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Lipoxygenases (LOX) and cyclooxygenases (COX) are the main enzymes for poly-unsaturated fatty acid
(PUFA) metabolism to highly bioactive prostaglandins, leukotrienes, thromboxanes and protectins. LOX
and COX pathways are highly important for the regulation of pro- and anti-inflammatory active metabo-
lite synthesis and metabolism in various inflammatory diseases like atopic diseases (AD). In this study
using QRT-PCR, we found that in PBMCs the expression of 5-LOX, 12-LOX, 15-LOX and COX pathways
and further enzymatic pathways like various leukotriene-hydoxylases, leukotriene-, prostaglandin-, and
Lipoxygenese pathway thromboxane—sypthases as well as various of their membrapg baseq receptors are mainly signiﬁcantly
Cyclooxygenase pathway down-regulated in AD-patients vs. healthy volunteers. In addition, using HPLC MS-MS we determined up
PBMC to 19 different metabolites originating from eicosapentaenoic acid (EPA), docosapentaenoic acid (DHA)
and arachidonic acid (AA) ranging from hydroxylated-PUFA derivatives and further bioactive deriva-
tives like thromboxanes, leukotrienes, prostaglandins and protectins originating from LOX and COX
metabolism. In PBMCs from AD-patients LOX and COX pathways were down-regulated. We conclude
from this study, that in PBMCs from AD-patients in comparison to healthy volunteers, a systemic down-
regulation of LOX-and COX-responses occurs to generally reduce eicosanoid/docosanoid synthesis during
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the current allergic inflammatory status.
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1. Introduction

Poly-unsaturated fatty acids (PUFAs) are present in high con-
centrations in the human organism. They are mainly bound
as fatty acid esters in various forms but also freely available
in serum and various organs. Multiple studies investigated the
fatty acid composition in the field of atopic diseases and sig-
nificant changes in their intake and endogenous concentrations
could be seen between healthy and diseased individuals [1-5].
In this study we focused more on hydroxylated-PUFA derivatives
and their further more bioactive derivatives the prostaglandins
(PG), thromboxanes, leukotrienes (LT) and protectins [6,7]. A
limited number of enzymes is responsible for hydroxylation of
various n3- and n6-PUFAs like the 5-, 12-, 15-lipoxygenases

* Corresponding author at: Department of Biochemistry and Molecular Biology,
Medical and Health Science Center, University of Debrecen, Nagyerdei krt. 98, H-
4012 Debrecen, Hungary. Tel.: +36 30 2330 501; fax: +36 52 314 989.

E-mail address: ralphruehl@web.de (R. Riihl).

1098-8823/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.prostaglandins.2013.03.003

(LOX) and cyclooxygenases (COX). Specific hydroxy-derivatives
are further metabolized by prostaglandin-, thromboxane- or
leukotriene-synthases and leukotriene-hydoxylases to potent
bioactive prostaglandins, leukotrienes, thromboxanes and pro-
tectins which are known anti- or pro-inflammatory lipid mediators
[8]. These eicosanoids/docosanoids are binding and activating
either nuclear hormone receptors like the peroxisome proliferator-
activated receptors (PPARs) or various G-protein coupled receptors
(GPCRs) [8].

In atopic dermatitis (AD) various studies have been performed
showing that mainly increased concentrations of prostaglandins
and leukotrienes were present in plasma, PBMCs or skin of AD-
patients mainly using non specific ELISA and RIA as well as simple
HPLC techniques [9-14]. Leukotrienes and prostaglandins are
responsible for various adverse reactions observed in AD like induc-
tion ofitch/scratch, degranulation, chemotaxis, immune/epidermal
cell hyper-proliferation and histamine release, reviewed in [15].
Multiple treatment strategies blocking the receptor activation and
the synthesis of various eicosanoids especially for leukotriene B4
(LTB4) and prostaglandin D2 (PGD2) are available for therapy of


dx.doi.org/10.1016/j.prostaglandins.2013.03.003
http://www.sciencedirect.com/science/journal/10988823
mailto:ralphruehl@web.de
dx.doi.org/10.1016/j.prostaglandins.2013.03.003

36 J. Mihdly et al. / Prostaglandins & other Lipid Mediators 107 (2013) 35-42

Table 1

Clinical, immunological and basic demographic data from healthy volunteers and
AD-patients. Total IgE — plasma total IgE levels in kilounits (KU)/L; EOS % - number
of eosinophils as percentage from PBMCs.

healthy volunteers AD-patients Sign.
Age in years 21+£1 20+5 -
Gender 70% female 60% female -
SCORRAD 0+0 35.2+16.9
Total IgE (KU/L) 32+9.2 2941+1134
EOS % 2540 73+£1.2
IFNvy (pg/ml) 0.84+0.58 3.09+0.93
IL5 (pg/ml) 1.81+0.99 9.40+1.55
" p<0.05.

various atopic diseases to interfere mainly with pro-inflammatory
lipid metabolite mediated signaling [16-18].

In our study we used human PBMCs and plasma from
healthy volunteers and AD-patients to compare QRT-PCR based
expression profile of various enzymes and receptors involved
in PUFA-metabolite signaling as well as HPLC MS-MS based
detection of PUFAs, hydroxylated-PUFA metabolites and bioac-
tive eicosanoids/docosanoids to determine COX and LOX mediated
signaling in plasma and PBMCs of human AD-patients.

2. Materials and methods
2.1. Study population

After informed consent and the approval of the local Ethics Com-
mittee of the University of Debrecen, Hungary, Medical and Health
Science Center, peripheral blood was collected from 20 AD patients
(8 male, 12 female; mean age 20 years, range 15-32 years). A group
of 20 healthy age-matched volunteers (6 males, 14 females, mean
age 21 years, range 19-24 years) served as controls in this study.
All AD patients fulfilled the diagnostic criteria established by Han-
ifin and Rajka [19]. The severity and activity of the disease was
determined by the SCORAD (SCORe Atopic Dermatitis) index [20]
the mean SCORAD was 35.15 (range 13-64). In 8 of 20 patients
the disease started in the first year of life, in 2 patients between
ages 3-4, in 7 patients between 6 and 18 years and in 3 patients in
adulthood. In patients’ history 10 patients of 20 had rhinitis, 3 had
asthma, and 3 had both rhinitis and asthma (Table 1). Patients have
not been treated with oral glucocorticosteroids, non-steroidal anti-
inflammatory drugs or other systemic immunomodulatory agents
for at least 4 weeks, also did not receive antihistamins and topical
corticosteroids for at least 5 days prior to blood sampling.

2.2. Measurement of plasma IgE level and SCORAD

Patients were tested for plasma total IgE by ELISA (ADALTIS Italia
S.p.A., Casalecchio di Reno, Italy) according to the manufacturer’s
instructions. The severity of the disease was determined with the
SCORAD index [20].

2.3. Eosinophil cell count

The rate and absolute count of eosinophils as in whole blood
were determined by Advia 120 hematology analyzer (Siemens,
Deerfield, USA), as part of the routine clinical investigation of the
patients and calculated as percentage (EOS %). The eosinophils in
the analyzer were identified based on their scatter properties and
myeloperoxidase positivity.

2.4. PBMC preparation and plasma samples

Peripheral blood was collected into EDTA-containing Vacu-
tainer tubes (Bechton-Dickinson, Cedex, France) and transferred
to a 15 ml falcon tube immediately after collection and then cen-
trifuged at room temperature, 2500 rpm for 15 min. The plasma
was removed after centrifugation and kept on —80°C. On the
top of 5-10ml Ficoll-Paque TM Plus the cell/plasma suspen-
sion was slowly slid down and afterwards centrifuged carefully
at room temperature, 2500rpm, for 20min. Peripheral blood
mononuclear cells (PBMCs) were removed after centrifugation
and washed with physiological salt solution. Another centrifuga-
tion was performed at room temperature, 1800 rpm, for 10 min,
the supernatant was discarded and this step was repeated 2
more times, with 7min centrifugation at the given conditions.
The cell pellet was suspended in 500 .l physiological salt solu-
tion and transferred into a 1.5ml Eppendorf tube, centrifuged
at room temperature, 13,000 rpm, for 6 min and the physiologi-
cal salt solution was removed from the top in order to dry the
pellet.

2.5. Analysis of mRNA expression

PBMC samples were homogenized in Tri® reagent solution
and total RNA was isolated according to the manufacturer’s
instructions. Concentration and purity of RNA were measured by
means of NanoDrop spectrophotometer (Thermo). For quantita-
tive real-time PCR (QRT-PCR), total RNA was reverse transcribed
into cDNA using the Super Script II First-Standard Synthe-
sis System (Invitrogen). QRT-PCR was carried out in triplicate
using pre-designed MGB assays from Applied Biosystems, on an
ABI Prism 7900. Relative mRNA levels were calculated using
either the comparative Cp or standard curve methods nor-
malized to cyclophilin A mRNA. Sequence Detector Software
(version 2.1) was utilized for data analysis and relative fold
induction was determined by the comparative threshold cycle
method.

2.6. Protein luminex assay procedure

All samples and standards were assayed in duplicate after bring-
ing them to room temperature. The filter-bottomed microplate has
been pre-wetted by filling each well with wash buffer and the liquid
were removed by a vacuum manifold. The microparticle mixture
was added to each well of the microplate and 50 .l of standard
or sample was added per well. The assays were pipetted within
15 min and covered securely with a foil plate sealer. The assays were
incubated for 3 h at room temperature on a horizontal microplate
shaker at 500 rpm, each well was filled with wash buffer and the lig-
uid was removed again, repeating the wash procedure three times.
50 wl of diluted Biotin Antibody Cocktail was added to each well
and the assays were incubated for 1 h at room temperature on the
shaker. 50 1 of diluted Streptavidin-PE was added to each well
after repeating the washing step and the assays were incubated
for 30 min at room temperature on the shaker. The washing step
was repeated and the microparticles were resuspended by adding
100 pl of wash buffer to each well and the assays were incubated
for 2 min on the shaker. The results were read within 90 min using
a Luminex analyzer. The average of the duplicate readings has been
calculated for each standard and sample. For data acquisition and
evaluation ACS StarSTation software (version 3.0) was used. Signifi-
cantly increased protein concentrations of IFNy and the Th2 marker
IL5 were observed in the plasma of AD-patients by Luminex assay
(Table 1).
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2.7. HPLC MS-MS analysis

Sample pre-treatment/preparation — the whole analytical pro-
cedure is based on an established method used for retinoid
quantification [21] and was already partly reported in [22,23].
In summary, 100 .l of plasma or 20 mg (corresponding to 20 wl)
PBMCs plus 80l water were accurately diluted with a 2-fold
excess of isopropanol (200 wl). If the volume is smaller than
100 mg/wl water was added to yield a sample weight of 100 mg
After 3 min of shaking the precipitated protein was centrifuged for
6 min at 13.000 RPM in a HERAEUS BIOFUGE Fresco at +4 °C. 350 .l
of the resulting supernatant was evaporated in Eppendorf reaction
vials with an Eppendorf concentrator 5301 (Eppendorf, Germany)
at 30°C for ~45 min till the sample volume is ca. 10 pl. The Eppen-
dorf concentrator was exclusively vented with argon to prevent
eicosanoid/docosanoid degradation. The dried extract was resus-
pended with 25 .l of solvent A (exact composition mentioned later
in the text), vortexed (15 s) and shaked (3 min) and transferred into
micro injection inserts vials (Waters, Hungary). These glass vials
with the 35 ul extract were transferred into brown screw top vials
with PTFE/silicone septa sample (Waters, Hungary) and placed in
the pre-cooled (+15 °C) autosampler of the Waters 2695XE separa-
tion module.

Chromatographic system — the HPLC system consisted of a Waters
2695XE separation module (Waters, Budapest, Hungary) including
a gradient pump, autosampler, degasser, heatable column com-
partment. A MS-MS detector with an ESI ionizing option was used
(Micromass Quattro Ultima PT from Waters, Manchester, United
Kingdom; was a gift from Biosystems Int., Evry, France) as a detec-
tor. The system was controlled via the MassLynx software (Waters,
Hungary).

HPLC conditions - the eluents were degassed in the Waters
2695XE separation module prior to mixing, then passed through
an in-line filter (1-2 pm) (Knauer, Germany) before reaching the
analytical column (LiChroCART, 125 mm x 2 mm; Superspher 100,
RP-18, endcapped) from Merck KgaA, Germany) embedded in the
column compartment. A multilinear gradient was formed from sol-
vent A (64.3% water (water, Chromasolv plus from Sigma-Aldrich,
Hungary); 35.5% acetonitrile (Merck KGaA, Germany); 0.2% formic
acid (Fluka, Hungary)) and solvent B (methanol (Merck KGaA,
Germany)). The gradient consisted of the following steps: 0.0 min
20%B, 3.0 min 20% B, 5.0 min 60% B, 15.0 min 100% B, 15.9 min 100%
B and 16.0 min 5% B. The flow rate was adjusted at 0.4 ml/min and
the column was heated to 40 °C. We used 10 .l for each HPLC anal-
ysis from the same biological extract which was performed two
times with the same HPLC conditions and two different MS-MS
analysis options for better resolution and quantification of the var-
ious analytes.

MS options — the Micromass Quattro Ultima PT was controlled via
the MassLynx software. Argon with an inlet pressure of 0.8 bar was
used. ESI (electro spray ionization source, Waters, Hungary) was
vented by nitrogen continuously produced by a Nitrogen generator
(Peak Scientific NM30 Nitrogen generator) including compres-
sor from Waters (Hungary) with a setting of the inlet flow of
3.6e—3 mbar.

MRM (multiple reaction monitoring) settings: ESlionization (ESI
- settings) was performed with the HPLC eluent flowing into the ion
source temperature of 85 °C. Desolvation gas flow was 780 L/h and
the desolvation temperature 400 °C and a cone gas flow of 10L/h.
The capillary current was 3 A, cone voltage of 50 V. Aperature volt-
age was set at 0V and the RF lens voltage was set at 35V (for 1) and
0.2V (for 2). The analyser setting were LM1 resolution 14.5; HM1
resolution 14.5; Ion energy 1 0.7; entrance - 1; collision 0 (collision
parameters are set for each substance at the MS - method parame-
ters); exit 2; LM2 resolution 14.5; HM2 resolution 14.5; lon energy2
5.0 and a multiplier energy of 650.
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Fig. 1. Schematic diagram of derivatives which were mainly determined using
our HPLC MS-MS competence. ALA - alpha-linolenic acid, EPA - eicosapentaenoic
acid, DPA - docosapentaenoic acid, DHA - docosahexaenoic acid, LA - linoleic
acid, GLA - gamma-linolenic acid, DHGLA - dihydro-gamma-linolenic acid, AA
- arachidonic acid, 5-HEPE - 5-hydroxy-eicosapentaenoic acid, 12 - HEPE - 12-
hydroxy-eicosapentaenoic acid, 15 - HEPE - 15-hydroxy-eicosapentaenoic acid,
LTB5 - leukotriene B5, 4-HODHA - 4-hydroxy-docosahexaenoic acid, 10-HODHA
- 10-hydroxy-docosahexaenoic acid, 14-HODHA - 14-hydroxy-docosahexaenoic
acid, 17-HODHA - 17-hydroxy-docosahexaenoic acid, PD1 - protectin D1, ResD1
- resolvin D1, 9-HODE - 9-hydroxy-10,12-octadecadienoic acid, 13-HODE - 13-
hydroxy-9,11-octadecadienoic acid, 5-HETE - 5-hydroxy-eicosatetraenoic acid,
8-HETE - 8-hydroxy-eicosatetraenoic acid, 12-HETE - 12-hydroxy-eicosatetraenoic
acid, 15-HETE - 15-hydroxy-eicosatetraenoic acid, LTB4 - leukotriene B4, LTC4
- leukotriene C4, PGH2 - prostaglandin H2, PGD2 - prostaglandin D2, PGE2 -
prostaglandin E2, PGF2 - prostaglandin F2, PGJ2 - prostaglandin ]2, 15dPGJ2
- 15-deoxy-A12,14-prostaglandin ]2, TXB2 - thromboxane B2. Several of these
derivatives were under the quantification limit in our study.

MRM settings for PUFA, eicosanoid/docosanoid semi-
quantification were: Method A from 0.0 to 9.0min for PD1
359.0—153.3, collision energy 17 eV; TXB2 369.0—195.0, collision
energy 13eV from 9.0 to 12.5min for 13-HODE 294.7—170.7,
collision energy 16eV; 9-HODE 294.7—194.7, collision energy
16eV; 12-HEPE 317.0—179.0, collision energy 17eV from 12.5
to 16.0min for LA 279.3—279.0, collision energy 10eV; EPA
301.0-203.2, collision energy 12eV, 303.0—259.3, collision
energy 11eV, DHA 327.1-29.3, collision energy 14eV. Method
B from 0.0 to 9.8 min for PGD2, 15dPGJ2 315.0—271.3, collision
energy 13 eV; LTB4 335.0—195.0, collision energy 13 eV; from 9.8
to 12.5min for 5-HETE 318.7—115.0, collision energy 14eV; 8-
HETE 319.0—155.0, collision energy 14 eV; 12-HETE 319.0—179.0,
collision energy 14eV; 15-HETE 319.0—218.9, collision energy
11eV; 4-HODHA 343.0—101.0, collision energy 10eV; 14-HODHA
343.0—205.0, collision energy 10eV; 17-HODHA 343.0—245.0,
collision energy 14 eV. Other derivatives mentioned in Fig. 1 were
under the quantification limit in this study.

Standard solutions - stock solutions of the 19 PUFAs and
eicosanoids/docosanoids/PUFAs (Fig. 1) were prepared by dissolv-
ing the solutions obtained from CAYMEN-CHEMICALS (Estonia)
with methanol to yield a final concentration of 10 p.g/ml. All stock
solutions were stored in darkness at —80 °C. The reference PUFAs
and eicosanoids/docosanoids were used for the assay validation.

Semi-quantification - no further validation of the extraction pro-
cedure and analysis has been performed. This method was just
used to determine the “area under the curve” (AUC) of these spe-
cific compounds based on the same origin of the analyzed material
and same amount of analyzed material used for the comparative
analysis. The compounds were identified by comparable MS-MS
characteristics and comparable retention time. Displayed in the
figures are the AUC of the analysis and these AUCs can be used
for semi-quantification and comparison in this study. Due to the
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limited amount of PBMCs we just used ca. 20 mg of PBMCs for the
analysis to get a sufficient amount of data.

2.8. Statistics

Data are shown as mean and standard error mean of values of
three measurements per data point in case of the QRT-PCR results
and as mean and standard deviation of values of three measure-
ments per data point in case of the HPLC MS-MS results. Statistical
analysis was performed using the program SPSS 16.0. A p value of
less than 0.05 was considered significant by using Student’s t-test
for independent samples.

3. Results

Various LOX and COX pathways are regulated in plasma and
PBMCs from AD-patients in comparison to healthy volunteers.
Using QRT-PCR based analysis of enzymes and receptors of vari-
ous eicosanoids/docosanoids and HPLC MS-MS analysis of plasma
and PBMC lipids we try to get more details about systemic
eicosanoid/docosanoids/PUFA regulation. QRT-PCR was performed
using 40 PBMC samples 20 from healthy volunteers and 20 from
AD-patients (Fig. 2), while the HPLC MS-MS analysis was per-
formed in 20 plasma samples from healthy volunteers and 20
AD-patients (Table 2B) as well as in PBMC-samples (Table 2A) from
10 healthy volunteers and 10 AD-patients were analyzed.

3.1. Characterization of the study cohort

AD-patients and healthy volunteers did not differ in age and
gender. Clinical markers of atopic dermatitis like SCORRAD, total
IgE and percental amount of eosinophils from PBMCs were signifi-
cantly increased in addition to increased protein concentrations of
the TH1-marker IFNy and the Th2 marker IL5 that were observed
in the plasma of AD- patients (Table 1).

3.2. 5-lipoxygenase pathway

5-Lipoxygenase (5-LOX) is the key enzyme in the synthesis of
leukotrienes (LTB4, LTC4 and LTD4) which are pro-inflammatory
mediators originating from AA. 5-LOX expression in our experi-
mental setup was slightly, but not significantly increased in case
of AD-patients in comparison to healthy volunteers. The expres-
sion of 5-LOX activating protein (FLAP), a transporter protein for
5-LOX products, leukotriene A4 hydrolase (LTA4H), which cat-
alyzes the conversion of semi-stable leukotriene A4 to the stable
leukotriene B4 (LTB4), leukotriene C4 synthase (LTC4S), which
converts leukotriene A4 to leukotriene C4 (LTC4), were all sig-
nificantly decreased in AD-patients (Fig. 2). In addition the LTB4
metabolizing enzymes CYP4F3 and CYP4F22 were also significantly
down-regulated in the PBMCs of AD-patients. Derivatives orig-
inating from the 5-LOX metabolism like LTB4 were in general
lower in PBMCs from AD-patients (the values reach significance
just for LTB4) (Table 2B). AA-derived 5-LOX metabolites (5-HETE
and LTB4) were higher in the plasma of AD-patients; while the
n3-PUFA derived 5-LOX metabolite 4-HODHA was lower in AD-
patients (Table 2A).

3.3. 12/15-Lipoxygenase pathway

12-Lipoxygenase (ALOX12A) displayed a decreased expression
in AD-patients PBMCs, while the other 12-lipoxygenase, the epi-
dermal ALOX12B, and the 15-lipoxygenase 15-LOX were always
under detection limit in all PBMC samples (Fig. 2). Metabolites orig-
inating from the 12-LOX and 15-LOX in the PBMCs were all lower
in AD-patients: 12-HETE and 14-HODHA were significantly lower

Table 2

Relative concentrations in AUC including standard deviation of PUFAs and PUFA
metabolites in (A) human plasma and (B) human PBMCs. UDL - under detection
limit; all other abbreviations see Fig. 1. n3 derived PUFA metabolites are marked
with (n3).

(A) PLASMA Healthy AD-patients Sign.
volunteers (n=20)
(n=20)
COX pathway
PGD2 1.14 £ 040 1.19 £ 0.31 0.44
15dPGJ2 486 + 1.77 7.19 £ 2.94 0.24
TXB2 10.3 + 4.87 7.69 + 2.84 0.29
5-LOX pathway
5-HETE 443 +17.5 51.0 £ 10.9 0.37
4-HODHA (n3) 10.7 + 4.1 2.50 + 1.50 0.20
LTB4 8.19 + 3.94 12.6 + 3.8 0.21
12-LOX pathway
9-HODE 403 £ 11.1 39.0 £ 9.2 0.50
12-HETE 590 + 126 637 + 106 0.39
12-HEPE (n3) 5.64 + 1.66 134 + 38 '0.03
14-HODHA (n3) 18.1 £ 5.0 27.8 £6.0 0.16
15-LOX pathway
13-HODE 34.0 +£8.7 32.7 £ 10.0 0.46
15-HETE 166 £ 7.2 11.8 £ 540 0.15
17-HODHA (n3) 5.69 + 1.70 4.50 + 1.89 0.30
PD1 (n3) 0.94 + 0.42 2.58 + 1.63 0.09
Unknown pathway
8-HETE 221 +4.7 14.1 + 10.6 '0.05
n3-PUFAs
DHA 6887 + 1719 6165 + 2107 0.36
EPA 898 + 243 565 + 137 0.09
n6-PUFAs
LA 33,383 + 6624 24,585 + 4477 0.10
AA 55,415 + 14,591 36,145 + 10,067 0.11
(B) PBMCs Healthy AD-patients Sign.
volunteers (n=10)
(n=10)
COX pathways
PGD2 2.67+1.15 1.20+0.55 '0.05
15dPGJ2 7.72+1.95 4.45+2.04 0.17
TXB2 228 +62 91.6+47.5 0.01
5-LOX pathway
5-HETE 77.8+28.0 4144241 0.21
4-HODHA (n3) UDL UDL
LTB4 112+41 409+22.2 '0.04
12-LOX pathway
9-HODE 74.4+36.1 37.7+12.6 0.11
12-HETE 51,447 +33,330 20,210+13,321 0.04
12-HEPE (n3) 516 +277 180+125 0.11
14-HODHA (n3) 806 +489 3394193 '0.05
15-LOX pathway
13-HODE 50.3+13.8 283+11.5 0.07
15-HETE 32.7+16.6 13.4+7.33 0.07
17-HODHA (n3) 7.06+4.20 0.50+0.00 0.07
PD1 (n3) 217+1.12 1.75+1.04 0.36
Unknown pathway
8-HETE 126+79 57.2+40.8 '0.05
n3-PUFAs
DHA 216+79 205+92 0.41
EPA 53.6+26.4 4434+19.1 0.30
n6-PUFAs
LA 1708 +£483 1366 +£439 0.06
AA 848244108 9033 + 4626 0.48
" p<0.05.

while the others were lower and close to significance in PBMCs
from AD-patients (Table 2B). The 12-LOX metabolites (12-HEPE,
12-HETE and 17-HO-DHA) were all higher in plasma of AD-patients,
while the EPA-derived metabolite 12-HEPE was significantly higher
(Table 2A). The 15-LOX metabolites were all in the same range or
slightly lower in plasma samples from AD-patients (Table 2A). Just
the 15-LOX and further epoxygenation n3-PUFA metabolite PD1
was significantly higher in plasma of AD-patients.
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Fig. 2. QRT-PCR data of various enzymes and receptors involved in PUFA-metabolite signaling. PBMCs from healthy volunteers (H, n=20) vs. AD-patients (D, n=20) were
compared. *p<0.05; 5LOX - 5-lypoxygenase, FLAP - 5-LOX activating protein, LTA4H - leukotriene A4 hydrolase, LTC4S - leukotriene C4 synthase, BLT1 - leukotriene B4
receptor 1, BLT2 - leukotriene B4 receptor 2, CYSLTR2 - cysteinyl leukotriene receptor 2, COX1 - cyclooxygenase 1, COX2 - cyclooxygenase 2, TBXS - thromboxane synthase,
TBXR - thromboxane receptor, PGDS - prostaglandin D synthase, PTGES - prostaglandin E synthase, ALOX12 - lipoxygenase 12, CYP4F3 - cytochrome P450, family 4,
subfamily f, polypeptide 3, CYP4F22 - cytochrome P450, family 4, subfamily f, polypeptide 22.



40 J. Mihdly et al. / Prostaglandins & other Lipid Mediators 107 (2013) 35-42

3.4. Unknown 8-hydroxylation pathway

The metabolite 8-HETE which originates in human by a still
unknown pathway was significantly lower in PBMCs AD-patients
(57.24+40.8 AUC) in comparison to healthy volunteers (126 79
AUC) (Table 2B). 8-HETE was also significantly lower in the plasma
of AD-patients (Table 2A).

3.5. Cyclooxygenase pathway

Cyclooxygenases are the responsible enzymes for the for-
mation of prostaglandins and thromboxanes. The expression of
both COX1 and COX2 showed a remarkable decrease in the
PBMCs of the AD-patients in comparison to healthy volunteers.
Thromboxane synthase (TBXS), prostaglandin E synthase (PTGES)
and prostaglandin D synthase (PGDS) are the enzymes respon-
sible for thromboxane or prostaglandin E/D synthesis and their
expression in PBMCs was also significantly lower in AD-patients
(Fig. 2). In PBMC samples the prostaglandin (PGD2) and throm-
boxane B2 (TXB2) levels were significantly lower in AD-patients,
while 15dPGJ2 concentration was just non-significantly lower in
AD-patients (Table 2B). In the plasma samples all detected COX-
metabolites were in general in the same range (Table 2A).

3.6. Eicosanoid receptors

The three leukotriene receptors leukotriene B4 receptors BLT1
and BLT2, the cysteinyl leukotriene receptor 2 (CYSTLR2) as well
as the thromboxane receptor (TXB2) were all significantly lower
expressed in PBMCs of AD-patients, while CYSTLR1 was always
under quantification limit.

3.7. Fatty acids

With our HPLC MS-MS method we detected also free fatty acids
because the used sample preparation was without prior saponifi-
cation like in various other studies. Relative PUFA concentration
showed an inconsistent tendency; n3-PUFAs (DHA and EPA) were
both non-significantly lower in PBMCs and plasma samples from
AD-patients, comparable to lower levels of the n6-PUFAs linoleic
acid (LA) (Table 2A and 2B). The precursor of the majority of
prostaglandins and leukotrienes the arachidonic acid was higher
in PBMCs and lower in plasma from AD-patients (Table 2A and 2B).

3.8. Th1/Th2 pathways

Using QRT-PCR assay of PBMCs (Fig. 2) we found that the
mRNA expression of the Th2 marker CCL5/RANTES is significantly
decreased while the Th1 marker IFNv is significantly increased in
PBMCs of AD-patients.

4. Discussion

Lipoxygenase and cyclooxygenase enzymatic pathways as well
as their corresponding lipid products, the potent anti- or pro-
inflammatory lipid mediators (eicosanoids and docosanoids) are
strongly down-regulated in PBMCs of AD-patients (Fig. 2).

This study shows for the first time a pathway analysis and
a connection between the QRT-PCR based expression of lipid
metabolizing enzymes and various specific lipid mediator recep-
tors and the HPLC MS-MS based concentration determination of
various main substrate and product lipid mediators in human
PBMCs and plasma from AD-patients. 5-, 12-, 15-LOX and COX
metabolic pathways, leading to hydroxylated-PUFA metabolites
of linoleic acid (LA), arachidonic acid (AA), eicosapentaenoic acid

(EPA) and docosahexaenoic acid (DHA) and further more bioac-
tive PUFA-metabolites, were mainly significantly down-regulated
in PBMC samples from human AD-patients in comparison to
healthy volunteers (Table 2A and B; Fig. 2). This down-regulation
of pro-inflammatory lipid signaling in PBMCs can be a fact of
feedback mechanism to chronic topical or systemic inflamma-
tion and in addition by an altered distribution of different cell
types in PBMCs originating from healthy volunteers or AD-patients
[24].

In our AD-patients a chronic atopic dermatitis skin pheno-
type was partly confirmed by a strong increased Th1 response,
which is an indicator of chronic atopic dermatitis [25], and an
increased Th2 response (Table 1). There was no significant cor-
relation between Th1 marker IFNvy as well as the Th2 marker
CCL5 expression with any LOX/COX pathway. In chronic inflam-
mation/dermatitis a strong down-regulation of lipid attraction,
processing and metabolism in the skin occurs [26]. In our case
the n3-PUFAs EPA and DHA displayed a tendency of lower levels
in human PBMCs and plasma samples in comparison to healthy
volunteers. The n6-PUFAs LA was, comparable to the n3-PUFAs,
significantly lower in plasma and PBMCs of AD-patients, while AA
was higher in human PBMCs from AD-patients (Tables 2A and 2B).
In summary, we observed a general down-regulation of n3-PUFAs
and the n6-PUFA LA as free fatty acids in PBMCs and plasma sam-
ples from AD-patients. To specifically investigate PUFA-metabolite
regulation we need a specific and more detailed investigation for
COX and LOX mediated pathways using QRT-PCR and HPLC MS-MS
studies to elucidate a specific PUFA/eicosanoid pathway regulation
in AD-patients.

Specific COX and LOX pathways are altered in PBMCs as
well as partly in plasma samples from AD-patients leading to
various bioactive eicosanoids/docosanoids. Starting with the pro-
inflammatory eicosanoid leukotriene B4 (LTB4) originating from
the 5-LOX pathway, which is significantly lower in PBMCs from
human AD-patients and a tendency of higher levels in the plasma
of AD-patients. Various enzymes and binding proteins involved in
leukotriene synthesis and also degradation are significantly lower
also in PBMCs from AD-patients (Fig. 2). This lower level of LTB4 and
5-LOX pathways is quite surprising because this pathway is mainly
associated with pro-inflammatory signaling in atopic diseases
[11,12,27,28]. These data are coherent to various studies performed
before in neutrophils from AD-patients [29], which also display
reduced LTB4-release. Other studies which were mainly performed
in the AD target organ, the affected skin, displayed an increase in
LTB4 concentration, using mainly non-specific ELISA/RIA and sim-
ple HPLC techniques [11-13]. Previously it was shown using various
animal studies (mice and dogs) with acute atopic inflammation that
an increased expression of 5-LOX pathway enzymes for the syn-
thesis of LTB4 as well as elevated LTB4 concentration are present
in affected AD-skin [27] and we could confirm these data in mice
also in our laboratories (Riihl et al. in preparation). We propose that
in acute AD increased 5-LOX activity and LTB4-synthesis is mainly
localized in the skin.

In contrast to the PBMCs where all LOX and COX pathways
were down-regulated, in the plasma samples of AD-patients not all
LOX/COX pathway derived lipids were down-regulated and in the
plasma these eicosanoids/docosanoids remained more stable and
even were increased like the 12-LOX metabolites 12-HEPE. This
up-regulation of the 12-LOX metabolites in the plasma may ori-
gin from the inflamed skin especially the infiltrated immune cells
inside the skin. 12/15-lipoxygenase is usually associated with the
generation of pro- and anti-inflammatory lipid mediators and can
negatively [30,31] or positively influences inflammation processes
[32]. 12/15-LOX possesses an anti-inflammatory and tissue pro-
tective role in chronic inflammatory disorders [32] and that may
be the reason of the selective up-regulation of the EPA derived
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12-LOX metabolites in the plasma. This could mean that these
hydroxylated-PUFAs and their further down-stream and more
complex and bioactive metabolites from n3-PUFAs maybe involved
in anti-inflammatory or even resolving activities [33].

COX and LOX pathways are pathways to enable and trigger pro-
inflammatory processes [15] and in addition to enable and trigger
further resolution of the inflammation in the affected site [33].
The problem of this down-regulation of COX and LOX pathways
in chronic dermatitis is that these pathways also lead to down-
regulation of various, mainly n3-PUFA derived, anti-inflammatory
lipids and potential resolving lipids like protectins, resolvins,
maresins and poxotrins [34], which is in accordance with signif-
icantly lower n3-PUFAs in plasma and PBMCs from AD-patients
(Table 2A). These n3-PUFA derived anti-inflammatory derivatives
occur just in very low concentrations in highly inflamed tissues of
the human organism [6,35] and were under the quantification limit
in all our examined samples in the current study. In addition, in this
study we did not determine lipoxygenase/cyclooxygenase path-
ways leading to bioactive eicosanoids/docosanoids in inflamed skin
samples from humans, but this project is partly in process in our
laboratories. Here we focused on easier accessible biological mate-
rials from humans, the PBMC and plasma samples. In the plasma
samples the relative concentrations of fatty acids and the majority
of eicosanoids/docosanoids is much lower, taking in consideration
that for plasma analysis 100 pl (corresponding to 100 mg) were
used and for PBMCs 20 mg material was needed based for our com-
parative AUC-calculation (Table 2A and 2B).

For therapy of atopic diseases various derivatives inhibiting
leukotriene signaling are used mainly for topical therapeutic
approaches [16,17]. These treatments were effectively for asthma
but not in general for AD. In this study we see that all pathways
involved in leukotriene signaling are already strongly down-
regulated on systemic level in PBMCs of AD-patients. Considering
from our data we doubt that a systemic approach for inhibi-
tion of leukotriene pathways may lead to improvement of atopic
disease, this explains that various treatment strategies for inhi-
bition of leukotriene signaling lack success confirmed by various
studies.

5. Conclusion

COX and LOX mediated pathways and their corresponding
products, the arachidonic acid derived pro-inflammatory lipid
mediators, are mainly significantly down-regulated in PBMCs from
AD-patients. These results let us conclude the plasma reflects the
eicosanoids/docosanoids present from the whole organism, while
the PBMCs seem to counteract this current inflammatory status
by a general down-regulation of eicosanoid/docosanoids synthetic
pathways.
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