequences of all investigated FAM-TAMR#Ssays (when available) in our

experimental setup.

No. | Gene symhol | Gene name Forward primer, reverse primer and prohe sequences
1. hRDHIO retinel de hydrogenase 10 Sequences not availahle
2. hRALDHI1 retinal de hydrogenase 1 + | (IZ9THAATTGCTATGGCGTGGTAAGT
i (148 ACCGTACTCTCCCAGTTCTCTT
P (1422 AGTGCCCCTTTGGTGGATTCAGGAAGATGT
3. hRALDH2 retinal dehydrogenase 2 + | AGGCCCTCCTCGCTCAC
- TGCCCCAGAATGAGCTC
P (1260 FAM-ACCCCTCCCTCTCTTCCAAGGAGATG
4. hCRABFP2 cellular retineic acid hinding + | QI ATGCTGAGGAAGATTGCTGTG
protein 2
i 2B TCCCTCCTGTTTGATCTCCA
P 2411 CTGCAGCGTCCAAGCCAGCA
5 hRARa retinoic acid receptor alpha + | (1206+) CCAGCACCAGCTTCCAGTTA
= (1302-) GGGAGGGCTGGGCAC
p | (1284+) FAM.
CTCTTCAGAACTGCTGCTCTGGGTCTCAA
5. KRARy retinoic acid recep tor gamma + | (8559 TGCATCATCAAGATCGTGGAG
- (928-) GTGATCTGGTCAGCAATGCTG
P BE0H) FAM-CCAAGCGGTTGCCTGGCTTTACA
T hREXRa retinoid X receptor alpha + | (1278+) GGCCTACTGCAAGCACAAGTA
i (1341 ) CAGGCGGAGCAAGAGCTTA
p (13213 FAM-CGAACCTTCCCGGCTGCTCTG
8. hTGM2 transglutaminase 2 + | GOHCTGGGCCACTTCATTTTIGC
2 (610H)ACTCCTGCCGCTCCTCTTC
P (564 ) FAM-TCCAGGTACACAGCATCCGCTGGG

Table 7 List of gene symbols, gene names and primer anbdepsequences of all the investigated FAM-

TAMRA assays.

Relative mRNA levels were calculated using the carapve threshold cycle (¢ method

and were normalized to the level of cyclophilin ARMA. Sequence Detector Software

(version 2.1) was utilized for data analysis.
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Statistics

Data are shown as mean and standard error of tha wadues of three measurements per
data point. Statistical analysis was performedgiiie program SPSS 16.0.pAvalue of less

than 0.05 was considered significant.

High performance liquid chromatography mass spectrmetry — mass spectrometry
(HPLC MS-MS) analysis:

Concentrations of retinol and retinoic acids (Ra®re determined in human serum and
skin biopsies by our previously described HPLC-MS-Mhethod (Ruhl, 2006). The HPLC
system consisted of a Waters 2695XE separation lmgiMaters, Budapest, Hungary), a
diode-array detector (model 996, Waters, Hungang an MS-MS detector (Micromass
Quattro Ultima Pt, Waters, Hungary). In summaryQ X0g of the skin biopsy (if samples
were under 100 mg water was added up to the uaadaid weight: 100 mg) or 1@dserum
was diluted with a threefold volume of isopropanible tissues were minced by scissors,
vortexed for 10 seconds, put in an ultra sonic battb minutes, shaken for 6 minutes and
centrifuged at 13000 rpm in a Heraeus BIOFUGE Fredct+4°C. After centrifugation, the
supernatants were dried in an Eppendorf concent&01 (Eppendorf, Germany) at 30°C.
The dried extracts were resuspended withi66f methanol, vortexed, shaked, diluted with
40 ul of 60 mM aqueous ammonium acetate solution aasterred into the autosampler and

subsequently analysed.

Animal experiments

A set of the animal experiments were performedhia facilities of the Max Rubner
Laboratory of the German Institute of Human Nutnti (DIfE) in Potsdam-Rehbrlicke,
Germany. The experiment was approved by the raspeethical authorities from the Land
Brandenburg. A second set of experiments, for ityaton of the influence of aluminium
hydroxide (AI(OH}) on lipid distribution, was performed in the Labtary Animal Core
Facility of the University of Debrecen, Hungary.eTexperiments were performed according

to the Hungarian ethical guidelines.
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10-12 week old adult female C57BL/6 mice were pasgd from Charles River, Sulzfeld,
Germany. Mice were kept under controlled conditi@sroom temperature (21 £ 1°C),
constant relative humidity (55 + 5%) and 12 hoghti/ dark cycle with light between 6:00
AM and 6:00 PM. Mice had access to food and waddrbitum. The composition of the basal
diet was 20% casein, 8% sucrose, 50% wheat st&0, sunflower oil, 5% cellulose, 5%
mineral mix (Mineral-Spurenelemente-Vormischung @1,0Altromin, Lage, Germany) and
2% vitamin mix (Vitamin-Vormischung C1000 Altromibhage, Germany) (Schweigert, et al.,
2002). In the diet supplemented with DHA-enrichesh foil, 40% of the sunflower oil was

substituted by DHA-enriched fish oil (DHA 500TG SPRom tuna) from Croda GmbH,

Nettetal, Germany yielding a mass content of 2% Dl 0,12 % EPA in the animals diet.
The composition of the two diets is displayed ib[€8.

Fatty acid (%) Control diet Diet supplemented with
DHA-enriched fish oll

Sum of SFA 12.4 8.3

Sum of MUFA 22.7 17.6

Sum of n-6 PUFA 64.3 42.7

Linoleic acid 64.0 40.9

Arachidonic acid 0.01 0.56

Sum of n-3 PUFA 0.63 314

EPA 0.12 3.6

DHA 0.26 23.4

Table 8.Percentage fatty acid composition of the admirgstéood (data are percentages (w/w) of dry animal
food.)

The basal diet and the DHA-supplemented diet gragpsained each n=12 mice, for the
second experiment using Al(Oftjeatment for basal and DHA-supplemented diet fedigs

n=6 mice per group were used.

Before supplementation with basal- and DHA-enricfiskd oil-diet the mice were fed
with standard chow diet from Sniff (Soest, Germaagyl for the second set of experiments

using Al(OH) treatment the mice were fed with standard mouse fddm Altromin (Lage,
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Germany). One week after the starting of the supptdation with the basal- and the DHA-
enriched fish oil diet, 6 mice per group were sised with ovalbumin (OVA) and 6 mice
were treated with phosphate buffered saline (PBS}the second set of experiments just
Al(OH); treatment was performed in a comparable mannesh [§eoup was treated either
with three intraperitoneal injections of OVA or PB8 Al(OH)3 in PBS) after a time interval
of one week. OVA injections were made accordingthte protocol previously described
(RUNI, et al., 2003); briefly, 1g of OVA absorbed to 1.5 mg Al(OK)n 100ul PBS was
given to each animal. The mice were killed by d@e#ipn four weeks after the dietary and
three weeks after the OVA/PBS treatments. At 20¥®0 after the collection the blood was
centrifuged at 1300 g for 3 minutes and serum viigimed. Serum was stored at — 80°C until

analysis.

Fatty acid analysis

The fatty acid analysis was performed by our caliabbrs Tamas Décsi and Tamas
Marosvolgyi. For the analysis of plasma fatty apibfiles, frozen plasma samples were
thawed, and then the three internal standards r{thidecanoylphosphatidylcholine-,
cholesteryl-pentadecanoate and -tripentadecanoa&i®) added. Lipids were extracted by the
addition of 3 ml chloroform and 1 ml methanol acting to the method of Folch et al (Folch,
et al., 1957). The mixture was vortexed at 2000 fprm10 min, and then the lower layer was
aspirated into vials and evaporated under nitregeram. Lipid extracts were reconstituted in
70 pl chloroform and lipid classes were separated byldyer chromatography. The solvents
for thin layer chromatography of plasma lipids were follows: hexane : diethylether :
chloroform : acetic acid (21 : 6 : 3 : 1, by vdb)lowed by chloroform : methanol : water (65
: 25 : 4, by vol.). The bands were stained witthitimfluorescein, removed by scraping and

transesterified in 3 N HCI-methanol solution at*84for 45 min.

Fatty acids were analysed by high-resolution capillgas chromatography using a
Finnigan 9001 gas chromatograph (Finnigan/Treneetimc., Austin, TX, USA) with split
injection (ratio 1:25), automatic sampler (A200SE[C Analytic, Switzerland) and flame
ionisation detector with a DB-23 cyanopropyl columih40 m length (J & W Scientific,
Folsom, CA, USA). The temperature program was dllewing: temperature of injector at 80
°C for 0.1 min, temperature increase by 280min up to 28C°C, temperature of detector at

280°C, temperature of column area at®Dfor 0.2 min, temperature increase by°@Imin
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up to 180°C, 5 min isothermal period, temperature increasé.byC/min up to 200C, 8.5-
min isothermal period, temperature increase by°@imin up to 240°C and 13 min
isothermal period. The constant linear velocity via8 m/sec (referred to 10C). Peak
identification was verified by comparison with agetitic standards. Fatty acid results were
expressed as percentages (weight by weight) of fadtds detected with a chain length

between twelve and twenty-four carbon atoms.

Enzyme-linked immunosorbent assay (ELISA) analysis

The ELISA analysis was performed by our collabasat@argitta Worm and Christine
Weise (Koch). Plates were coated overnight withi-@ouse EM95.3 (5 pg/ml; all
monoclonal antibodies used were kindly providedDoy Lamer, MPI, Freiburg, Germany)
diluted in 0.1 M bicarbonate buffer. After blockimgth 3 % milk powder/PBS, sera (diluted
in 1 % milk powder/PBS) were incubated overnighd arere detected with biotin conjugated
anti-mouse 84 1-C (1 pg/ml). The reaction was dgead with streptavidin peroxidase and
tetramethylbenzidine (both from Sigma, Dreieich,rm@a&ny) and was stopped with 1 M
sulphuric acid. The plates were measured at 450/M80and the amount of total IgE was
calculated according to the standard curve. Thidit\alvas assessed by using a standard with
known concentrations for total IgE and by determiaraof 50% saturation for OVA-specific
IgE ELISA. Furthermore, all sera were measurecemagdilutions.

Statistics
Standard deviations have been calculated with SPBS& (SPSS Inc., Chicago, USA)

software for Windows using a two-factor independdann-Whitney test; a value of P<0.05

was used to determine statistical significance.
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4. RESULTS

4.1. Expression profiles of retinoid signalling pdiways in AD skin samples

Firstly, we investigated the expression profilegehes involved in retinoid homeostasis,
regulation, metabolism, retinoid receptors andnoedl target genes. These data show that a
severe dysregulation of retinoid-homeostasis, -b@dism and -signalling is present in
affected and non-affected AD skin. The mRNA expgms¢evels were determined by means
of QRT-PCR in non-affected and affected skin opataermatitis patients in comparison to
healthy volunteers. Data are shown as mean andatherror of the mean out of triplicate
measurement per data point. Significant changésarmRNA expression levels are marked

with asterisks.

4.1.1. Dysregulation of retinol homeostasis / retyl ester synthesis regulation

Retinol binding protein (RBP) 4 is the carrier giotinvolved in the transport of retinol
and its mMRNA expression was non-significantly dawgulated in atopic dermatitis non-
affected and affected skin. The mRNA expressiodiatylglycerol acyltransferase (DGAT)
showed a slight decrease in both affected and ffentad skin compared to healthy skin,
while lecithin retinol acyltransferase (LRAT) wagrsficantly up-regulated in non-affected
skin and no significant alteration was observedffiected skin of atopic dermatitis patients
(Figure 6.).
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Figure 6. mMRNA expression level of RBP4, DGAT and LRAT natimed to cyclophilin A (cyclo) in non-
affected and affected skin of AD patients compdcetealthy volunteers (n=6) (p < 0.05, comparetealthy
skin), HS — healthy skin, NAS — non-affected sldg, — affected skin.
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4.1.2. Dysregulation of retinal synthesis

Expression levels of beta-carotene-monooxygenas€M@®B1) and beta-carotene-
monooxygenase 2 (BCMO2) mRNA were not significandliyered in skin with atopic
dermatitis compared to healthy skin. Retinol debgénases and alcohol dehydrogenases are
enzymes which are responsible for converting rétiooretinal. Retinol dehydrogenase
(RDH) 2, RDH10 and RDH16 showed a very similar grattin their mRNA expression.
RDH2 was statistically significantly augmented iotlp affected and non-affected atopic
dermatitis skin, compared to healthy skin. Induoce@®INA expression of RDH10 and RDH16
was observed in atopic dermatitis affected skinhesalthy skin. The mRNA expression of
alcohol dehydrogenase (ADH) 1C was significantijueed in non-affected and affected AD
skin (Figure 7.).
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Figure 7. mRNA expression levels of BCMO1, BCMO2, RDH2, ROKADH1c and RHD16 normalized to
cyclo in non-affected and affected skin of AD patsecompared to healthy volunteers (n=6) (* - p.85Q*** -

p < 0.001, compared to HS). For abbreviations sgeré 6.

CRBP 1 is the intracellular carrier of retinol aid mRNA expression showed a
significant down-regulation in case of skin wittogit dermatitis, both in non-affected and
affected AD skin (Figure 8.).
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Figure 8. mRNA expression level of CRBP1 normalized to oyl non-affected and affected skin of AD
patients compared to healthy volunteers (n=6) ¥ < 0.001, compared to HS). For abbreviationsFgare
6.

4.1.3. Reduced retinoic acid synthesis in affecte@nd non-affected skin of atopic

dermatitis

Retinal dehydrogenases (RALDH) or acetaldehyde dielgenases convert retinaldehyde
to RA. We observed a significant decrease of RALDHRNA levels in skin with atopic
disease, both in affected and non-affected skinlewthe mMRNA expression of RALDH2 and
RALDH3 did not show significant alterations in axperimental setup (Figure 9.).
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Figure 9. mRNA expression level of RALDH1, RALDH2 and RALBHormalized to cyclo in non-affected
and affected skin of AD patients compared to hgaliunteers (n=6) (*** - p < 0.001, compared to HEor

abbreviations see Figure 6.

CRABP2 is an intracellular retinoic acid transporfgotein and no alteration was
observed in its MRNA expression in skin of atopecndatitis patients. Also CRABP1 did not
show a significant alteration in diseased skirgamparison to healthy skin (Figure 10.).
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Figure 10. mRNA expression level of CRABP1 and CRABP2 noingal to cyclo in non-affected and affected

skin of AD patients compared to healthy voluntderss) . For abbreviations see Figure 6.

4.1.4. Reduced expression of RA degradation / metalism enzymes in affected as

well as non-affected skin of atopic dermatitis

MRNA expression level of RA-degrading enzymes waseninined and revealed a
significant decrease in case of CYP26A1 and CYPB8t) in affected and non-affected AD

skin. However mRNA expression of CYP26B1 could bet detected in our experimental

setup (Figure 11.).

mRNA expression / cyclo

Figure 11. mRNA expression

CYP26A1 CYP2S1

level of CYP26A1 and CYP2S1 noizedl to cyclo in non-affected and affected

skin of AD patients compared to healthy voluntgerst) (* - p < 0.05, compared to HS). For abbreaviad see

Figure 6.

4.1.5. Increased expression of RXd&rin non-affected skin of atopic dermatitis

RARa mRNA levels

did not show any significant alteration diseased compared to

healthy skin, while mRNA expression of RBRwas slightly but non-significantly up-

regulated in non-affected AD skin. By contrast, theression of RAR was comparable
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between atopic dermatitis and healthy skin. Theresgion of RXR was significantly
increased in non-affected and affected AD skinyFadlL2.).

RARa RARB
0.09
0.003
0.06
o 0.002
% 0.03 0.001
2 0 0
5 HS NAS AS Hs NAS AS
‘»
%]
g
(o8
g RARYy RXRa
<
E 0.075 60 *
1S 0.05 40 *
0.025 20
0 0
HS NAS AS HS NAS AS

Figure 12. mRNA expression level of RAR RARB, RARy and RXRx normalized to cyclo in non-affected and
affected skin of AD patients compared to healthyumteers (n=6) (* - p < 0.05, compared to HS). For

abbreviations see Figure 6.

4.1.6. Expression of retinoid target genes in atopdermatitis

The mRNA expression of retinoic acid receptor resigo (RARRES1) was significantly
decreased in case of atopic dermatitis in non-efteand affected skin, in comparison to
healthy skin. Also transglutaminase 2 (TGMsjowed a significant decrease both in non-
affected and in affected skin of atopic dermatiBy. contrast, the mRNA expression of
heparin-binding EGF-like growth factor (HB-EGF) wasmparable between AD patients and
healthy volunteers (Figure 13.).
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Figure 13. mRNA expression level of RARRES1, TGM2 and HBE@¥malized to cyclo in non-affected and
affected skin of AD patients compared to healthyumteers (n=6) (* - p < 0.05, compared to HS). For

abbreviations see Figure 6.
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Due to strongly reduced retinoid signalling pathsvay AD skin we next analyzed ATRA and
ROL concentrations in skin biopsies and serum afthg volunteers and diseased patients:

4.2. Reduced concentrations of retinol and alirans retinoic acid in AD skin, but not

in serum of AD patients

Skin concentrations of ATRA and ROL were strongbguced in affected (ATRA 0.4 /
0.5 ng/g; ROL 37 / 46 ng/g) but also in non-affecs&in biopsies (ATRA 0.3/ 0.6 ng/g; ROL
32 / 54 ng/g) from an AD patient in comparison oA and ROL concentrations in healthy
skin (ATRA 0.7 / 1.2 ng/g; ROL 207 / 253 ng/qg) (&g 14.).

ATRA rOL  HPLC standards

affected skin
8.4 /0.5 ngiy 37 /4B ng/g from AD patient

relative intensity

0.3/ 0.6 ngiy 32 /84ngiy  NOnN-affected skin
from AD patient

0.7 712 nyly 207 § 253 ngdy healthy skin

14 15 17 17.5 min

Figure 14. HPLC MS-MS chromatogram of ditans retinoic acid (ATRA) and retinol (ROL) using spci
MS-MS tracks for ATRA and ROL from representativentan skin biopsies of one affected and one non-
affected skin biopsy from one AD-patient and onealtiy volunteer. The two values represent the
concentrations from the two independent determanatusing the skin of two different healthy as veslAD-
patients. Y-Axis of HPLC MS-MS chromatograms of timeasured skin samples are the same magnitude for

better visualization and comparison.
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Serum concentrations of ATRA 2,8 = 0,8 ng/ml andLRR20 £ 217 ng/ml were comparable
in healthy volunteers and AD patients ATRA 2,9 & big/ml and ROL 573 £ 191 ng/ml. No

significant differences could be observed betwesalthy volunteers and AD patients (Table
9.):

ATRA ROL
HEALTHY 28+0.8 510 + 217
AD 29+1.0 573 +191

Table 9. Concentrations of ATRA and ROL in ng/ml in serumhealthy volunteers (HEALTHY, n=6) and

atopic dermatitis patients (AD, n=6).

4.3. Fatty acid composition of serum lipid classesn mice following allergic

sensitization with or without dietary docosahexaenic acid-enriched fish oil substitution

Concentrations of DHA and EPA have been shown toirmeeased after DHA
supplementation in serum lipids but so far to testlof our knowledge the effect of allergic
sensitization on the composition of serum lipids hat been investigated. We aimed to find
out how does the fatty acid composition of serupidliclasses in mice change following
allergic sensitization with or without dietary deatexaenoic acid-enriched fish oil
substitution.

The effect of the different diets and treatmenesdiscussed separately: the effect of diet
(basal diet (control diet; CTRL) and PBS injectiq@IRL-PBS) vs. DHA-enriched fish oil-
supplementation and PBS injections (DHA-PBS); baBat and OVA injections (CTRL-
OVA) vs. DHA-enriched fish oil supplementation ar@VA injections (DHA-OVA));
respectively the effect of allergic sensitizatioithwut dietary supplementation (basal diet
with PBS injections (CTRL-PBS) vs. basal diet W@N'A injections (CTRL-OVA)) and with
dietary DHA supplementation (DHA-enriched fish silpplementation with PBS injections
(DHA-PBS) vs. DHA-enriched fish oil supplementatiwith OVA injections (DHA-OVA)).

In a second set of experiments we treated bothatimals fed the basal diet and the
animals fed the DHA-enriched fish oil supplememtativith AI(OH);. Fatty acid composition
of plasma cholesteryl esters, phospholipids aracytglycerols are shown in consequent

tables, as it follows.
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4.3.1. The effect of dietary docosahexaenoic acidKA)-enriched fish oil-
supplementation without allergic sensitization - cotrol diet and phosphate-buffered
saline treatment (CTRL-PBS) vs. docosahexaenoic dci(DHA)-enriched diet and
phosphate-buffered saline treatment (DHA-PBS)

The sum of saturated fatty acids (SFAs) and moradureted fatty acids (MUFASs) were
comparable between both groups, except for higladueg of MUFASs in triacylglycerols
(TAG) in the control animals-3 PUFA levels were strongly increased after DHAiaed
fish oil supplementation in all the three lipid s$&s. Inconsistent results were seen in the
individual n-6 PUFAs. Values of linoleic acid (LA) increasedysficantly in cholesteryl
esters, but decreased in TAG. Similarlylinolenic acid (GLA) values were higher in
phospholipids, but significantly lower in TAG anfiadesteryl esters in the animals treated
with n-3 PUFAs in comparison to the controls. Values 6fG.A were significantly higher
in both cholesteryl esters and phospholipids imais treated with n-3 PUFAs than in control
mice. In contrast, percentages (w/w) of arachidaaid (AA) were significantly lower in all
three serum lipid classes of animals receiwing PUFA supplementation compared to the
controls. The sum oh-6 PUFAs was always lower in animals receivingd PUFA
supplementation. Table 10. shows the fatty acichpmmsition of plasma cholesteryl ester
lipids in mice fed either with diet supplementedhamlocosahexaenoic acid (DHA) enriched
fish oil or control diet (CTRL) and subsequentlgated with PBS.
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Fatty acid composition of plasma cholesterol esters in CTRL-PBS vs. DHA-PBS

Fatty acid CTRL-PBS DHA-PBS
Mean SD Mean SD

Sum of SFA 8.96 0.34 11.47 0.63
Sum of MUFA 12.00 0.51 11.36 0.44
18-2n6 (LA) 31.53 15.44 43.07 * 4.10
18-3n6 (GLA) 0.51 0.32 0.29* 0.06
20-2n6 0.30 017 0.16 * 0.19
20-3n6 (DHGLA) 0.58 0.17 095* 0.10
20-4n6 (AA) 42.51 12.14 20.16 *  5.00
22-4n6 0.63 0.25 0.15* 0.06
22-5n6 0.91 0.53 0.18 012
Sum of n-6 PUFA 76.98 0.77 64.96 * 1.02
18-3n3 (ALA) 0.05 0.01 024 039
20-3n3 0.29 0.26 1.04 * 1.35
20-5n3 (EPA) 0.05 0.05 421 * 1.53
22-5n3 (DPA) 0.03 0.01 0.15* 0.02
22-6n3 (DHA) 1.64 0.75 6.58 * 2.84
Sum of n-3 PUFA 2.07 015 12.20 * 0.63

Table 10. Fatty acid composition of plasma cholesteryl ebfgds in mice fed either with diet supplemented
with docosahexaenoic acid (DHA)-enriched fish ail aontrol diet (CTRL) and subsequently treated with

phosphate-buffered saline (PBS).

LA - linoleic acid, GLA -y-linolenic acid, DHGLA — dihoma~linolenic acid, AA — arachidonic acid, ALA &~

linolenic acid, DPA- docosapentaenoic acid.

* Indicates significant differences (p < 0.05)
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Table 11. shows the fatty acid composition of plagghospholipids in mice fed either with
diet supplemented with docosahexaenoic acid (DHcked fish oil or control diet (CTRL)
and subsequently treated with phosphate-buffer@tes®BS).

Fatty acid composition of plasma phospholipids in CTRL-PBS vs. DHA-PBS

Fatty acid CTRL-PBS DHA-PBS
Mean SD Mean SD

Sum of SFA 49.01 o072 45.97 0.51
Sum of MUFA 9.13 0.32 10.01 033
18-2n6 (LA) 22.75 1.58 2472  2.85
18-3n6 (GLA) 0.10 0.04 0.67* 0.59
20-2n6 0.31 0.04 0.27 0.04
20-3n6 (DHGLA) 1.00 0.19 1.63* 0.30
20-4n6 (AA) 14.01 363 6.10* 1.78
22-4n6 1.50 0.70 0.44* 025
22-5n6 0.03 0.01 0.49* 08!
Sum of n-6 PUFA  39.69  0.70 3432 082
18-3n3 (ALA) 0.02 0.01 024 o022
20-3n3 0.12 0.08 040 o022
20-5n3 (EPA) 0.007 0.005 0.94* 032
22-5n3 (DPA) 0.02 0.01 0.27 * 0.08
22-6n3 (DHA) 2.00 1.02 7.86 * 378

Sum of n-3 PUFA 2.17 0.21 9.70* 0.79

Table 11. Fatty acid composition of plasma phospholipids inarfed either with diet supplemented with DHA-
enriched fish oil or control diet (CTRL) and subsently treated with phosphate-buffered saline (PBBdr
abbreviations see Table 10.
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Table 12. shows the fatty acid composition of plagnacylglycerol lipids in mice fed either
with diet supplemented with DHA-enriched fish orl @ntrol diet (CTRL) and subsequently
treated with phosphate-buffered saline (PBS).

Fatty acid composition of plasma triacylglycerols in CTRL-PBS vs. DHA-PBS

Fatty acid CTRL-PBS DHA-PBS
Mean SD Mean SD

Sum of SFA 2521  0.30 2691 0.0
Sum of MUFA 36.24 046 30.39 * 0.51
18-2n6 (LA) 33.20 258 27.19% 447
18-3n6 (GLA) 0.27 005 0.16 * 0.04
20-2n6 0.53 020 0.26 * 0.04
20-3n6 (DHGLA) 0.64 029 040 017
20-4n6 (AA) 2.53 091 1.02* 026
22-4n6 0.54 021 049 020
22-5n6 041 026 039 030
Sum of n-6 PUFA  38.11  0.49 2991 * 1.14
18-3n3 (ALA) 0.04 003 0.19* 0.02
20-3n3 026 0.19 032 017
20-5n3 (EPA) 0.02 o001 147 * 042
22-5n3 (DPA) 0.09 003 0.87* 045
22-6n3 (DHA) 0.03 001 9.94* 2.64

Sum of n-3 PUFA 043 0.05 12.80 * 0.62

Table 12. Fatty acid composition of plasma triacylglycergidis in mice fed either with diet supplemented with
DHA-enriched fish oil or control diet (CTRL) andtsequently treated either with phosphate-bufferdthes
(PBS). For abbreviations see Table 10.

4.3.2. Effect of dietary DHA-enriched fish oil-supgementation with allergic
sensitization (CTRL-OVA vs. DHA-OVA)

Values of the relevanin-3 PUFAs were all significantly higher in the anima
supplemented with DHA and EPA. The sums of SFAsveggnificantly higher in all serum
lipid classes in the animals receivingd PUFA supplementation. The sums of MUFAs were
higher in phospholipids and cholesteryl esters, eite significantly lower in TAG in the
animals treated with-3 PUFAs than in the controls. Values of LA wergngicantly higher

in cholesteryl esters, but significantly lower iAG in the animals receiving DHA and EPA
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supplementation. AA values as well as the sum-6fPUFAs were significantly lower in all
serum lipid classes in the animals treated wiBhPUFAs than in the controls. In general, all
n-3 PUFA levels were higher after DHA-supplementatidable 13. shows the fatty acid
composition of plasma cholesteryl ester lipids iicerfed either with diet supplemented with
docosahexaenoic acid (DHA) enriched fish oil ortooindiet (CTRL) and subsequently
treated with ovalbumin (OVA).

Fatty acid composition of plasma cholesterol esters in CTRL-OVA vs. DHA-OVA

Fatty acid CTRL-OVA DHA-OVA
Mean SD Mean SD

Sum of SFA 6.09 0.18 12.78 *  0.68
Sum of MUFA 10.97 0.31 13.24 027
18-2n6 (LA) 3273 9.2 43.02* 207
18-3n6 (GLA) 0.42 0.04 0.55 0.73
20-2n6 0.13 0.02 0.19 017
20-3n6 (DHGLA) 0.48 0.06 1.13* 025
20-4n6 (AA) 46.61 786 18.84* 549
22-4n6 0.54 0.15 0.14* 0.04
22-5n6 0.08 0.03 0.58 0.69
Sum of n-6 PUFA  80.99 0.42 64.44 *  0.65
18-3n3 (ALA) 0.03 0.03 0.19* 027
20-3n3 0.12 0.06 0.53* 017
20-5n3 (EPA) 0.02 0.01 3.12*  1.13
22-5n3 (DPA) 0.03 0.01 0.15 0.08
22-6n3 (DHA) 1.75 0.34 555* 261
Sum of n-3 PUFA  1.95 0.08 9.54* 067

Table 13. Fatty acid composition of plasma cholesteryl ebjgds in mice fed either with diet supplemented
with DHA-enriched fish oil or control diet (CTRL)nd subsequently treated with ovalbumin (OVA). For

abbreviations see Table 10.
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Table 14. shows the fatty acid composition of plagghospholipids in mice fed either with
diet supplemented with DHA-enriched fish oil or toh diet (CTRL) and subsequently
treated with ovalbumin (OVA).

Fatty acid composition of plasma phospholipids CTRL-OVA vs. DHA-OVA

Fatty acid CTRL-OVA DHA-OVA
Mean  SD Mean  SD

Sum of SFA 46.06 029 52.99 * 0.44
Sum of MUFA 10.08 027 11.70 032
18-2n6 (LA) 22.11  1.98 20.82 1.23
18-3n6 (GLA) 014 o012 0.05* 002
20-2n6 033 004 030 003
20-3n6 (DHGLA) 1.03 012 1.64* 032
20-4n6 (AA) 15.88  1.98 548 * 1.46
22-4n6 1.69 0.56 0.25* 0.07
22-5n6 0.09 o010 0.13 015
Sum of n-6 PUFA  41.26  0.51 28.68 * 0.34
18-3n3 (ALA) 0.04 003 0.05 003
20-3n3 0.13 008 0.18* 0.12
20-5n3 (EPA) 0.003 0.001 0.64* 017
22-5n3 (DPA) 0.03 000 0.23* 0.04
22-6n3 (DHA) 240 040 5.54* 2.74

Sum of n-3 PUFA 260 007 6.64 * 0.57

Table 14. Fatty acid composition of plasma phospholipids inarfed either with diet supplemented with DHA-
enriched fish oil or control diet (CTRL) and subsenqtly treated with ovalbumin (OVA). For abbrewsts see
Table 10.
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Table 15. shows the fatty acid composition of plagnacylglycerol lipids in mice fed either
with diet supplemented with DHA-enriched fish orl @ntrol diet (CTRL) and subsequently
treated with ovalbumin (OVA).

Fatty acid composition of plasma triacylglycerols CTRL-OVA vs. DHA-OVA

Fatty acid CTRL-OVA DHA-OVA
Mean SD Mean SD

Sum of SFA 23.18 0.34 34.12* 083
Sum of MUFA 40.39 0.52 29.70 *  0.56
18-2n6 (LA) 31.51 44 22.06 * 2.34
18-3n6 (GLA) 0.27 003 0.27 0.20
20-2n6 047 012 0.25* 003
20-3n6 (DHGLA) 049 011 0.36 0.09
20-4n6 (AA) 244 031 0.99* 0.64
22-4n6 047 013 0.43 0.12
22-5n6 0.19 019 2.19* 1.84
Sum of n-6 PUFA  35.84  1.11 26.54* 0.59
18-3n3 (ALA) 0.11 005 0.24* 0.04
20-3n3 026 027 0.57 0.34
20-5n3 (EPA) 0.01 001 1.20*  0.55
22-5n3 (DPA) 0.03 001 0.72* 025
22-6n3 (DHA) 0.18 002 6.92* 364
Sum of n-3 PUFA 0.59 007 9.64* 083

Table 15. Fatty acid composition of plasma triacylglycergidis in mice fed either with diet supplemented with
DHA-enriched fish oil or control diet (CTRL) and kmequently treated with ovalbumin (OVA). For

abbreviations see Table 10.
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4.3.3. Effect of allergic sensitization without diary DHA-enriched fish oil-
supplementation: control diet and phosphate-bufferd saline treatment vs. control diet
and ovalbumin treatment (CTRL-PBS vs. CTRL-OVA)

The sums of SFAs were comparable in phospholipidk teacylglycerols in sensitized
and non-sensitized animals, while in cholesterygrmssthey were significantly lower in the
sensitized animals. The sums of MUFAs were similgphospholipids, triacylglycerols and
cholesteryl esters. Allergic sensitization did matuse significant changes m6 PUFA
values. n-3 PUFA values exhibited significant changes upa@msgization mainly in
triacylglycerols: values of ALA, and DHA significdy increased, whereas those of EPA and
docosapentaenoic acid (28:8) significantly decreased. EPA was significantibyver in
triacylglycerols and phospholipids and borderlirgngicantly lower in cholesteryl esters. In
tables 16., 17. and 18., the fatty acid compositadnplasma cholesteryl ester lipids,
phospholipids and triacilglycerol lipids are showsubsequently for control diet and
phosphate-buffered treatment vs. control diet amdlbumin treatment (CTRL-PBS vs.

CTRL-OVA).
Fatty acid composition of plasma cholesterol esters in CTRL-PBS vs. CTRL-OVA
Fatty acid CTRL-PBS CTRL-OVA
Mean SD Mean SD
Sum of SFA 8.96 034 6.09*% 018
Sum of MUFA 1200 051 1097 031
18-2n6 (LA) 31.53 1544 3273 922
18-3n6 (GLA) 0.51 032 042 004
20-2n6 0.30 017 013 o002
20-3n6 (DHGLA)  0.58 017 048 006
20-4n6 (AA) 42,51 1214 46.61 .86
22-4n6 0.63 025 054 015
22-5n6 0.91 053 0.08 003
Sumofn-6 PUFA 7698 0.77 8099 0.42
18-3n3 (ALA) 0.05 001 0.03 003
20-3n3 0.29 026  0.12* 0.06
20-5n3 (EPA) 0.05 005 002 001
22-5n3 (DPA) 0.03 001 003 001
22-6n3 (DHA) 1.64 075 175 034

Sum of n-3 PUFA 2.07 0.15 1.95 0.08

Table 16 Fatty acid composition of plasma cholesteryl redigids in mice fed with a control diet and
phosphate-buffered treatment vs. control diet aadlbmmin treatment (CTRL-PBS vs. CTRL-OVA). For

abbreviations see Table 10.
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Fatty acid composition of plasma phospholipids CTRL-PBS vs. CTRL-OVA

Fatty acid CTRL-PBS CTRL-OVA
Mean SD Mean SD

Sum of SFA 49.01 o072 46.06 0.29
Sum of MUFA 9.13 0.32 10.08 0.27
18-2n6 (LA) 22.75  1.58 22.11 1.98
18-3n6 (GLA) 0.10 0.04 0.14 012
20-2n6 0.31 0.04 0.33 0.04
20-3n6 (DHGLA) 1.00 0.19 1.03 012
20-4n6 (AA) 14.01 363 15.88 1.98
22-4n6 1.50 0.70 1.69 0.56
22-5n6 0.03 0.01 0.09 0.10
Sum of n-6 PUFA  39.69  0.70 41.26 0.51
18-3n3 (ALA) 0.02 0.01 0.04 0.03
20-3n3 0.12 0.08 0.13 0.08
20-5n3 (EPA) 0.007 0.005 0.003*  0.001
22-5n3 (DPA) 0.02 0.01 0.03 0.00
22-6n3 (DHA) 2.00 1.02 2.40 0.40
Sum of n-3 PUFA  2.17 0.21 2.60 0.07

Table 17. Fatty acid composition of plasma phospholipidsniite fed with a control diet and phosphate-
buffered treatment vs. control diet and ovalbumgatment (CTRL-PBS vs. CTRL-OVA). For abbreviatices
Table 10.
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Fatty acid composition of plasma triacylglycerols CTRL-PBS vs. CTRL-OVA

Fatty acid CTRL-PBS CTRL-OVA
Mean SD Mean SD

Sum of SFA 2521  0.30 23.18 034
Sum of MUFA 36.24 046 40.39 0.52
18-2n6 (LA) 33.20 258 31.51 442
18-3n6 (GLA) 0.27 005 0.27 003
20-2n6 0.53 020 047 012
20-3n6 (DHGLA) 0.64 029 049 011
20-4n6 (AA) 2.53 091 244 031
22-4n6 0.54 021 047 013
22-5n6 041 026 0.19 019
Sum of n-6 PUFA  38.11  0.49 35.84 1.11
18-3n3 (ALA) 0.04 003 0.11* 0.05
20-3n3 026 0.19 026 027
20-5n3 (EPA) 0.02 001 0.01* 0.01
22-5n3 (DPA) 0.09 003 0.03* 0.01
22-6n3 (DHA) 0.03 001 0.18* 0.02

Sum of n-3 PUFA 043 005 0.59 007

Table 18.Fatty acid composition of plasma triacylglyceiipids in mice fed with a control diet and phosphate
buffered treatment vs. control diet and ovalbum@&atment (CTRL-PBS vs. CTRL-OVA). For abbreviatices
Table 10.

4.3.4. Effect of allergic-sensitisation with dietay DHA-enriched fish oil-
supplementation: docosahexaenoic acid-enriched dieind phosphate buffered saline
treatment vs. docosahexaenoic acid-enriched diet drovalbumin treatment (DHA-PBS
vs. DHA-OVA).

Sensitization with ovalbumin with dietary interviemts resulted in similar SFA levels in
cholesteryl esters, but significantly increaseclewn triacylglycerols and phospholipids. The
sums of MUFAs were similar in all lipid classes6 PUFA values were similar in cholesteryl
esters and triacylglycerols, while in phospholipide sum oh-6 PUFAs and LA levels were
significantly lower in the sensitized animals. lables 19., 20. and 21., the fatty acid
composition of plasma cholesteryl ester lipids, ggtwlipids and triacilglycerol lipids are
shown subsequently for docosahexaenoic acid-emtidiet and phosphate-buffered treatment
vs. docosahexaenoic acid-enriched diet and ovalbtreatment (DHA-PBS vs. DHA-OVA).
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Fatty acid composition of plasma cholesterol esters in DHA-PBS vs. DHA-OVA

Fatty acid DHA-PBS DHA-OVA
Mean SD Mean SD

Sum of SFA 11.47 063 12.78 0.68
Sum of MUFA 1136 0.44 13.24 0.27
18-2n6 (LA) 43.07 410 43.02 2.07
18-3n6 (GLA) 029 006 0.55 0.73
20-2n6 0.16 0.19 0.19 0.17
20-3n6 (DHGLA) 095 010 1.13 0.25
20-4n6 (AA) 20.16  5.00 18.84 5.49
22-4n6 0.15 006 0.14 0.04
22-5n6 0.18 012 0.58 0.69
Sum of n-6 PUFA  64.96  1.02 64.44 0.65
18-3n3 (ALA) 024 039 0.19 0.27
20-3n3 1.04 1.35 0.53 0.17
20-5n3 (EPA) 421 153 3.12 113
22-5n3 (DPA) 0.15 002 0.15 0.08
22-6n3 (DHA) 6.58 284 5.55 2.61

Sum of n-3 PUFA  12.20 0.63 9.54 0.67

Table 19.Fatty acid composition of plasma cholesteryl ekgénls in mice fed with a DHA-enriched fish oiledi
and phosphate-buffered treatment vs. DHA-enricisddil diet and ovalbumin treatment (DHA-PBS v$i/&
OVA). For abbreviations see Table 10.
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Fatty acid composition of plasma phospholipids in DHA-PBS vs. DHA-OVA

Fatty acid DHA-PBS DHA-OVA
Mean SD Mean SD

Sum of SFA 45.97 0.51 5299 * 0.44
Sum of MUFA 10.01 033 11.70 032
18-2n6 (LA) 2472 2.85 20.82 * 1.23
18-3n6 (GLA) 0.67 059 0.05* 002
20-2n6 0.27 0.04 030 003
20-3n6 (DHGLA) 1.63 030 1.64 032
20-4n6 (AA) 6.10 178 548 1.46
22-4n6 044 025 025 007
22-5n6 049 08! 0.13 015
Sum of n-6 PUFA  34.32 0.82 28.68 * 0.34
18-3n3 (ALA) 024 o022 0.05 003
20-3n3 040 o022 0.18* 0.12
20-5n3 (EPA) 094 032 0.64* 017
22-5n3 (DPA) 0.27 008 0.23* 0.04
22-6n3 (DHA) 7.86 378 554 % 2.74

Sum of n-3 PUFA 9.70 0.79 6.64 * 0.57
Table 20. Fatty acid composition of plasma phospholipidsrice fed with a DHA-enriched fish oil diet and

phosphate-buffered treatment vs. DHA-enriched 68hdiet and ovalbumin treatment (DHA-PBS vs. DHA-
OVA). For abbreviations see Taklé.
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Fatty acid composition of plasma triacylglycerols in DHA-PBS vs. DHA-OVA

Fatty acid DHA-PBS DHA-OVA
Mean SD Mean SD

Sum of SFA 2691 0.0 34.12* 083
Sum of MUFA 30.39 0.51 29.70 0.56
18-2n6 (LA) 27.19 447 22.06 * 234
18-3n6 (GLA) 0.16 0.04 0.27 0.20
20-2n6 0.26 0.04 0.25 0.03
20-3n6 (DHGLA) 040 017 0.36 0.09
20-4n6 (AA) 1.02 026 0.99 0.64
22-4n6 049 o020 0.43 0.12
22-5n6 039 030 2.19*%  1.84
Sum of n-6 PUFA  29.91  1.14 26.54 0.59
18-3n3 (ALA) 0.19 o002 0.24 0.04
20-3n3 032 017 0.57 0.34
20-5n3 (EPA) 1.47 042 1.20 055
22-5n3 (DPA) 0.87 045 0.72 0.25
22-6n3 (DHA) 9.94 264 6.92 3.64

Sum of n-3 PUFA  12.80 0.62 9.64 0.83

Table 21.Fatty acid composition of plasma triacylglycerlipids in mice fed with a DHA-enriched fish oil diet
and phosphate-buffered treatment vs. DHA-enricigddil diet and ovalbumin treatment (DHA-PBS v$i/&
OVA). For abbreviations see Table 10.
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Table 22. is a comprehensive summary of the mopbitant changes in the fatty acid
composition of plasma cholesteryl esters, phospludi and triacylglycerols after the
administration of the different diets: CTRL-PBS ¥4A-PBS, CTRL-OVA vs. DHA-OVA,
CTRL-PBS vs. CTRL-OVA and DHA-PBS vs. DHA-OVA.

Fatty acids CHOLESTERYL ESTERS PHOSPHOLIPIDS TRIACYLGLYCEROLS
CTRL-FBS DHA-PBS CTRL-PBS DHA-FBS CTRL-FBS DHA-FBS
20:4n-6 (AA) 4251 £12.14 20.16 £5.00 (") 1401 £363 6.10 £1.78 () | 253 +0.9 1.02% 0.26 (%)
£ n-6 PUFA 7698+ 0.01 64.96 £ 1.02 (") 3969+ 0.70 3452 +082 3811049 2091114 ¢)
20:5n-3 (EPA) 005+ 0.05 4.21%£1.53 (% 0.007 + 0.005 0.94 £0.32(*) | 0.02+0.01 147 £0.42 ()
22:6n-3 (DHA) 164 £ 075 6.58 +2.84 () 200 £1.02 7.86 £3.78 (*) | 0.03+0.01 9.04 £2.64 ()
£ n-3 PUFA 207 + 0.15 12.20 £0.63 (**) 247 £021 0.70 £0.70 (*) | 043005 12.80 £0.62 (**)
CTRL-OVA DHA-OVA CTRL-OVA DHA-OVA CTRL-OVA DHA-OVA
20:4n-6 (AA) 4661786 18.84 £5.49 (*) 1588 +1.98 548+146() | 244031 0.99 £0.64 {*)
£ n-6 PUFA 8099+ 0.42 64.44£0.65 (*) 4126 +0.51 2868+0.34 () | 3584111 26.54 £0.59 {*)
20:5n-3 (EPA) 0.02+0.01 3.12£1.13 (%) 0.003 +0.001 0.64+0.17 () | 0.01£001 1.20 £0.55 ()
22:6n-3 (DHA) 1754034 5.55+2.61 (**) 240 £040 554+274 () | 018002 6.92 £3.64 ()
£ n-3 PUFA 1954008 9.54 £0.67 (") 260 £0.70 6.64£0.57 (*) | 059007 9.64 £0.83 ()
CTRL-FBS CTRL-OVA CTRL-PBS CTRL-OVA CTRL-FBS CTRL-OVA
20:4n-6 (AA) 4251 £12.14 4661+7.86 14.01 £3.63 1588 +1.98 253 +0.91 244 +0.31
£ n-6 PUFA 7698+ 0.01 8099+ 0.42 3969+ 0.70 4126 +0.51 3811049 3584+ 1.11
20:5n-3 (EPA) 005+ 0.05 0022001 0.007 + 0.005 0.003 £0.001 () | 0.02+0.01 0.01£0.01 ()
22:6n-3 (DHA) 164 + 075 175+£034 200 £102 240 040 0.03 +0.01 0.18 £0.02 ()
£ n-3 PUFA 2.07 + 0.15 1854008 217 £021 260 +070 0.43+0.05 0.59 +0.07
DHA-FBS DHA-OVA DHA-FBS DHA-OVA DHA-FBS DHA-OVA
20:4n-6 (AA) 2016+ 5.00 1884 £5.49 610 £1.78 5.48+1.46 1.02+ 0.26 0.99 +0.64
£ n-6 PUFA 6496+ 1.02 64441065 3452 £082 2868+0.34 () | 2991 +1.14 2654 +059
20:5n-3 (EPA) 421+153 3124113 0.94 +0.32 0.64 £0.17 () 147 £0.42 1.20+£055
22:6n-3 (DHA) 6.58+2.84 5.55 +2.61 7.86 £3.78 554%274() | 94264 6.92 +3.64
£ n-3 PUFA 1220+ 063 9.54 +0.67 9.70 £0.79 6.64£0.57 () | 1280062 9.64 +0.83

Table 22 Comprehensive summary of the most important obang the fatty acid composition of plasma
cholesteryl esters, phospholipids and triacylglgteafter the administration of the different dieBTRL-PBS
vs. DHA-PBS, CTRL-OVA vs. DHA-OVA, CTRL-PBS vs. CTROVA and DHA-PBS vs. DHA-OVA.

* - significantly lower difference (p < 0.05)

** - gignificantly higher difference (p < 0.05)

4.3.5. Inter-comparison of lipid classes

DHA-supplementation affected the fatty acid composs of all three lipid classes vs.
control. The increase in the sum of n-3 PUFAs esged as DHA-PBS/CTRL-PBS was the
most pronounced in serum triacylglycerols (30-tim@&s comparison to phospholipids (4-

times) and cholesteryl esters (6-times).

49



4.3.6. Ratios of EPA/AA, EPA/DHGLA and EPA/DHA

The ratios in the PBS-treated animals were alwaysas 100% for better comparison of
the OVA sensitization values after basal- or DHAigmed fish oil supplementation diet. The
EPA/AA ratio for triacylglycerols decreased sigo#ntly and just non-significantly in
cholesteryl esters and phospholipids in non-supgtged animals to 23 + 26%, 29 + 6%, 29
+ 15% after allergic sensitization, whereas therelese was only to 70 + 31%, 80 + 18%, 76
+ 17% after accompanying DHA-enriched fish oil-sigppentation.

The EPA/DHGLA ratio also decreased in non-suppldstranimals to 20 + 18% for
triacylglycerols (significantly), 42 + 15% for cledteryl esters and 36 = 22% for
phospholipids after allergic sensitization, wher#@es decrease was much smaller (to 92 +
51% for triacylglycerols, 66 + 26% for cholestepdters and 68 + 13% for phospholipids)
after DHA-enriched fish oil-supplementation.

The EPA vs. DHA ratio decreased after sensitizattinout DHA-enriched fish oil-
supplementation to 3 + 4% significantly for triaglylcerols, 26 + 6% for cholesteryl esters
and 19 + 9% for phospholipids of the original valwéhile after DHA-enriched fish oil-
supplementation it was significantly higher afteensitisation with 119 + 11% for

triacylglycerols, 88 + 17% for cholesteryl estensl ®3 £ 26% for phospholipids.

50



Triacylglycerols EPA/AA EPA/DHGLA EPA/DHA
Mean + SD Mean + SD MeaSD

CTRL PBS 100 £41 100 + 73 100 + 42

(%)

CTRL OVA 23 +£26 20+19 314

(%) * * *

DHA PBS 100 + 26 100 = 37 100 = 19

(%)

DHA OVA 70+£31 92 £51 119+11

(%) *%* **

Cholesteryl esters EPA/AA EPA/DHGLA EPA/DHA
Mean + SD Mean + SD MeaSD

CTRL PBS 100 + 106 100 + 91 100 £+ 105

(%)

CTRL OVA 29+6 42 £15 26+6

(%)

DHA PBS 100 £ 21 100 + 34 100 = 16

(%)

DHA OVA 80+18 66 + 26 88 +17

(%) *% **

Phospholipids EPA/AA EPA/DHGLA EPA/DHA
Mean + SD Mean + SD MeaSD

CTRL PBS 100 + 92 100 = 79 100 £ 122

(%)

CTRL OVA 29+15 36 £22 19+9

(%)

DHA PBS 100 £ 21 100 + 23 100 + 46

(%)

DHA OVA 76 £17 68 +13 93 + 26

(%)

*%

*%k *
’

*%

Table 23.Ratios of selected n-3 and n-6 PUFA (Mean valmesstandard deviations). Ratios detected in PBS-
treated groups were set as 100% (grey shadows). dbatcalculated on the basis of six independenpless.

* - Mean value is significantly different from thaf the PBS-treated animals (p<0.05)

** . Mean value is significantly different from thaf the CTRL animals (p<0.05).
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4.3.7. Influence of Al(OH)-treatment on the fatty acid composition of plasma

phospholipids

Concentrations of AA, DHGLA, DHA and EPA were nagrsficantly altered after
Al(OH)3; or AI(OH)s-OVA treatments in basal diet as well m3-PUFA supplemented
animals. Concentrations of EPA were always lowen{significantly) in OVA - AI(OH}-
treated mice in comparison to PBS-treated mice.

Ratios of EPA/AA, EPA/DHGLA and EPA/DHA were in tsame range after Al(Okt)
treatment like for animals with PBS-treatment iisddadiet fed animals, while the ratios were
much, but non-significantly, lower in OVA-Al(OhHreated animals. Ratios of EPA/AA,
EPA/DHGLA and EPA/DHA were just slightly lower aftéAl(OH)s-treatment, ratios of
EPA/AA and EPA/DHA were lower and just EPA/DHGLAts were significantly lower in
then-3 PUFA diet supplemented mice.

n-3 PUFA supplementation diet significantly ameltexhthe decrease of the EPA/AA,
EPA/DHGLA and EPA/DHA ratios in plasma phospholpidfter OVA-AI(OH}-treatment
but not after Al(OHj-treatment alone in comparison to basal diet fechals.

Fatty acid AA DHGLA DHA EPA EPA/AA (%)  EPA/DHGLA(%) EPA/DHA(%)
Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD
CTRL-PBS 14.0 £ 3.6 1.00 £ 0.19 2.00 + 1.02 0.007 + 0.005 100 + 92 100 £ 79 100 + 122
CTRL-AI(OH); 11.2 £ 0.8 0.88 + 0.08 2.08 £ 0.30 0.010 + 0.006 128 £ 59 155 + 83 82 + 44
CTRL-OVA- 159+ 2.0 1.03 £0.12 2.40 £ 0.40 0.003 + 0.001 29 £ 15 36 + 22 19+9
Al(OH)3
DHA-PBS 6.10 £ 1.78 1.63 £ 0.30 7.86 £ 3.78 0.94 £ 0.32 100 £ 21 100 £ 23 100 + 46
* * * *
DHA-AI(OH); 4.69 + 0.36 1.61 £0.23 7.29 £1.17 0.68 £ 0.11 94 + 10 759 687
* * * *
DHA-OVA- 5.48 + 1.46 1.64 + 0.32 5.54 + 2.74 0.64 + 0.17 76 £ 17 68 £ 13 93 £ 26
A|(OH)3 * * * * * **,* *

Table 24 Fatty acid composition of plasma phospholipidsmite fed either with diet supplemented with
docosahexaenoic acid enriched fish oil or contriet dnd subsequently treated either with ovalbumin
phosphate-buffered saline and ratios of selectdcand n-6 PUFA. Ratios detected in PBS-treatedpgravere
set as 100% (grey shadows). Data are shown asnpeges (w/w) calculated on the basis of six inddpah

samples.
* - Mean value is significantly different fromahof the PBS-treated animals (p<0.05),

** . Mean value is significantly different from thaf the CTRL animals (p<0.05).
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4.3.8. Allergic sensitisation

Serum IgE levels increased significantly after O¥énsitization in the control diet fed
group from 0.4 £ 0.219/ml to 3.2 £ 2.Qug/ml and in the DHA-enriched fish oil supplemented
group from 0.7 £ 0.Jug/ml to 2.8 £ 1.3ug/ml. There was no significant difference between
the IgE levels of the control diet fed group ané DHA-enriched fish oil supplemented
group. Additionally, the specificity of the sensition was supported by measuring OVA-
specific IgE titers in sensitized mice whereas am-8ensitized mice no OVA-specific IgE

was detected (data not shown).
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5. DISCUSSION

Retinoids are known to regulate several eventsvaelke for skin diseases such as
epidermal differentiation, proliferation, apoptgsisimune regulation and epidermal barrier
properties. In previous studies it has been shdwah rietinoid supplementation evokes high
IgE levels and alters Th1/Th2 balance (Cantornal.etLl994; Ruhl, et al., 2004; Tokuyama
and Tokuyama, 1996). Several retinoids, such asofetacid and synthetic retinoic acid
analogues have been used therapeutically in skihimmune diseases and proved to be
beneficial. Atopic dermatitis is a chronically ne&ng inflammatory skin disorder,
characterized by disturbed epidermal barrier fumctan increased Th2 immune response and
elevated IgE levels. So far the expression profidsthe genes involved in retinoid
homeostasis, regulation and metabolism, retinocgptrs and target genes have not been

investigated in skin of patients with atopic dertigtn comparison to healthy volunteers.

5.1. Decreased retinoid concentration and retinoicsignaling pathways in human

atopic dermatitis

In this study we demonstrated that in affected iandon-affected human tissue biopsies
the retinoid transport, synthesis, concentratiasignaling and homeostasis are severely
dysregulated in comparison to skin from healthyuatéers. Surprisingly, even the skin of
non-affected areas of atopic dermatitis patienspldiyed dysfunction of retinoid signaling,
suggesting an intrinsic disease specific dysfuncfior the regulation of retinoid binding
proteins, metabolizing enzymes, retinoid respoasget gene expression as well as retinoid
concentrations. Interestingly, the mRNA expressibthe majority of retinoid response target
genes like CRBP1, CYP26A1, CYP2S1, TGM2 and RARRE®E significantly down-
regulated, which is in accordance with the decrdeeel of retinoic acid determined in AD

skin.

ATRA is the major RAR ligand and its concentrationthe mammalian skin is tightly
regulated in a specific spatiotemporal manner (Etiap, et al., 2002; Everts, et al., 2004;
Everts, et al., 2007). Various cell types in thensknd especially in the inflamed skin have
been shown to be able to synthesize the bioacttiaocic acid (Jurukovski, et al., 1999;
Spiegl, et al., 2008). We found that retinoid resmmtarget genes like RARRES1, CRBP1,
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CYP26A1, CYP2S1 and TGM2 are significantly decreaseaffected as well as non-affected
human skin of AD patients, while the expressiorothfer retinoid target genes like RAR
CRABP2 and HB-EGF was not altered. HPLC MS-MS gatditionally confirmed that the
concentration of ATRA is much lower in affected andon-affected AD skin in comparison
to skin from healthy volunteers; no difference watected between affected and non-affected
AD skin. This might also be a cause or result @fdodelivery of the retinoic acid precursor,
retinol (ROL) via RBP4 to the skin, while both RMdvels as well as RBP4 expression are

lower in affected AD skin samples in comparisoiméalthy volunteers.

Additionally the analysis of serum concentratioranf the same patients and volunteers
displayed comparable ATRA levels between AD pasieanid healthy volunteers. These data
suggest a systemic non-RA based origin for thisy sigpecific dysfunction of retinoid-
mediated signaling in AD. We suggest and partlyvkmadready that besides ATRA (the main
signaling molecule for retinoid target gene expegs which is much lower in skin of atopic
patients, also other relevant and still non-idégdifoioactive retinoids or / and other retinoid
mediated response pathways involving retinoid-at#igt nuclear receptors must be present.
Alternative activators of RAR and RXR may be resible for stable and non-altered
expression of the retinoid target genes RARRABP2 and HB-EGF in atopic skin even
when ATRA levels are present in much lower conegiuns. ldentification of novel

endogenous RAR as well as RXR ligands is curramityer investigation in our laboratories.

The expression of the major retinoic acid synthegienzyme in the skin the RALDHL1 is
significantly decreased in AD skin vs. healthy skitark, et al., 2007). This strong down-
regulation in affected and non-affected AD skinsigygested to be mainly responsible for
lower ATRA concentrations and thereby for the digantly lower retinoid mediated

signaling in the skin of AD patients.

Deficiency of retinoids / retinoid signaling in tls&in or general vitamin A deficiency has
been associated to various symptoms also seem iattipic dermatitis skin phenotype. Thl /
Th2 shift (Cantorna, et al., 1994), altered apdpt¢Srautmann, et al., 2000), altered skin
differentiation and proliferation (Gibbs, et al996) and increased bacterial skin colonization
(Wiedermann, et al., 1996) were associated withnvih A deficiency or deletion of retinoid
receptor mediated signaling in transgenic skin ifigeoouse models (Chapellier, et al., 2002;

Li, et al., 2005). Whether lower retinoid signaliagd lower retinoic acid concentration in AD
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skin is based on an intrinsic abnormality is sfiider examination in our various Vvivo

studies.

Remarkable is the reduced gene expression of thieoisktarget genes CRBP1,
CYP26A1, CYP2S1, TGM2, RALDH1, RARRES1 and the AOHih non-affected AD skin
comparably to affected AD skin. We suggest thateaegal and intrinsic abnormality is
responsible for this dysregulation and may be altred systemic chronic inflammation. A
different expression profile was observed for LRANRd RXR: which are exclusively
increased in non-affected AD skin, confirming also general intrinsic abnormality
responsible for this dysregulation of retinoid-giing (LRAT, RXRx) and maybe of other
RXRa-heterodimer mediated pathways in non-affected AiD.sThis increased expression of
LRAT and RXR:r may be a response of the non-affected skin onngitr chronic
inflammation to further enable and balance reducstthoid signaling. Additionally the
increased expression of RDH2 and RDH10 may be @& s&sed response to enable and
balance retinoid signaling in the skin.

An altered nutrition with high vitamin A as well pso-vitamin A carotenoids resulting in
significantly higher serum levels of dHans retinoic acid (Ruhl, et al., 2008) or increased
ingestion of dietary fats which lead to increaseg@ression of various factors / enzymes
important for retinoid signalin@Jeyakumar, et al., 2008) might contribute alsthts altered

retinoid signaling in affected as well as non-atéeicskin of AD patients.

Several approaches using nutritional supplememsitiovith carotenoids and various
retinoids as well as systemic inflammation / allergensitization are in progress to elucidate
why both in affected as well as in non-affectednséf atopic dermatitis patients retinoid
transport, synthesis, concentrations and signalegstrongly decreased. We suggest that the
answer to this question may help to understang#tieogenesis of atopic dermatitis and may
lead to strategies for atopy prevention. Based wnabservations we suggest that topical
retinoid applications using single retinoids or dmnations of some selective retinoids would

be highly beneficial therapeutic tools in atopicrdatitis.

In summary, more studies are needed in order tatifgehow retinoid transport,
metabolism, concentrations and signaling are régdlan the skin and the regulation of key

players like RALDH1, which is the major enzyme imjamt for retinoic acid synthesis in
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human skin, in AD patients in comparison to healtblunteers. Animal studies using topical
as well as systemic application of various retisomhd KO animal models of retinoid
synthesizing enzymes and retinoid receptors angrogress. We conclude that the retinoid
signaling pathway is dysregulated in AD patientsdgaon an abnormal retinoid transport,
synthesis and concentrations in skin which mighttrdoute to the pathogenesis of AD, but

also offer novel therapeutic approaches.

In our study we have shown that retinoid signajiaghways and retinoic acid levels are
lower in skin of AD patients in comparison to hbglivolunteers, additionally, other studies
have shown significant changes of the PUFA comjosiin the skin and serum of atopic
dermatitis patients. On the other hand, retinojgbtmentation studies have shown to evoke
high IgE levels and alter Th1/Th2 balance. We airtedhvestigate the impact of allergic
sensitization on the PUFA composition of varioususelipid classes as well as IgE secretion

in a mouse model with or without dietary DHA-enechfish oil supplementation.

5.2. Fatty acid composition of serum lipid classesn mice following allergic

sensitization with or without dietary docosahexaenic acid-enriched fish oil substitution

In this study, we demonstrate that both DHA-enricHish oil-supplementation and
allergic sensitization significantly influence tfagty acid composition of different serum lipid
classes. Allergic sensitization after three intesitpneal injections of OVA associated to
Al(OH)3 has been shown in various publications of our gr@uhl, et al., 2003; RUhl, et al.,
2004; Worm, et al., 2001) and additionally in teiady we determined an increased total IgE
level after OVA sensitization. The levels of IgEr@gust slightly lower in the DHA-enriched
fish oil-supplemented group in comparison to thet diet fed group. The fact that the
alteration of ratios of individual fatty acids, hgiprecursors of pro-inflammatory or anti-
inflammatory PUFA-metabolites, changed after alleggnsitization in a manner depending

on DHA-enriched fish oil-supplementation is firstigscribed in literature.

Supplementation of DHA has been shown, in sevemadies carried out in various
organisms, to yield in increased concentrationBlaA as well as EPA in serum lipids (Kew,
et al., 2004; Mueller, et al., 2005; Mueller, et, &004). Our data support this aspect of
previous reports in a mouse model investigating fdwty acid composition of serum

triacylglycerols, phospholipids and cholesteryleest The effect of DHA-enriched fish oil-
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supplementation on EPA levels could be mediated thi®e pathways: a) Increased
concentrations of EPA in the DHA-enriched fish di), retro-conversion of DHA to EPA

(Hansen, et al., 1998) and c) decreased conveo$i&A to DHA (Hansen, et al., 1998). In
addition to the increased levels of the main ni&jtchain PUFAs, DHA and EPA, the levels
of the n-6 long chain PUFA, AA markedly decreasélis finding is in accordance with
previous observations (Kew, et al., 2004; Muelgral., 2005), and may reflect the inhibitory
effects of abundance of DHA on FADS2, the rate timg step also in AA biosynthesis
(Horrobin, 1993), based on higher concentrationsA&f precursors in sunflower oil in

comparison to DHA-enriched fish oil.

The exact interrelationship of fatty acids in claeting serum lipids to tissue fatty acid
metabolism remains to be clarified (Di Stasi, et 2004; Nikolaidis, et al., 2005). However,
fatty acid composition of serum lipid classes i sbnsidered an important indicator of fatty
acid status (Aro, 2003). In the present study,ct$fef dietary intervention were detectable in
all the three serum lipid classes analyzed, whereaged effect of allergic sensitization on n-

3 long-chain PUFAs could mainly be observed in sentiacylglycerol esters.

The major outcome of our study was the influencthefallergic sensitization on the fatty
acid composition of various serum lipid classes.tf® best of our knowledge, no study has
previously focused on the effect of allergic semation on serum fatty acid patterns, whereas
several studies compared fatty acid status in hsmaiim and without allergic disease (Hoff,
et al., 2005; Korotkova, et al., 2004). Possiblgsth alterations are partly due to an altered
lipoprotein distribution after acute phase respd@saweigert, 2001).

In the present study, we investigated the effettlergic sensitization induced by triple
intra-peritoneal OVA-injections in adult mice, aodserved several significant alterations of
plasma phospholipids fatty acid levels. Our experita showed that Al(Okhas no or just
marginal effects on lipid composition. This biocheah inactive Al(OH} adjuvant is used to
potentiate the immune responses to vaccines byladgahe antigen (Jefferson, et al., 2004;
Verdier, et al., 2005). Al(OH)does not alter serum lipid concentrations, becauge/en
intra-peritoneally and absorbed to allergen, waileninium or aluminium ions could be quite
active in alteration of lipid metabolism (Sarin, ak, 1997). No relevant amounts of

aluminium and aluminium ions will reach in bloodatilation in case if biochemical stable
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Al(OH)3 is used under physiological pH conditions aftdrasperitoneal injections (Berthon
and Dayde, 1992).

After allergic sensitization but without accomparyDHA-supplementation, the levels of
mainly the n-3 PUFAs, ALA, EPA, DPA and DHA weregsificantly altered in
triacylglycerols. EPA and DPA were significantlyvdo-regulated, whereas DHA and ALA
were significantly up-regulated. For better vispafion of the results obtained, the ratios of
precursors of pro- and anti-inflammatory bioactiy@ds EPA, DHGLA and AA were

calculated in table 24.

Ratios of EPA/AA and EPA/DHGLA were significantlyeduced upon allergic
sensitization and without accompanying DHA-enrichigsh oil-supplementation. After
accompanying DHA-enriched fish oil-supplementatibayever, the reduction of the ratios
was much lower. Consequently, the ratios were Bogmtly lower in the non-supplemented

than in supplemented animals.

Metabolism via cycloxygenase (COX) and lipoxygend@seX) pathways has been shown
to be highly dependent on the availability of Iqpoecursors for further metabolism
(Caughey, et al., 1996). It has been convincinglgndnstrated that n-3 PUFAs were better
substrates for the conversion by lipoxygenasess¢hak, et al., 1980), but much weaker for
the COX-2 mediated pathways to PgE derivatives kblatki, et al.,, 2001). In addition,
leukotriens originating from EPA have been showréomuch less active in comparison to
analogues from the AA cascade (Leitch, et al., JO9B®A and other n-3 PUFAs were also
found to inhibit COX and LOX activity (Corey, et.al983; Obata, et al., 1999; Saku, et al.,
1999). Our recent results indicate that the LOX @@iX pathways were mainly significantly
down-regulated in the peripheral blood mononucleglls and serum of atopic dermatitis
patients in comparison to healthy volunteers (datsshown, Mihaly et al, in preparation).

Our data strongly support the hypothesis that DiHAebed fish oil-supplementation
significantly alters the levels and ratios of n-8/rprecursor fatty acids for further bio-
activation to pro-inflammatory prostaglandins, whiare mainly Th2 skewing, and
leukotriens (Arcoleo, et al., 1995; Miles, et &003). Various immune-competent cells like
lymphocytes, macrophages, dendritic cells etc. ccaalter lipid metabolism via various

enzymes like lipoxygenases, cycloxygenases, cyboobs, etc. as well as various immune
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reactions could be influenced by dietary lipids dhdir active metabolites (Calder, 2001;
Rustan and Drevon, 2001). Novel studies suppottEfA and DHA via COX- and LOX-
pathways serve as precursors for anti-inflammattigactive lipids like lipoxins,
neuroprotectins and resolvins (Serhan, 2005; SeaxhdrSavill, 2005). Higher levels of DHA
and EPA may lead to increased production of theseslrdescribed derivatives in the
mammalian organism after DHA-enriched fish oil-Sigppentation and accompanying
allergic sensitization, possibly resulting in reddceverity of the allergic phenotype.

In summary, the data obtained in the present sindigate that fatty acid levels and
especially the ratios of fatty acid representingcprsors of bioactive lipids after allergic
sensitization highly depend on accompanying DHAet&d fish oil-supplementation. This
DHA-enriched fish oil-supplementation mediated r@ton of lipid ratios of bioactive
precursor lipids may explain the allergy-ameliorgteffects of DHA in particular and/or n-3
PUFAs in general (Abba, et al., 2005; Mueller,let2005; Mueller, et al., 2004; Nagakura, et
al., 2000; Watanabe and Kuroda, 1999; Yokoyamaalgt2000; Zhang, et al., 2005).
Unfortunately, in our experimental setup we coulst nbserve any allergy ameliorating
effect. Further studies of our group will focuslgoid metabolism and molecular mechanisms
of possible allergy-preventive effects of DHA inraal studies, human supplementation trials

and human cohort studies.
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6. SUMMARY

Polyunsaturated fatty acids (PUFAs) are presentigh concentrations in the human
organism and are essential components of variogeydaof the skin, furthermore they are
important precursors of several pro- and anti-mfisatory mediators. Several studies
investigated the PUFA composition in atopic pasertd healthy volunteers and PUFA levels
have been shown to be decreased in atopic dersngkitn in comparison to healthy skin.
Alterations of retinoid metabolism and signalinge@deen related to several skin diseases
including atopic dermatitis (AD), but so far thepeassion profiles of the genes involved in
retinoid homeostasis regulation and metabolisnmait receptors and target genes as well as
retinoid concentrations have not been investigatetie human skin. In previous studies, in
mice, retinoids have been shown to enhance Th2atestresponses, respectively elevate IgE

levels.

Our results show that the target gene expressioetioid receptor regulated pathways is
significantly decreased in AD patients. The maitnec acid synthesizing enzyme, retinal-
dehydrogenase 1, was significantly lower expressedD patients. Analysis of retinoid
concentrations in serum and skin showed comparalbieans retinoic acid (ATRA) and
retinol (ROL) concentrations in AD and healthy serut strongly reduced ATRA and ROL
concentrations in AD skin in comparison to healdiyn. Our data indicate that retinoid
transport, synthesis, concentrations, signaling lammeostasis are severely dysregulated in
affected and non-affected human skin biopsies of pelflents in comparison to the skin of

healthy volunteers.

In the case of PUFAs the missing point was to fd how supplementation of non-
sensitized and sensitized mice with DHA-enrichesh foil diet influences the percentile
contribution of n-3 / n-6 PUFAs. Significantly imased percentile contributions of
docosahexaenoic acid (DHA) and eicosapentaenod @&A) in case of triacylglycerols,
cholesteryl esters and phospholipids, while sigatiitly lower arachidonic acid (AA) levels
were observed in the serum of both non-sensitineldsensitized mice fed the DHA-enriched
diet. Allergic sensitization was reflected by trecdeased EPA/AA ratio in all lipid classes in
non-supplemented animals and to a lesser extent-Biiished fish oil supplemented mice.
Serum IgE levels significantly increased after rgjiie sensitization both in the group fed the
basal diet and the group fed the DHA-enriched dsldiet, but no significant changes could

be observed in between the two diet groups.
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OSSZEFOGLALAS

A tobbszorosen telitetlen zsirsavak (PUFA) magascéotracioban vannak jelen az
emberi szervezetben és alagvésszetedi a bor killonbdz rétegeinek, tovabba szamos pro-
és anti-inflammatorikus medidtorok prekurzorai. Bobanulmény vizsgalta a PUFA
Osszetételt atopias dermatitiszes betegek és égeszénkéntesek esetén, és kimutattak, hogy
a PUFA mennyisége csOkkent az atopias dermatitlgrben az egészségesrhoz képest. A
retinoid metabolizmus és jelatvitel valtozasait kdibrbetegséggel hoztak Osszefliggésbe,
beleértve az atdpias dermatitiszt (AD) is. A reiththomeosztazisban, szabalyozasban és
anyagcserében résztvegenek, a retinoid receptorok és célgének génesggat, valamint
a retinoid koncentraciot még nem vizsgaltak humdh &rben. Egereken végzett korabbi
tanulmanyok kimutattdk, hogy a retinoidok fokozzaK h2-medialt valaszokat, illetve IgE-
szint emelkedést valtanak ki.

Eredményeink azt mutatjak, hogy a retinoid recepdtial szabalyozott Gtvonalak
célgénjeinek génexpresszidja jelesden csokkent az AD betegekben. A& fetinsav
szintetizalé enzim, a retinal-dehidrogenaz 1, sfilginsan alacsonyabban fefabtt ki AD
betegek esetében. A retinoid koncentracio elemiaésenld csupa-transz retinsav (ATRA) és
retinol (ROL) koncentraciot mutatott az AD és egéses szérumban, de szignifikansan
csokkent az ATRA és ROL koncentracioja az Abrbden az egészségesrhoz képest.
Adataink azt mutatjak, hogy a retinoid transzp@zjntézis, koncentracio, jelatvitel és
homeosztazis jelefsen diszregulalédott mind az érintett, mind a nermteétt AD
bérbiopsziakban az egészseges dnkéntesekéhez képest.

A PUFA esetében a hianyzo pont az volt, hogy meégbaruk, hogyan valtozik az n-3 ill.
n-6 PUFA sz4zalékos 0sszetétele a nem szenziégéltenzitizalt DHA-dUsitott halolaj tapon
elé egerek esetében. A dokozahexaénsav (DHA) és gikaraénsav (EPA) szignifikAnsan
emelkedett szazalékos kontribucioja volt megfiggéiha trigliceridek, koleszteril észterek és
foszfolipidek esetén, mig jeldisten alacsonyabb arachidonsav (AA) szintet figyéltireg a
nem szenzitizalt és szenzitizalt DHA-dUsitott hajlolapon & egerek szérumabamz
allergias szenzitizaciot a csokkent EPA/AA aranytatta minden vizsgalt lipid osztalyban az
alaptapon €l egerek esetében, kisebb mértékben a DHA-dUsitbttd) tapon & egerek
esetében. Allergias szenzitizacido utan a szérum dgiat jelenssen emelkedett mind az
alaptapon, mind a DHA-dUsitott halolaj tapon tdregerek esetében, de jelé&ntvaltozas

nem volt megfigyelhéta két csoport kozott.
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