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Eicosanoids are lipid-mediator molecules with key roles 
in fundamental biological processes such as inflammation 
(i.e., its promotion, suppression, or elimination) and ho-
meostasis (1). Eicosanoids are endogenously derived from 
-3- and -6-PUFAs and released in the direct vicinity of an 
inflammation. Eicosanoids elicit local pleiotropic effects 
and dysregulations that occur in many severe diseases such 
as psoriasis, a common inflammatory skin disease (2–5). 
Psoriasis is a chronic, noninfectious, multifactorial disease 
that manifests foremost in scaling, erythematous plaques 
that often result in pruritus or pain (3, 6). Between 0.09% 
and 11.4% of the world population, i.e., more than 100 mil-
lion people, are affected by psoriasis, rendering it a serious 
global health problem (7). The development of better pso-
riasis treatments requires a deeper understanding of disease 
pathogenesis and a better knowledge of the pharmacody-
namics of topical or systemic treatments. The most relevant 
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data for new biomarkers, improved therapeutic regimens, 
or the identification of new therapeutic targets (8) are based 
on local monitoring of bioactive mediators such as eico-
sanoids directly at the main disease site: the skin. Unfiltered 
samples of dermal interstitial fluid (dISF) can be obtained 
most reliably by using minimally invasive dermal open-flow 
microperfusion (dOFM) technology with its membrane-
free design (9, 10), but dOFM samples provide only a very 
limited volume depending on sampling time.

In general, eicosanoids in biological samples can be ana-
lyzed with classic analytical methods, including immuno-
logical methods (RIA, ELISA); newer GC/MS methods; 
and, more recently, derivatization-free LC/MS methods, 
which enable more robust quantification and simpler han-
dling (11–13). Various eicosanoid LC/MS methods for 
sample types such as plasma or urine samples are well es-
tablished (14–17), and methods for blood (18), tissue (19), 
or cell-culture supernatants (20, 21) have been successfully 
implemented. These sample types provide higher volumes 
and eicosanoid concentrations relative to dISF samples. 
Analyzing eicosanoids from dISF is challenging due to the 
small available volumes, matrix, often very low endogenous 
eicosanoid concentration, isomeric nature, and limited 
chemical stability of some eicosanoids. So far, dISF samples 
have been used in only one LC/MS study that specifically 
studied the effect of UVB irradiation and diclofenac on 
three specific eicosanoids (22). Other eicosanoids that 
could be relevant for inflammatory skin diseases in general 
and psoriasis in particular are not covered by this method 
and were thus targeted in our study.

We aimed to establish a quickly transferable, simple, and 
expandable LC/MS method for a highly sensitive and robust 
quantification of relevant eicosanoids. The in vivo applica-
bility of the method was verified in a pilot rat study using 
local inflammation triggered by topical imiquimod (IMQ). 
Furthermore, we investigated the impact of the orally ad-
ministered anti-inflammatory corticosteroid dexametha-
sone (DEX) on the eicosanoid pattern in IMQ-treated and 
untreated skin sites.

MATERIALS AND METHODS

Thromboxane B2 (TXB2), prostaglandin (PG) E2, PGD2, PGF2, 
leukotriene B4 (LTB4), 15-HETE, 12-HETE, 5-HETE, 17-hydroxy-
docosahexaenoic acid (17-HDHA), 13-HODE, 12-hydroxyeicosa-
pentaenoic acid (12-HEPE), and the multiple deuterated internal 
standards TXB2-d4, PGE2-d4, PGD2-d4, PGF2-d4, LTB4-d4, 15(S)-
HETE-d8, 12(S)-HETE-d8, 5(S)-HETE-d8, and 13(S)-HODE-d4 
were purchased from Cayman Chemicals (Ann Arbor, MI).

All solvents [2-propanol, acetonitrile (ACN), methanol (MeOH), 
ethanol, ethyl acetate] were obtained from Sigma-Aldrich (St. 
Louis, MO). Reagent-grade formic acid was from Agilent Tech-
nologies (Waldbronn, Germany). ELO-MEL isoton was obtained 
from Fresenius Kabi (Bad Homburg vor der Höhe, Germany). 
Water was purified with a MilliQ system (Millipore GmbH, Vienna, 
Austria).

Sample preparation
The sample preparation was optimized in terms of minimal 

preanalytical loss of the targeted eicosanoids. All dOFM samples 

were thawed on ice while protected from light; 180 µl of the 
dOFM sample, standard solutions, or blanks were diluted with 400 µl 
10% MeOH, and 0.1% formic acid in water solution and 15 µl of 
the diluted internal standard mix (10 ng/ml) were added.

Each internal standard was diluted stepwise using the required 
amount of the original standard. For the first dilution step, etha-
nol was used to reach a concentration of 10 µg/ml for each inter-
nal standard. All stocks were overlaid with argon and kept  
at 80°C in amber glass vials until usage. Mobile phase A was used 
for further dilution to gain a concentration of 100 ng/ml for all 
internal standards in the mix, which was then diluted 1:10 using 
mobile phase A to reach a concentration of 10 ng/ml. This mix was 
prepared shortly before starting the analytical process and kept  
at 80°C until usage; 15 µl of this dilution was added to the sample 
mix and to the calibration and quality control (QC) samples just 
before the solid-phase extraction (SPE). The QC samples were a 
mix of each eicosanoid and the deuterated internal standards at 0.5, 
5, or 25 ng/ml in the isotonic saline ELO-MEL; 180 µl of the eico-
sanoid mix was diluted with 400 µl 10% MeOH and 0.1% formic 
acid solution before 15 µl of the internal standard mix (10 ng/ml) 
was added. After thorough vortexing, the diluted mix was loaded 
onto the conditioned and equilibrated SPE. The SPE was then used 
to concentrate and clean the interstitial fluid (ISF) samples. For this 
an Oasis hydrophilic-lipophilic balance (HLB) 96-well µElution 
plate (2 mg sorbent per well; 30 µm particle size) was used in combi-
nation with an extraction-plate manifold for Oasis 96-well plates 
(Waters, Milford, MA) and a vacuum pump system (DOA-V517-BN; 
Gast Manufacturing Inc., Benton Harbor, MI).

SPE plates were briefly conditioned with 200 µl MeOH and 
equilibrated with 200 µl 0.1% formic acid in water. After equili-
bration, the diluted samples were loaded and washed with 200 µl 
5% MeOH in water. Eicosanoids were eluted with 50 µl MeOH, 
and 50 µl ethyl acetate was then loaded into a 1,000 µl 96-well 
Protein LoBind Plate (Eppendorf, Hamburg, Germany). Eluted 
samples were dried under a N2 stream at room temperature 
(MiniVap; 96 needle heads; Porvair Sciences, Wrexham, UK). 
Samples were resuspended in 30 µl mobile phase A, which was 
cautiously overlaid with argon gas and sealed (sealing mat for 
DWP 96/1000; Eppendorf). Plates were agitated with a Titramax 
100 (Heidolph Instruments, Schwabach, Germany) at 1,050 rpm 
for 15 min at 22°C prior to analysis.

ULTRA-HPLC/MS/MS
All separations were performed using a 1290 Infinity II LC Sys-

tem (Agilent Technologies). For optimal chromatographic sepa-
ration, a Waters Acquity UPLC BEH C18 column (2.1 × 150 mm; 
1.7 m particle size) was used in combination with a VanGuard 
Pre-column (Waters). The column temperature was 30 ± 5°C, the 
injection volume was 7.5 µl, and the flow rate was 0.3 ml/min with 
a run time of 16 min. Mobile phases were degassed for 5 min with 
a SONOREX RK 100 (Bandelin, Berlin, Germany). Mobile phase 
A was water-ACN-formic acid (63:37:0.02; v/v/v), and mobile 
phase B was ACN:2-propanol (50:50; v/v). The gradient elution 
was as follows: 0–6.0 min 0% B; 6.0–6.5 min 0% to 55% B; 6.5–10.0 
min 55% B; 10.0–12.0 min 55% to 100% B; 12.0–13.0 min 100% 
B; 13.0–13.5 min 100% to 0% B; and 13.5–16.0 min 0% B.

Mass detection was performed in dynamic multiple reaction 
monitoring (dMRM) mode with an Agilent 6495 triple quadru-
pole system equipped with Agilent Jet Stream thermal gradient 
focusing technology, which uses an enhanced ESI technique and 
super-heated nitrogen sheath gas to confine the nebulizer spray. 
As a result, the ions are desolvated and concentrated near the 
MS inlet (23). Negative ionization was used, the capillary voltage 
was 3 kV, and the nozzle voltage was 500 V. The source was oper-
ated at 240°C with a gas flow of 13 l/min, and the sheath gas 
was set at 360°C with a flow rate of 12 l/min. A pressure of 30 psi 
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was applied to the nebulizer. See Table 1 for specific eicosanoid 
settings.

Rat study design and dOFM sampling
Local skin inflammation was studied in a total of 12 adult male 

Sprague-Dawley rats (Charles River Laboratories, Wilmington, 
MA). Each rat was treated daily on one side of its back with Imiqui-
mod Cream 5% (Fougera Pharmaceutical Inc., Melville, NY) to 
induce local skin inflammation (IMQ group), and the other side 
was left untreated [control (CTRL) group]. Six rats received an 
additional oral DEX treatment (2 mg/kg body weight per day) to 
suppress inflammation (IMQ-DEX group, DEX group). dISF was 
collected with three dOFM probes placed in the IMQ-treated site 
of each rat, and three dOFM probes were placed in the untreated, 

noninflamed site on the other side of the back (Fig. 1). dOFM 
sampling was performed under general anesthesia following a 
previously published protocol (24).

dISF samples were collected in 0.2 ml PCR tubes (Protein Lo-
Bind quality; PCR-02-L-L; Axygen Scientific, Tewksbury, MA) and 
cooled in custom-fit ice-filled beakers. Tubes and ice beakers were 
changed every 2 h, and the samples were refrigerated at 4°C 
throughout the entire 8 h sampling period. After sampling, all ali-
quots from one site (three dOFM probes) were pooled and im-
mediately frozen at 20°C. Samples were transferred within 1 day 
to 80°C for storage until analysis.

All animal experiments were approved by the Austrian federal 
government and performed in accordance with Directive 2010/63/
EU.

TABLE  1.  dMRM transitions, retention time,  retention time, CEs, and CAVs of the eicosanoids and the 
deuterated internal standards

Compound Precursor Ion > Product Ion Retention Time (min)  Retention Time (min) CE CAV

TXB2 369.2 > 169.0 3.5 2 13 3
TXB2-d4 373.3 > 173.1 3.5 2 13 3
PGF2 353.2 > 193.0 4.3 2 25 3
PGF2a-d4 357.3 > 197.1 4.3 2 25 3
PGE2 351.2 > 189.1 5.1 4 17 3
PGE2-d4 355.2 > 193.2 5.1 4 21 3
PGD2 351.2 > 189.1 6.0 4 17 3
PGD2-d4 355.2 > 193.2 6.0 4 17 3
LTB4 335.2 > 195.0 8.9 2 17 3
LTB4-d4 339.2 > 197.1 8.9 2 17 3
12-HEPE 317.2 > 179.0 9.9 2 13 3
13-HODE 295.5 > 195.1 10.2 2 17 3
13(S)-HODE-d4 299.5 > 198.0 10.2 2 17 3
17-HDHA 343.5 > 280.8 10.5 2 9 3
15-HETE 319.2 > 219.0 10.7 2 13 3
15(S)-HETE-d8 327.3 > 226.2 10.7 2 13 3
12-HETE 319.2 > 179.0 10.8 2 13 3
12(S)-HETE-d8 327.3 > 184.1 10.8 2 13 3
5(S)-HETE-d8 327.3 > 116.0 11.4 2 13 3
5-HETE 319.2 > 115.0 11.4 2 13 3

Fig.  1.  dOFM study design. All rats were treated with topical IMQ on one side of the back to induce local inflammation. In addition, 6 of 
the 12 rats received systemic oral DEX treatment. Samples were collected from each side with three dOFM probes. The magnified right part 
of the figure shows a schematic representation of the dOFM sampling used (10, 56), demonstrating the collection of diluted ISF directly 
from the skin; the image on the left shows a rat during sampling and a close-up of the IMQ-treated test site.
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Statistical analysis
Statistical analysis was performed with R version 3.4 packages 

lawstat (25), nlme (26), and lsmeans (27) and Tibco Spotfire ver-
sion 7.5. ANOVAs were calculated with lme, and post hoc pairwise 
group comparisons were calculated with lsmeans. Duplicate con-
centrations were averaged, and results were found to be insuffi-
ciently normally distributed as well as heteroscedastic. Afterward, 
log10 transformation data were sufficiently normally distributed 
according to a Kolmogorov-Smirnov test and sufficiently ho-
moscedastic according to a Brown-Forsythe Levene-type test (sup-
plemental data S1).

The study design was balanced, had no missing values, and 
contained two fixed factors (IMQ and DEX) and subject_ID as a 
random factor nested within the factor DEX. In total, six plausi-
ble different models were tested and selected according to qual-
ity of fit, significance of factors, degrees of freedom, Akaike 
information criterion, log-likelihood, distribution of residuals, 
and quantile-quantile plots (supplemental data S1). Results from 
the two best models, the simple (~IMQ × DEX) and mixed ran-
dom slope (~IMQ × DEX, random = 1 + DEX × IMQ | subject_ID) 
models, were analyzed, and P values were adjusted by Benjamini-
Hochberg for multiple testing (per model). Results from both 
models overlapped well, and results from the random slope 
model are presented because the literature recommends using 

multilevel analysis for dependent and nested data and because a 
random slope is more biologically plausible and achieves better 
log-likelihood with often smaller or similar Akaike information 
criterion (28).

RESULTS AND DISCUSSION

Method development and validation
For sample preparation, we used SPE, which is one of 

the most commonly used preparation techniques (20). 
Compared with liquid-liquid extraction, SPE offers re-
duced impurities, ease of use for higher sample numbers, 
and the possibility of concentrating samples. Selecting suit-
able SPEs is straightforward, and we briefly compared two 
systems, the Oasis HLB SPE and the Oasis MAX SPE (Wa-
ters). The HLB SPE achieved notably better recovery and 
precision and was subsequently used for all experiments 
(data not shown).

High recovery rates with low relative standard deviation 
(RSD) in one SPE run were difficult to achieve because of 
the chemical diversity of the studied eicosanoids. Therefore, 

Fig.  2.  A: Representative UHPLC-dMRM chromato-
gram of the targeted 11 eicosanoids and the corre-
sponding internal standards (Table 1). B: Representative 
UHPLC-dMRM chromatogram of the targeted 11 
eicosanoids and the corresponding internal standards 
from a diluted interstitial fluid sample. The small 
darker peaks represent the internal standards.
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we added nine deuterated internal standards to each sam-
ple before extraction to enable robust, highly sensitive 
quantification and to compensate for potential losses dur-
ing sample preparation.

Special emphasis had to be placed on good chromato-
graphic separation because some of the targeted eico-
sanoids are isomeric. The Agilent ultra-HPLC (UHPLC) 
system showed the best chromatographic performance of 
all of our tested systems for all targeted eicosanoids. An 
exemplary chromatographic separation of a standard mix 
is provided in Fig. 2. A chromatogram of an ISF sample is 
presented in Fig. 2A, and the selected ion recordings of 
each single analyte and corresponding internal standard 
are provided in supplemental Fig. S1. The method was 
not shortened further to leave some time slots in the 
chromatogram for potential future expansion of the eico-
sanoid panel.

Negative ionization was used for detection, taking advan-
tage of the terminal carboxyl moiety of the eicosanoids. 
dMRM was used to monitor multiple transitions simultane-
ously. Literature data and the Agilent optimizer tool (part 
of the MassHunter software package) were used to select 
product ions, collision energies (CEs), and cell accelerator 
voltages (CAVs) (8, 14–17, 29–33). Final settings are pro-
vided in Table 1. Due to the two-stage m/z selection an en-
hancement of the analytical selectivity and improved 
signal-to-noise ratios were achieved. Monitoring of precursors 

as well as specific, abundant product ions is usually per-
formed to maximize sensitivity in LC/MS/MS eicosanoid 
analysis (20). The usage of dMRM provided further sensi-
tivity compared with multiple reaction monitoring and  
full scan.

For method validation, we also assessed the linearity of 
calibration curves and the accuracy and precision of quan-
tification. Calibration curves were selected to cover most 
eicosanoid concentrations and the low concentrations to 
be expected in such diluted material as ISF from dOFM 
(20). For each eicosanoid, 12 calibration points ranging 
from 0.01 to 50 ng/ml were measured. This calibration 
range covered the in vivo concentrations very well, except 
for 12-HETE, which was found to have concentrations >50 

TABLE  2.  Linearity between LOD and 50 ng/ml for the 11 eicosanoids

Compound Goodness of Fit (R2) LOD (ng/ml)
Concentrations in 

Linear Fit (n)

TXB2 0.997 0.01 12
PGF2 0.998 0.01 12
PGE2 0.998 0.01 12
PGD2 0.995 0.01 12
LTB4 0.999 0.25 9
12-HEPE 0.990 0.01 12
17-HDHA 0.980 0.1 10
13-HODE 0.997 0.01 12
15-HETE 0.998 0.01 12
12-HETE 0.997 0.01 12
5-HETE 0.994 0.025 11

TABLE  3.  Exemplary intra- and interday precisions and accuracy

Compound

Intraday Day 1 (n = 6) Intraday Day 2 (n = 12) Interday (n = 18)

Measured (ng/ml) RSD (%) Accuracy (%) Measured (ng/ml) RSD (%) Accuracy (%) Measured (ng/ml) RSD (%) Accuracy (%)

TXB2 0.51 ±5.20 102.85 0.46 ±6.04 91.45 0.48 ±8.05 95.25
5.13 ±7.26 102.69 4.75 ±5.37 94.92 4.88 ±7.06 97.51

23.25 ±3.18 92.99 25.49 ±8.19 101.97 24.74 ±8.25 98.98
PGF2 0.53 ±5.55 106.38 0.44 ±6.57 88.14 0.47 ±11.14 94.22

4.89 ±2.47 97.86 4.50 ±5.62 89.93 4.63 ±6.20 92.58
24.63 ±3.68 98.50 24.57 ±3.25 98.27 24.59 ±3.29 98.35

PGE2 0.47 ±3.52 93.28 0.45 ±1.17 90.73 0.46 ±2.54 91.58
4.52 ±2.32 90.38 4.59 ±3.50 91.75 4.56 ±3.18 91.29

22.61 ±2.22 90.44 25.54 ±3.81 102.14 24.56 ±6.69 98.24
PGD2 0.39 ±10.64 77.38 0.44 ±6.37 87.93 0.42 ±9.66 84.42

3.94 ±8.60 78.70 4.59 ±4.68 91.81 4.37 ±9.28 87.44
20.85 ±9.73 83.38 25.01 ±5.68 100.04 23.62 ±10.87 94.49

LTB4 0.53 ±1.76 105.71 0.38 ±6.48 76.21 0.43 ±17.30 86.04
5.25 ±1.60 104.90 4.02 ±4.30 80.40 4.43 ±13.82 88.56

27.11 ±2.05 108.44 23.81 ±1.69 95.23 24.91 ±6.68 99.63
12-HEPE 0.40 ±9.41 79.81 0.40 ±3.59 79.19 0.40 ±5.89 79.39

3.74 ±11.61 74.88 3.74 ±2.90 74.88 3.74 ±6.71 74.88
20.30 ±10.16 81.22 23.69 ±3.79 94.77 22.56 ±9.37 90.25

17-HDHA 0.37 ±9.26 74.73 0.39 ±8.23 77.07 0.38 ±8.44 76.29
3.71 ±9.35 74.23 3.39 ±7.11 67.88 3.50 ±8.89 70.00

20.84 ±8.78 83.36 22.88 ±3.22 91.52 22.20 ±6.85 88.80
13-HODE 0.44 ±4.08 88.36 0.40 ±6.84 79.95 0.41 ±7.63 82.75

4.42 ±4.72 88.42 3.86 ±5.35 77.11 4.04 ±8.41 80.88
23.38 ±4.05 93.52 23.76 ±3.54 95.03 23.63 ±3.67 94.53

15-HETE 0.38 ±3.93 75.96 0.40 ±5.11 79.62 0.39 ±5.18 78.40
4.03 ±3.24 80.53 3.79 ±5.87 75.87 3.87 ±5.77 77.42

21.51 ±2.29 86.04 23.69 ±3.59 94.75 22.96 ±5.60 91.84
12-HETE 0.34 ±2.16 67.35 0.39 ±4.60 78.53 0.37 ±8.29 74.81

3.64 ±3.19 72.71 3.58 ±8.96 71.61 3.60 ±7.42 71.98
20.32 ±2.92 81.29 22.65 ±3.10 90.61 21.88 ±5.96 87.50

5-HETE 0.38 ±6.31 75.36 0.48 ±9.35 95.19 0.44 ±13.84 88.58
3.65 ±2.84 73.07 3.71 ±9.88 74.21 3.69 ±8.16 73.83

18.99 ±2.96 75.98 22.30 ±4.22 89.20 21.20 ±8.49 84.79
Median 3.9 83.4 5.1 89.9 7.6 88.6
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ng/ml in some samples that were determined by extrapola-
tion (maximum: 123.5 ng/ml). The lowest acceptable cali-
bration curve point was selected by signal-to-noise ratios 
10 (Table 2) based on data found in the literature (34–
37). The differences in the lowest limit for detecting the 
different eicosanoids can most likely be attributed to differ-
ences in ionization efficiency rather than to matrix effects 
because SPE-based sample preparation is known to provide 
very clean extracts (38).

The stable-isotope dilution method was used for eico-
sanoid quantification and resulted in a linear standard curve 
when plotting relative concentration (x; the ratio between 
analyte and stable isotope-labeled compound) against rel-
ative response (y). These calibration curves were fitted by 
a weighted (1/x) least-squares regression (MassHunter). 
Regarding linearity, 10 of 11 eicosanoids achieved an ex-
cellent average (n = 6) R2 > 0.994, and even 17-HDHA had 
a very good linearity (R2 = 0.980; Table 2).

Three QC samples with different concentrations were 
measured in six replicates on the same day, and 12 repli-
cates were measured on the next day for intra- and interday 
accuracy and precision. Accuracy was calculated as the per-
centage of measured concentration relative to nominal 
concentration, whereas the precision is reported as relative 
standard deviation (RSD). According to US Federal Drug 
and Administration standards, precision and accuracy were 
found to be satisfactory overall (Table 3). High median in-
traday precision across all eicosanoids was achieved with 
3.9% and 5.1%. As expected, median interday precision 
was slightly inferior (7.6%) compared with intraday preci-
sion. Intra- and interday accuracy was similar, with a me-
dian for all eicosanoids of approximately 85% (83.4% day 
1, 89.9% day 2, 88.6% interday day 1 vs. day 2). Accuracy 
tended to be superior for eicosanoids that had higher SPE 
recovery.

In summary, we established a robust and sensitive 
method for quantifying all 11 tested eicosanoids. Extrac-
tion recovery differed among the investigated eicosanoids 
but was always sufficient, and extraction precision was con-
sistent. The linearity of calibration curves was excellent, 
and precision as well as accuracy differed among the ana-
lytes, but both parameters were always more than sufficient 
for applying this quantification method in an open-flow 
microperfusion (OFM) setup.

Method application
The application of our validated analytical method 

was tested by using dISF samples obtained from rat skin 
during a preclinical skin inflammation study (39). Psoriasis-
like skin inflammation was successfully induced by IMQ 
treatment (Fig. 1), with a skinfold thickness ranging 
from 1.99 ± 0.09 (IMQ-DEX) to 2.02 ± 0.1 mm (DEX) 
and 2.59 ± 0.17 (CTRL) to 5.1 ± 0.65 mm (IMQ). Ery-
thema and scaling scored zero for CTRL, DEX, and 
IMQ-DEX compared with 1.67 ± 0.52 and 1.67 ± 1.03, 
respectively, for IMQ-treated sites. Minimally invasive 
OFM sampling yields dISF samples that require optimized 
analytical strategies for small sample volumes (9, 39, 40). 
In a total of 24 samples from 12 rats, 11 eicosanoids were 

quantified. The measured eicosanoids were selected accord-
ing to results from various published studies on humans 
(3, 41–43).

The chosen inflammatory agent IMQ is a potent im-
mune activator and synthetic toll-like receptor 7/8 ligand 
that induces skin inflammation through toll-like receptor 7 
ligation and exacerbates the condition in patients with pso-
riasis (44–46). Even in patients with no prior history of pso-
riasis, IMQ has been shown to induce psoriasis development 
(47). IMQ has previously been used to induce psoriasis-like 
skin conditions in mice (45, 46, 48–52) and rats (39, 40, 53, 
54) and is expected to induce inflammation mediators 
such as eicosanoids. Oral treatment with the strong anti-
inflammatory glucocorticoid DEX (Fig. 1) was expected to 
decrease eicosanoid levels. To investigate the overall effects 
of IMQ and DEX treatment, we plotted the summarized 
concentrations of all eicosanoids (Fig. 3). Because the ab-
solute concentrations of single eicosanoids differed by  
orders of magnitudes (e.g., 12-HETE had on average a  
50 times higher concentration in the IMQ group relative to 
12-HEPE, 15-HETE, 17-HDHA, and others), the summed 
absolute concentrations would be dominated by the  
two most abundant eicosanoids, 12-HETE and 13-HODE, 

Fig.  3.  Overview of eicosanoid concentrations in rats as a sum of 
relative concentrations in one sample per treatment group. The rela-
tive concentration for each eicosanoid in each sample was calculated 
by scaling each eicosanoid to a scale from 0 to 1 as follows: relative 
concentrationeicosanoid in sample = (absolute concentrationeicosanoid in sample   
minimal concentrationeicosanoid in all samples)/(maximal concentra-
tioneicosanoid in all samples  minimal concentrationeicosanoid in all samples). 
The sum of all relative concentrations is plotted in a logarithmic 
scale for the four groups: CTRL (no treatment), IMQ (topical IMQ 
treatment), DEX (systemic DEX treatment), and DEX-IMQ (sys-
temic DEX and topical IMQ treatment). Dots indicate outside val-
ues; ends of lines indicate either the upper and lower adjacent 
value, respectively; the top and bottom of the box indicate the up-
per and lower quartile, respectively; the horizontal gray line indi-
cates the median; and the horizontal white dotted line indicates 
the average.
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representing 83% of the absolute concentrations. This 
would render potentially different behavior of all other 
eicosanoids invisible in the summed plot. However, the bi-
ological impact and importance of one eicosanoid com-
pared with another does not necessarily depend on the 
difference of absolute concentrations between them but 
rather on their relative changes and activated subsequent 
pathways. Consequently, relative concentrations were 
summed so that each eicosanoid concentration contrib-
uted equally (see legend to Fig. 3). As expected, overall 
relative eicosanoid concentrations were highly increased in 
IMQ sites compared with CTRL sites, while DEX treatment 
successfully suppressed the eicosanoid response to inflam-
mation (Fig. 3). Single eicosanoid box plots are shown in 
Fig. 4, and the corresponding ratios and P values are pro-
vided in supplemental data S1.

A detailed analysis of individual eicosanoid concentra-
tions showed a significant increase in IMQ sites compared 
with CRTL sites, except for 13-HODE, where the increase 
was not significant. Compared with previous studies on hu-
mans in which HODE was found to be significantly in-
creased in human psoriatic skin scales (55), no studies have 
yet reported an increase in HODE in rats. Our results are 
also in line with observations in studies on humans report-
ing an increase in PGE2 (42), but the role and importance 
of PGE2 in psoriasis are still debated (3). Although physio-
logical concentrations of active 12-HETE, 15-HETE, and 
LTB4 have been described in human lesional skin, a com-
prehensive pathophysiological analysis of these interacting 
eicosanoids for psoriatic lesions is not yet available. The 
role of other eicosanoids such as LTB4 and 12-HETE has 
been described in more detail. Both have chemoattractant 
and mitogenic effects in the skin and thus very likely play 
key roles in the pathophysiology of inflamed skin. 15-HETE 
takes the role of the antagonist and may act as an important 

regulator in LTB4- and 12-HETE-induced inflamed sites (3). 
Such a comprehensive analysis of interacting eicosanoids is 
supported by using a combination of OFM sampling and 
LC/MS, which provides new data directly from the tissue 
for a better understanding of the pathophysiology in in-
flammatory lesions.

Other eicosanoids derived from cyclooxygenase and li-
poxygenase pathways that showed an increase in our rat 
model, including TXB2, PGF2, PGD2, 13-HODE, 17-HDHA, 
12-HEPE, and 5-HETE, have previously been described to also 
play important roles in inflammatory and anti-inflammatory 
processes in the skin (4, 43). The consistent pattern of in-
creased eicosanoid concentrations after inflammation in 
human as well as animal models supports the importance 
of measuring eicosanoids directly from lesional skin to 
gain deeper mechanistic insights.

Regarding the suppression of the inflammatory response, 
sampling sites in rats treated with DEX yielded lower 
eicosanoid concentrations compared with completely un-
treated sites (Fig. 3). This pattern confirms the strong 
anti-inflammatory effect of glucocorticosteroids that are 
routinely used for the treatment of various autoimmune 
diseases, allergic reactions, and many other diseases. All 
eicosanoids concentrations were lower in the IMQ-DEX sites 
than in the IMQ sites, with 8 of 11 being significantly low-
ered (Fig. 4, orange vs. red). The suppressing impact of 
glucocorticoids on arachidonic acid and HETEs in treat-
ments of inflammatory skin diseases has long been known 
(41). The applied anti-inflammatory treatment was even 
strong enough to significantly lower the endogenous eico-
sanoid levels of five eicosanoids in the DEX-treated rats 
(Fig. 4, light blue vs. blue). Despite the very strong anti-
inflammatory effect of DEX, three eicosanoids (12-HEPE, 
12-HETE, and PGE2) still showed a significant increase in 
IMQ-treated sites, with ratios between 1.2 and 1.6 compared 

Fig.  4.  Box plots of all 11 quantified eicosanoids in 12 rats. Concentrations are plotted in a logarithmic scale. The white background indi-
cates the group with only IMQ treatment (n = 6); the gray background indicates the group with systematic DEX treatment (n = 6). Dots in-
dicate outside values; ends of lines indicate either the upper and lower adjacent value, respectively; the top and bottom of the box indicate 
the upper and lower quartile, respectively; and the middle gray line indicates the median. **P < 0.01, *P < 0.05, and #P < 0.1.
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with untreated skin sites in the same group of rats (Fig. 4, 
orange vs. light blue), indicating that even strong glucocor-
ticoid therapy can fail to fully block inflammatory mediator 
production in rats. Our results can contribute to a better 
understanding of the therapeutic effect of steroid thera-
pies in skin diseases and underline the importance of intra-
lesional measurements for further mechanistic insights.

In summary, 11 eicosanoid concentrations were well 
measurable in small-volume samples with the developed 
method, and differences in concentrations under various 
treatments corresponded perfectly to expectations.

CONCLUSIONS

The established method for quantifying eicosanoids was 
sensitive, reproducible, precise, accurate, robust, and well 
applicable to rat dISF samples. The provided degree of de-
tail aims to ease the adoption of this method in other labs, 
and the implemented chromatographic separation allows 
the addition of further analytes. This method can be  
applied to other biological materials with just minor adap-
tations and is especially well suited for the analysis of small-
volume samples or diluted solutions. Using this analytical 
method, we were able to measure the expected increase in 
eicosanoid concentrations after the induction of skin in-
flammation and to determine significant differences com-
pared with untreated skin as well as the suppressing impact 
of corticosteroid treatment. This exemplifies how measur-
ing inflammatory mediators such as eicosanoids directly at 
the main disease site, i.e., the skin, can contribute toward a 
better understanding of pathogenesis, pharmacodynamics, 
and treatment responses.
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