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ARTICLE INFO ABSTRACT

Keywords: The lipid content of skin plays a determinant role in its barrier function with a particularly important role

Dermatitis ) ) attributed to linoleic acid and its derivatives. Here we explored the consequences of interfering with the soluble

EOlmifat“rated fatty acid mediators epoxide hydrolase (sEH) on skin homeostasis. sEH; which converts fatty acid epoxides generated by cytochrome
'soriasis

P450 enzymes to their corresponding diols, was largely restricted to the epidermis which was enriched in sEH-
generated diols. Global deletion of the sEH increased levels of epoxides, including the linoleic acid-derived
epoxide; 12,13-epoxyoctadecenoic acid (12,13-EpOME), and increased basal keratinocyte proliferation. sEH
deletion (sEH”" mice) resulted in thicker differentiated spinous and corneocyte layers compared to wild-type
mice, a hyperkeratosis phenotype that was reproduced in wild-type mice treated with a sEH inhibitor. sEH
deletion made the skin sensitive to inflammation and sEH”" mice developed thicker imiquimod-induced psoriasis
plaques than the control group and were more prone to inflammation triggered by mechanical stress with
pronounced infiltration and activation of neutrophils as well as vascular leak and increased 12,13-EpOME and
leukotriene (LT) B4 levels. Topical treatment of LTB4 antagonist after stripping successfully inhibited inflam-
mation and neutrophil infiltration both in wild type and sEH”" skin. While 12,13-EpoME had no effect on the
trans-endothelial migration of neutrophils, like LTB4, it effectively induced neutrophil adhesion and activation.
These observations indicate that while the increased accumulation of neutrophils in sEH-deficient skin could be
attributed to the increase in LTB4 levels, both 12,13-EpOME and LTB4 contribute to neutrophil activation. Our
observations identify a protective role of the sEH in the skin and should be taken into account when designing
future clinical trials with sEH inhibitors.

Soluble epoxide hydrolase

1. Introduction

Omega-3 and 0-6 polyunsaturated fatty acids (PUFAs) have been
attributed beneficial effects in various chronic inflammatory and auto-
immune diseases. Most of the positive effects of these lipids are unlikely
to be direct but rather attributable to their metabolism to bioactive
mediators by enzymes such as the cyclooxygenases, lipoxygenases
(LOXs) and cytochrome P450 (CYP) enzymes. For example, the substrate
arachidonic acid can be metabolized by COX enzymes to give prosta-
glandins (PGs) and thromboxane, by LOX enzymes to give leukotrienes

(LTs) and by CYP enzymes to generate epoxyeicosatrienoic acids (EETs)
and hydroxy metabolites such as 20-hydroxyeicosatetraenoic acid (20-
HETE) (for review see [1]). The CYP enzymes are the least well studied
of the three enzyme families but are probably the most versatile as they
can accept several different ©-6 and »-3 PUFAs as substrates to generate
an impressive array of PUFA epoxides with biological activity [2]. In-
terest in the PUFA epoxides was triggered by the realization that many of
these mediators exhibit vasodilator [3,4] and anti-inflammatory prop-
erties [5], but the biological actions of these mediators is now known to
be much broader [6,7].
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In cells and tissues, the biological half-life of the CYP-derived PUFA
epoxides is determined by their hydroxylation to diols, largely by the
soluble epoxide hydrolase (sEH; gene name Ephx2). The enzyme is a
homodimer and is highly expressed in many tissues, including the liver,
kidney, brain and heart. Intriguingly, the sEH has two active domains;
the C-terminal domain possesses epoxide hydrolase activity and adds
water to fatty acid epoxides, thus generating their respective diols. The
PUFA diols are generally thought to be less active, or even inactive,
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compared to the corresponding epoxides, and are certainly more polar,
easily conjugated and excreted (for reviews see references [1,8]). The
N-terminal domain of the sEH is thought to be a lipid phosphatase [9,
10], that is able to dephosphorylate substrates such as farnesyl and
geranylgeranyl pyrophosphate as well as sphingosine-1-phosphate and
lysophosphatidic acid, at least in vitro (for review see [11]). A physio-
logical role for the lipid phosphatase activity of the sEH remains to be
demonstrated but there is a mountain of evidence linking low epoxide
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Fig. 1. sEH expression and activity in human and murine skin. (a) sEH expression in human skin. The results shown are representative of findings obtained in 4
additional preparations, all from different donors. (b) sEH activity in undifferentiated and Ga®*-differentiated human keratinocytes in the absence and presence of
the sEH inhibitor t-AUCB; n = 2 independent experiments (one way ANOVA and Tukey’s multiple comparison test). (¢) sEH protein expression in dorsal skin from
wild-type (WT) and SsEH”" (-/-) mice. The blots shown are representative of data obtained in 5 additional animals per group. (d) sEH activity in dorsal skin from wild-
type (WT) and sEH”" (-/-) mice. Experiments were performed in the absence and presence of t-AUCB; n = 10 mice per group (two way ANOVA and Tukey’s multiple
comparison test). (e) sEH expression in the skin of a sEH-tdTomato reporter mouse. Note that the endogenous Tomato signal was amplified with an mCherry
antibody; bar = 50 um. (f&g) Volcano plots showing the most altered PUFA metabolites in dorsal skin from wild-type (WT) versus sEH”~ (KO) mice during the resting
phase (f), and the hair growth phase (g); n = 5-8 animals per group. * *P < 0.01, * **P < 0.001, * ** *P < 0.0001.
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hydrolase activity to physiology [7,12]. Targeting the sEH in animal
models using genetic interventions or pharmacological inhibitors
effectively increases tissue and circulating levels of the epoxides and has
helped elucidate the role of PUFA mediators in modulating
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inflammation linked with cardiovascular pathology, inflammatory pain,
neuro-inflammation and metabolic disorders [13-17].
expression of the sEH, on the other hand, tends to be associated with
pathophysiology such as hypertension [18-20], and vascular instability
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Fig. 2. Consequences of sEH deletion on the epidermal stratification and terminal differentiation. (a) Cytokeratin (CK) 14, CK10 and Hoechst staining in the skin
from wild-type (WT) and sEH”" (-/-) mice during the resting (a) and growth (b) phases of the hair follicle cycle, bar = 50 um. The lower panels show a higher
magnification of the area marked by white boxes. Bar = 10 pm; n = 5-8 mice per group (Student’s t test). (b) Hematoxyline and eosine staining of skin from the same
animals as in (a) to highlight the corneocyte scales (red bars), bar = 50 pm; n = 5-8 mice per group (Student’s t test). (c) FACS analysis of epidermal keratinocytes in
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skin from wild-type (WT) and SEH”" (-/-) mice; n = 9 animals per group (Student’s t test). *P < 0.05, * *P < 0.01, * **P < 0.001, * ** *P < 0.0001.
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[21,22].

Even though CYP enzymes and epoxide hydrolases have been
detected in human and murine skin [23-25], almost nothing is known
about their physiological/pathophysiological role in barrier function or
repair. More information about the role of CYP and sEH-derived me-
tabolites in skin function is needed, particularly given the fact that in a
recent first-in-human study using the sEH inhibitor GSK2256294, one
reported adverse effect of the compound was contact dermatitis [26].
The aim of this study was, therefore, to investigate the impact of sEH
deletion/inhibition on the dermal eicosanoid profile, and assess the
consequences of altered sEH activity on skin inflammation.

2. Results
2.1. Influence of sEH deletion on PUFA mediator levels in skin

Immuno-staining of human skin revealed that sEH was expressed in
the epidermis and that its expression increased gradually with increased
cell differentiation in the stratified layers (Fig. 1a). In agreement with
this, sEH activity in cultured human keratinocytes was significantly
increased following Ca?*-induced differentiation and was sensitive to
the sEH inhibitor, t-AUCB (Fig. 1b). Consistent with these findings, SEH
was expressed (Fig. 1¢), and active (Fig. 1d) in skin from wild-type but
not sSEH”" mice. In skin from a novel sEH-tdTomato reporter mouse, the
enzyme was detected in the epidermis as well as in epidermal cells lining
the hair follicle (Fig. 1e, Supplementary Fig. 1).

Given the role of the sEH in PUFA metabolism, we next compared
levels of PUFA-derived mediators in the epidermal and dermal layers of
murine skin. Similar to the situation reported for human skin [27], PUFA
metabolites generated by COX and LOX enzymes were more abundant in
the epidermis than in the dermis. CYP-derived oxylipins were compa-
rable in both layers but, fitting with the localization of the enzyme,
sEH-generated diols were enriched in the epidermis (Supplementary
Fig. 2). A comparison of dorsal skin from wild-type and sEH”" mice
revealed that the deletion of the sEH resulted in an increase in PUFA
epoxides including; 5,6- and 14,15-EET, 17,18-epoxyeicosatetraenoic
acid (EEQ), as well as 9,10- and 12,13-epoxyoctadecenoic acid (12,
13-EpOME). There was also a significant decrease in PUFA diols i.e., 5,
6-, 8,9-, and 14,15-dihydroxyeicosatrienoic acid (DHET), as well as 12,
13-dihydroxyoctadecenoic acid (DiHOME) (Fig. 1f). The differences in
CYP/sEH-derived metabolites between wild-type and sEH”" mice were
consistent in skin obtained during the resting and growth phases of the
hair follicle cycle (i.e. 7 - 8 week old versus 32-day old mice). However,
during the hair growth phase sEH deletion also significantly affected the
levels of PGs including PGE;, PGEy, PGDo, PGF;, and PGFy,, as well as
the oxidized linoleic acid derivatives 9- and 13-hydroxyoctadecadienoic
acid (HODE) (Fig. 1g).

2.2. Consequences of sEH deletion and inhibition on keratinocytes

Some of the metabolites elevated in skin from sEH”" mice i.e. 11,12-
and 14,15-EET as well as 13(S)-HODE, have been implicated in kerati-
nocyte differentiation in ex vivo systems [28-30]. Therefore, epidermal
stratification and terminal differentiation were assessed. Skin from
sEH”" mice contained more cytokeratin (CK) 14 + basal keratinocytes,
and CK10 + spinous keratinocytes than skin from wild-type mice during
the resting and growth stages of the follicle cycle (Fig. 2a). Also, more
corneocyte scales were apparent on the surface of the skin from sEH”"
than wild-type mice (Fig. 2b). Flow cytometry revealed a significant
increase in keratinocyte numbers (CD3267CD49f"CD31°CD45" cells) in
sEH-deficient skin (Fig. 2¢). In the same samples there was no difference
in the numbers of immune cells (CD45 +) but a significant decrease in
fibroblasts (CD45-CD49f+CD90.2 +) as well as lymphatic endothelial
cells (CD45-CD49f+CD31 +CD90.2 +CD326-) in sEH-deficient skin
(Supplementary Fig. 3). These findings implicate the sEH in processes
involved in keratinocyte proliferation and skin stratification.
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The sEH is a bifunctional enzyme and while its C-terminus possesses
epoxide hydrolase activity, the N-terminal domain is reported to be a
lipid phosphatase [9,10]. Therefore, to confirm the role of an epoxide
hydrolase on keratinocyte homeostasis, the sEH inhibitor TTPU, was
applied topically to the shaven skin of wild-type animals. The applica-
tion of TPPU over 4 days altered the PUFA metabolite profile in murine
skin (Fig. 3a), and increased the epidermal thickness as assessed by the
number of nuclei (Hoechst staining) present in the epidermis (Fig. 3b).
sEH inhibition also increased the numbers of CK14 + as well as
CK10 + cells. The expression of involucrin, a cornified envelope protein
expressed by keratinocytes in the stratum corneum early in their ter-
minal differentiation [31], was also increased by TPPU treatment
(Fig. 3¢).

2.3. Comparison of imiquimod-induced psoriasis in wild-type and sEH" &
mice

Since the deletion and inhibition of the sEH affected keratinocyte
proliferation, we assessed its role in psoriasis, a situation resulting from
the hyper-proliferation but arrested differentiation of keratinocytes [32,
33]. Immunostaining in human skin revealed that sEH expression was
lower in psoriatic lesions than in non-lesional skin from the same subject
(Fig. 4a). To study the consequences of this change in mice, psoriasis
was induced by applying imiquimod to freshly shaven skin for 6 days
followed by a period of resolution for an additional 4 days [34]. In
wild-type mice the daily application of imiquimod to dorsal skin induced
inflamed scaly skin lesions resembling plaque-type psoriasis and was
associated with an increase in skin thickness that peaked between days 3
and 6 (Fig. 4b). The response was more marked in sEH”" mice, in which
skin thickness reached a maximum during the acute phase (day 3) and
skin remained thicker even during resolution (days 6-10). While the
vascularization of the skin was not different between the genotypes,
fewer lymphatic endothelial cells (lyvel +) were detected in psoriatic
skin from sEH”" mice on day 3 (Fig. 4¢), a situation that had resolved by
day 6 (Supplementary Fig. 4a). Keratinocyte proliferation (Ki67 staining
and an increase in CK14 + cells) was also elevated in SEH”” mice on day
3 (Fig. 4d), but responses were comparable in wild-type and sEH”" mice
on day 6 (Supplementary Fig. 4b&c). Even though there were more
differentiated CK10 + cells in the spinous layer of sEH-deficient skin
under control conditions (see Fig. 3b), fewer CK10 + cells were detected
in sEH”" than wild-type skin after the induction of psoriasis, on both
days 3 and 6.

Psoriasis is considered to be an immune-mediated disease in which
intra-lesional T lymphocytes and their pro-inflammatory signals trigger
basal layer keratinocytes to proliferate [32], but is also associated with
the infiltration of neutrophils and macrophages [35]. Interestingly,
lesional skin from sEH”" mice contained significantly fewer apT cells
(CD45 +CD11b-CD3e+) and y3T cells (CD45 +CD11b-CD3e+ y8TCR+)
than skin from wild-type mice. FACS-based immune cell profiling of
single cell suspensions from dorsal skin revealed that neutrophil
(CD45 +CD11b+Ly6G+) and macrophage (CD45 +CD11b+Ly6G-M
HC-11+) infiltration into skin was greater in the absence of sEH (Fig. 4e).
Psoriatic skin frequently contains micro abscess containing neutrophils
that migrate to the horny layer of the epidermis [36], and skin from
sEH”" mice demonstrated significantly more micro abscess on days 3
and 6 after imiquimod application than wild-type mice (Fig. 4d).

2.4. Consequences of sEH deletion in a model of mechanical injury

As our data suggested that elevated neutrophil recruitment contrib-
uted to imiquimod-induced psoriasis in SEH”" mice, a model of atopic
dermatitis linked with mechanical stress-induced inflammation was
studied as it is reportedly reliant on neutrophil infiltration [37]. This
model of mechanical stress was also felt to be more relevant to the
contact dermatitis reported in subjects treated with an sEH inhibitor
[26]. Therefore, the dorsal skin of wild-type and sEH”" mice was
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Fig. 3. Consequences of sEH inhibition on PUFA metabolites, the epidermal stratification and hyperkeratosis. (a) Volcano plot showing the most altered
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group (Student’s t test). * *P < 0.01, * **P < 0.001.

depilated to remove the stratum corneum and render skin vulnerable to
inflammation, this process was followed by tape stripping to mimic
scratching-induced atopic dermatitis [38,39]. Dorsal skin from SEH”"
mice appeared more irritated after shaving/depilation compared to the
skin in wild-type mice (Fig. 5a). Subsequent tape stripping induced
pronounced skin inflammation and was accompanied by increased
perfusion and vascular leakage evidenced by red exudate on the skin
surface and more dilated blood vessels on the underside of the skin
(Fig. 5b). Vascular barrier function was compromised by stripping, as
confirmed by studying the leak of Evans blue in dorsal skin (Fig. 5¢), and
was accompanied by neutrophil influx (Fig. 5d), all of which were
significantly more pronounced in skin from sEH”" mice. Although more
macrophages were detected in the skin of sSEH”" mice after shaving,
there were no differences in macrophage numbers in the skin from
wild-type and sEH”" mice following additional mechanical injury
(Supplementary Fig. 5). While there were no differences in the numbers
of Langerhans cells and apT cells in the skin from wild-type and sEH”"
mice, sEH deletion was associated with a decrease in y8T cells in stripped
skin, as was the case in the psoriasis model.

2.5. Effect of 12,13-EpOME and LTB4 on neutrophil activation

To identify a substrate or product of the skEH that could contribute to
mechanical stress-induced skin inflammation, PUFA mediator profiling
of unshaven versus tape-stripped skin was performed. The most marked
effects of mechanical stimulation were on levels of thromboxane By, 12-
hydroxyheptadeca-5Z,8E,10E-trienoic acid (12-HHT), PGFy,, PGE; and
leukotriene (LT) C4 but comparable changes were detected in wild-type
and sEH”" mice (Fig. 6a). Stripped skin from sEH”" mice contained less
12,13-DiHOME, PGD,, and EPA but more LTB4, 5-HETE and 12,13-
EpOME than stripped skin from wild-type mice (Fig. 6b).

Neutrophil recruitment to inflamed, tape-stripped skin has been
suggested to be driven by LTB4 [37]. Certainly, the LOX/LTB4/BLT1
axis is important for leukocyte recruitment to sites of inflammation [40].
LTB4 is generated from arachidonic acid through sequential actions of
5-LOX, 5-lipoxygenase-activating protein (FLAP) and the LTA4 hydro-
lase (LTA4H) [41]. Whereas Alox5 and Lta4h expression were compa-
rable in skin from wild-type and sEH”" mice, both before shaving and
after stripping, the expression of the LTB4 receptor i.e. Ltb4R (BLT1),
was higher in dorsal skin from sEH”" than wild-type mice after stripping
(Fig. 7a). The latter phenomenon most likely reflects the higher
recruitment of BLT1-expressing neutrophils to sEH-deficient skin [42].
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(Student’s t test). (e) FACS analysis of immune cells isolated from dorsal skin of wild-type (WT) and SsEH”" (-/-) mice after 3 days of treatment with imiquimod;
n = 5-8 animals per group (Student’s t test). (f) Haematoxylin and eosin staining of psoriatic skin and quantification of scales (inserts) 3 and 6 days after imiquimod
treatment, bar = 100 ym; n = 4-9 mice per group (Student’s t test). P = parakeratosis, M = microabscess, d = desequamation. *P < 0.05, * *P < 0.01,
*#*p < 0.001,* ** *P < 0.0001.
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multiple comparison test). (d) Neutrophil content (CD45 +CD11b+Ly6G+) in the skin of unshaven wild-type (WT) and SEH”" (-/-) mice and 16 h after either shaving
or shaving and stripping; n = 4-15 mice per group (two-way ANOVA and Sidak’s multiple comparison test). * *P < 0.01, * ** *P < 0.0001.

Indeed, blocking the BLT1 receptor using U-75302 reduced neutrophil
infiltration (Fig. 7b) as well as the vascular response on the underside of
the skin (Fig. 7¢) to a similar extent in both genotypes. To assess skin
barrier function, transepidermal water loss was determined. Water loss
was comparable in both genotypes immediately after stripping but lower
in stripped skin from sEH”" mice after 16 h. At first sight this effect
seemed to be contradictory but can probably be attributed to the
increased vascular leak detected in the sEH deficient mice (see Fig. 5c).
Importantly, while U-75302 had no effect on transepidermal water loss,
it was clearly decreased by 12,13-EpOME in wild-type mice (Fig. 7d).
Adding 12,13-EpOME to the sEH”" mice, which already demonstrated
elevated 12,13-EpOME levels, was without additional effect.

To make a direct comparison of the effects of LTB4 and 12,13-
EpOME, neutrophil adhesion, activation and endothelial cell trans-
migration were assessed. 12,13-EpOME and LTB4 were both effective in
inducing neutrophil adhesion to recombinant intracellular adhesion
molecule-1 (Fig. 7e) as well as in inducing neutrophil activation, as
assessed by increased neutrophil elastase activity (Fig. 7f). However,
when trans-endothelial migration through murine lung endothelial cells
was assessed in a Boyden chamber, LTB4 elicited pronounced trans-
migration, while 12,13-EpOME was without effect (Fig. 7g). These ob-
servations indicate that while the increased accumulation of neutrophils
in sEH-deficient skin could be attributed to the increase in LTB4 levels,
both 12,13-EpOME and LTB4 contribute to neutrophil activation.

3. Discussion

A recent first-in-human study using the sEH inhibitor GSK2256294,
reported that an adverse effect of the compound was contact dermatitis
[26]. The present investigation took a more detailed look at sEH in the
skin and identified an important role for the enzyme in keratinocyte
proliferation and differentiation. Moreover, sEH deletion aggravated
imiquimod-induced psoriasis and sensitized mice to damage induced by
mechanical skin stripping. The deletion and inhibition of the sEH had
particularly marked effects on levels of 12,13-EpOME/DiHOME and
LTB4 to promote vascular permeability and neutrophil infiltration as
well as neutrophil activation.

The lipid composition of the epidermis makes a decisive contribution
to its barrier function [43], consistent with active PUFA metabolism,
keratinocytes express a number of CYP enzymes [44,45]. As substrates
the latter use endogenous PUFAs such as linoleic acid, which is used to
treat a variety of dermatological disorders (for review see [45]). It is
therefore not surprising that the altered expression of several CYP en-
zymes e.g., CYP2S1 [46], CYP2E1 [47], CYP1Al and CYP1B1 [48], has
been reported in psoriasis and following exposure to UV light which
could suggest a potential link between CYP activity and skin inflam-
mation. While we did not assess changes in CYP expression in the cur-
rent study we did detect an increase in 12-HHT in mechanically
damaged stripped skin. The latter mediator can be produced as a
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Fig. 6. Effect of stripping on the eicosanoid profile of dorsal skin from
wild-type and sEH”" mice. (a) Heat map showing the eicosanoid profile in
untreated dorsal skin from wild-type (WT) and sEH”" (KO) mice and 16 h after
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byproduct of TxA, generation by thromboxane synthase as well as by
CYP2S1 [49,50]. Given the high expression of CYP2S1 in psoriasis [46],
we have indirect evidence for the activation of this enzyme that supports
previous observations. The focus of our study was, however, on an
enzyme downstream of CYPs i.e., the sEH.

We focused on the sEH largely because one side-effect of sEH in-
hibitor treatment was contact dermatitis [26]. However, there are at
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least two epoxide hydrolases expressed in human and murine skin i.e.
sEH (gene name Ephx2) and epoxide hydrolase 3 (Ephx3) [23-25]. There
is probably a role for both enzymes in skin homeostasis as Ephx3 is
thought to contribute to the generation of trihydroxy-linoleic acid
ceramides [51] that may well affect skin barrier function as trans-
epidermal water loss was modestly elevated in Ephx3”" pups [52].
However, the mediators generated by the two enzymes are distinct and
adult Ephx3”" mice demonstrated no changes in the skin epoxide:diol
ratio profile versus wild-type mice [53], and no deficiency in
EpOME-derived plasma diols [52].

Among the few studies that have assessed the consequences of sEH
inhibition in the skin, most have focused on the microvasculature.
Indeed, consistent with the identification of the arachidonic acid
epoxide; 11,12-EET, as a vasodilator [3,4], the topical application of a
sEH inhibitor was found to increase thermal hyperemia in the skin of
diabetic mice, an index of endothelium-dependent microvascular reac-
tivity [54]. Also, sEH inhibition accelerated wound closure [55,56], and
increased the vascularization of engineered skin grafts after trans-
plantation [57], findings that fit well with the known link between PUFA
epoxides and angiogenesis [58]. The results from this study now indicate
that the sEH expressed in keratinocytes can regulate the numbers of
CK14 + cells, which are characteristic of the basal keratinocyte layer, as
well as CK10 + cells, which are in the spinous layer. As the thickness of
the stratum corneum and the number of involucrin-expressing kerati-
nocytes therein were also increased, it appears that PUFA epoxides and
diols can affect all stages of epidermal stratification and terminal dif-
ferentiation. A range of PUFA mediators were affected by sEH dele-
tion/inhibition including 5,6-, 11,12- and 14,15-EET which were
previously reported to increase the activity (in vitro) of trans-
glutaminase which is needed to cross-link keratinocyte proteins to make
the cornified cell envelop [28]. Other altered mediators included 13
(S)-HODE, which is important for keratinocyte proliferation and dif-
ferentiation [29,59,60], and PGEy, which is a growth-promoting auta-
coid for the epidermis [30]. The epoxide /diol pair most affected by
altering sEH activity i.e. 12,13-EpOME/DiHOME has no known links to
keratinocytes. However, we did previously report that the activity of the
sEH in hair follicle changes during the hair follicle cycle and impacts on
two stem cell populations, i.e., hair follicle stem cells and matrix cells to
affect telogen to anagen transition and hair growth [61]. Moreover, 12,
13-EpOME (but not 12,13-DiHOME) significantly increased hair shaft
growth in isolated anagen-stage hair follicles.

There is significant crosstalk among branches of the arachidonic
cascade and selective modulation of COX, LOX, or sEH activity affects
flux through the other pathways. Indeed, sEH inhibition and deletion
have frequently been reported to result in an increase in COX [62] and
LOX products [63,64]. Moreover, the dual inhibition of sEH and 5-LOX
inhibited the LPS-induced adhesion of leukocytes to endothelial cells in
vitro [65], and was found to be beneficial in carrageenan-induced rat
paw edema [66], as well as demonstrating clear anti-inflammatory and
anti-fibrotic effects in a murine model of kidney injury [67]. Also, tar-
geting both FLAP and the sEH inhibited cysteinyl-LT and LTB4 formation
and suppressed neutrophil infiltration in a zymosan-induced peritonitis
model in mice [68]. What underlies this intimate relationship between
LOX and the sEH is not entirely clear but it seems that the sEH is able to
metabolize products of the LOX enzymes. For example, in the liver, the
sEH hydrolyses hepoxilin As and B generated by 12-LOX [69]. Also,
while LTA4H generates LTB4 from LTA4, the sEH has been reported to
produce 58S, 6R-dihydroxy-7,9-trans-11,14-cis-eicosatetraenoic acid
(5 S,6R-DHETE) from LTA4 [70]. Thus, a possible reason for the in-
crease in LTB4 production following sEH deletion or inhibition could be
increased metabolism of LTA4 by LTA4H, even though neither me-
chanical stripping nor sEH deletion had an impact on Lta4h expression.

Given our observations and the increase in skin thickness associated
with the loss of sEH activity, it was logical to assess sEH levels in pso-
riasis. While the expression of CYP enzymes is known to increase in
human skin lesions [71], the expression of the sEH decreased. The
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Fisher’s LSD test). (b) Neutrophil (CD45 +CD11b+Ly6G+ cells) infiltration into dorsal skin 16 h after stripping-induced inflammation in animals treated with solvent
(Sol) or the BLT1 antagonist U-75302; n = 5-7 mice per group (two way ANOVA and uncorrected Fisher’s LSD test). (c) Representative images from the underside of
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stripping (t = 0) and again after 16 h. Mice were treated with either solvent, 12,13-EpOME or U-75302 immediately after stripping; n = 4-6 mice per group, group
(two way ANOVA and uncorrected Fisher’s LSD test). (e) Adhesion of bone marrow-derived neutrophils from wild-type (WT) and sEH”" (-/-) mice to recombinant
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presence of solvent (Sol), 12,13-EpOME or LTB4; n=6-7 mice per group (two way ANOVA and uncorrected Fisher’'s LSD test). *P < 0.05,
**P < 0.01, * **P < 0.001.

application of imiquimod to wild-type mice to induce psoriasis increased
skin thickness and stimulated CK14 + keratinocyte proliferation. As
these hallmarks of psoriasis, including the appearance of neutrophil rich
micro-abscesses were even more pronounced in sEH”" mice, it is
tempting to speculate that a decrease in sEH contributes to disease pa-
thology. Imiquimod-induced psoriasis is reported to be driven by T cells,
particularly ap T-cells and &y T-cells [34], but T cell infiltration was
attenuated rather than enhanced in psoriatic skin from sEH-deficient
mice. The infiltration of neutrophils and macrophages was, on the
other hand, more pronounced than in wild-type mice. Thus, the immune

cell response in sEH”" mice was distinct from that usually observed in
this model. As a consequence, we studied a model of atopic dermatitis
linked with mechanical stress-induced inflammation that is reportedly
reliant on neutrophil infiltration [37]. Also in this model, the injury was
more pronounced in sSEH” mice and mild mechanical stress induced by
shaving or more severe stress induced by stripping led to pronounced
vascular leak and neutrophil infiltration.

Several PUFA-derived mediators were generated in response to me-
chanical stress but only 5-HETE, 12,13-EpOME/DiHOME and LTB4 were
altered in an sEH-dependent manner. This was not entirely expected as
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LTB4 levels were previously reported to be unaltered in a similar model
of skin damage induced by tape stripping [72]. LTB4 has
well-characterized effects on neutrophil recruitment and activation [40,
73], including the generation of the pro-inflammatory cytokines TNF-a
and IL-6 [74], and antagonizing its receptor i.e. BLT1, effectively pre-
vented neutrophil recruitment induced by mechanical stripping. It was
not possible to assess cytokine expression in the current study but sEH
inhibition increases levels of the PUFA epoxide, 11,12-EET, which is
known to prevent nuclear factor x-B activation and prevent TNF-a
generation to exert its anti-inflammatory effect [5]. However, our data
did reveal that there is likely to be a role for both LTB4 and 12,
13-EpOME in the skin inflammatory response. Even though the lino-
leic acid epoxide did not stimulate neutrophil migration, it was able to
increase neutrophil elastase activity as well as adherence to endothelial
cells. Our observations are, therefore, consistent with previous reports
indicating that 12,13-EpOME can increase the neutrophil respiratory
burst during an allergic reaction [75]. The lack of sEH not only means
that 12,13-EpOME levels increased but also that the levels of 12,
13-DiHOME decreased. This is relevant inasmuch as DiHOMEs have
been reported to suppress the neutrophil respiratory burst by an as yet
unclarified mechanism [75,76]. Taken together, our results show that
the sEH plays an important role in skin homeostasis and that a decrease
in its expression/activity sensitizes the skin, making it more prone to
chemical or mechanical stress-induced dermatitis. These observations
should be taken into account in future clinical studies using sEH
inhibitors.

4. Methods
4.1. Animals

C57BL/6(N) mice were purchased from Charles River (Sulzfeld,
Germany) and sEH reporter mice (Ephx2-e(Loxp-cc-TGA-STOP-Loxp-cc-
2A-tdTomato-WPRE-pA)1 were generated by Shanghai Model Organ-
isms (Shanghai, China). Floxed sEH mice (Ephx2tml.1Arte) were
generated by TaconicArtemis GmbH (Cologne, Germany) as described
[771, and crossed with animals expressing Cre under the control of the
endogenous Gt(ROSA)26Sor promoter (TaconicArtemis GmbH) to
generate mice lacking the sEH in all tissues (sSEH”"). In some experi-
ments, wild-type mice were treated with the sEH inhibitor
N-[1-(1-Oxopropyl)— 4-piperidinyl]-N'-[4-(trifluoromethoxy)phenyl]
urea (TPPU) for 4 days (dissolved in DMSO and then added to 250 pL
PLO Base to give a final concentration of 30 umol/L) [78]. All animals
were housed in conditions that conform to the guide for the care and use
of laboratory animals in accordance with EU Directive 2010/63/EU as
amended by Regulation (EU) 2019/1010 for animal experiments. Both
the University Animal Care Committee and the Federal Authority for
Animal Research at the Regierungsprasidium Darmstadt (Hessen, Ger-
many) approved the study protocol (FU 2001). For the isolation of or-
gans, mice were sacrificed using 4% isoflurane in air followed by
cervical dislocation.

4.2. Induction of psoriasis

Psoriasis was induced in 8-10 week-old male mice using imiquimod
as described [34]. Briefly, an area (approximately 2 x2.5 cm) of dorsal
skin was shaved one day before the topical application of 5% imiquimod
(Aldara cream; 3 M Pharmaceuticals, Solna, Sweden). The cream was
re-applied daily for 3 or 6 days. Skin thickness was measured using a
vernier caliper every day and skin was harvested immediately after
shaving (day 0) as well as on days 3, 6 and 10.

4.3. Mechanically-induced inflammation (tape stripping)

Dermatitis was induced in an area (approximately 2.5 x2 cm) of
dorsal skin by the combination of depilatory cream (Reckitt Benckiser
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Deutschland GmbH, Heidelberg, Germany) followed by mechanical
stripping (15 times) with adhesive tape (3 M Tegaderm, Westnet Inc,
Canton, MA) as outlined [79]. In some experiments mice were treated
topically with ~250 pL transderma Plo gel ultramax base (Cat#TR220,
Transderma Pharmaceuticals, Coquitlam, Canada) containing solvent
(0.3% DMSO), 12,13-EpOME (30 umol/L/mouse) or U-75302
(10 pg/mouse; Cat# 70705, Cayman, Ann Arbor, MI) immediately after
and 6 h after stripping. Samples were then collected after 16 h.

4.4. Evaluation of blood vessel leakage

Animals were injected intravenously with Evans blue dye (200 pL of
0.5% Evans blue dye in PBS; Sigma-Aldrich, Darmstadt Germany) as
described [80]. After 15 min animals were sacrificed and skin samples
were collected, photographed and weighed. Then Evans blue was
extracted overnight (56 °C) under constant agitation using formamide
(#47671, Sigma-Aldrich, Darmstadt, Germany). The amount of dye
extracted was measured with a spectrophotometer (absorbance at
2610 nm) and normalized to the wet weight of the tissue.

4.5. Measurement of trans-epidermal water loss

Measurement of trans-epidermal water loss was measured on the
dorsal skin lesion of mice immediately after shaving and stripping, and
again after 16 h using a Tewameter TM300 (Courage & Khazaka Elec-
tronic GmbH, Cologne, Germany). Three sites on the dorsal skin were
assessed and averaged for each animal.

4.6. Immunohistochemistry

4.6.1. Murine skin

Samples were fixed with 4% paraformaldehyde (PFA) overnight at
4 °C. After fixation samples were dehydrated by sequential washing in
70%, 80%, and 95% alcohol (45 min each), followed by 3 washes in
100% alcohol (1 h each). Samples were cleared by washing with xylene
(2 x1 h). Finally, samples were washed in paraffin (3 x1h) and
embedded in paraffin blocks. Skin Section (5 pm) were cut and dried
overnight at 37 °C. Sample slides were deparaffinized by washing
(2 x10 min) with xylene. Slides were then sequentially placed in graded
ethanol baths i.e. 100% to 95%, 70% and 50% ethanol and water (5 min
each) for rehydration before being placed in a steamer in the presence of
citrate buffer for 20 min to demask the antigens. Then samples were
placed on ice (10 min) before being blocked with donkey serum (5% in
0.3% Triton X-100, 1 h) and incubated overnight with primary anti-
bodies (4 °C). Primary antibodies used were as follows: cytokeratin 14
(1:200, Cat# 906004, clone: Poly9060, Biolegend, San Diego, UK),
cytokeratin 10 (1:200, Cat# ab76318, Clone: EP1607IHCY, abcam,
Berlin, Germany), involucrin (1:150, Cat# 924401, clone: PRB140C,
Biolegend, San Diego, UK) and Ki67 (1:100, Cat# ab16667, clone: SP6,
abcam, Berlin, Germany). To visualize the vasculature, fixed samples
were embedded in Tissue-Tek (Cat# 4583, Sakura Torrance, CA) and
100 pm cryo-sections were made and stained for anti-CD31 (1:100, Cat#
DIA 310, clone: SZ31, Dianova, Hamburg, Germany) and anti-Lyvel
(1:100, Cat# AF2125, R&D, Abingdon, UK). Thereafter, primary anti-
body samples were removed and samples were incubated with respec-
tive alexaFlour-conjugated secondary antibodies for 60-90 min at room
temperature. Sections were washed, and nuclei were counterstained
with Hoechst 33342 (Sigma-Aldrich, Darmstadt, Germany). Imaging
was performed with Zeiss confocal laser scanning microscope-780 (Jena,
Germany). All images were analyzed by Imaris (verion 9.6.0 Bitplane
AG, Zurich, Switzerland).

4.6.2. Human skin

Paraffin embedded skin sections from healthy individuals and from
subjects with psoriasis were obtained from BioCat GmbH (Cat# HP-101-
ZY and cat# SKI06-PT, Heidelberg, Germany). Samples were rehydrated
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as described above and incubated with a polyclonal sEH antibody
(1:100, Cat# HPA023094, Sigma Aldrich, Darmstadt, Germany), and
detected with a rabbit specific HRP/DAB detection IHC kit (Cat#
ab64261, Abcam, Berlin, Germany) according to the manufacturer’s
instructions.

4.7. Hematoxylin & eosin staining

Dewaxed and rehydrated paraffin Section (5 pm) were stained with
hematoxylin (Cat#GHS316 Gill No. 3, Sigma-Aldrich, Darmstadt, Ger-
many) for 3 min, before being washed in running water for 10 min
followed by staining with eosin (Cat#R03040, Sigma-Aldrich, Darm-
stadt, Germany) for 30 s. Finally, samples were dehydrated and moun-
ted with entallon (Cat# 1.07960, Sigma-Aldrich, Darmstadt, Germany).

4.8. Immunoblotting

Skin samples were lysed in Triton X-100 buffer enriched with pro-
tease and phosphatase inhibitors. Samples were separated by SDS-PAGE
and subjected to Western blotting and detection was performed by
enhanced chemiluminescence using a commercially available kit
(Amersham, Freiburg, Germany) as described [81].

4.9. Skin digestion and FACS analyses

To generate a single cell suspension from skin, subcutaneous fat was
removed and skin was chopped into 1 mm pieces which were then
incubated in liberase (300 pg/mL; Cat# 5401119001, Sigma-Aldrich,
Darmstadt, Germany) and DNase 1 digestion cocktail (50 U/mL, Cat#
Roche-11284932001, Sigma-Aldrich, Darmstadt, Germany) for
60-90 min at 37 °C as described [82]. Digested skin cells were passed
through a 100 pm pore filter and then through a 40 um pore filter. The
single cells obtained were washed once in 1%BSA and then blocked with
FcR blocking reagent (Cat# 101302, Biolegend, San Diego, US) for
10 min. Thereafter, cells were incubated with fluorochrome-conjugated
antibodies and analyzed using a LSR II/Fortessa flow cytometer (BD,
Heidelberg, Germany). Data were analyzed using FlowJo Vx (TreeStar,
Williamson Way, UK). All antibodies and secondary reagents were
titrated to determine optimal concentrations. Comp-Beads (#A10513,
Thermo Fisher Scientific, Dreieich, Germany were used for single-color
compensation to create multicolour compensation matrices. The in-
strument calibration was controlled daily using Cytometer Setup and
Tracking beads (BD Biosciences, Heidelberg, Germany).

The following antibodies were used to characterize immune cell
subsets in skin: anti-CD3-PE-CF594 (Cat# 562286), anti-CD4-BV711
(Cat# 563050), anti-CD8-BV650 (Cat# 100742), anti-CD11b-BV605
(Cat# 101257), anti-CD11c-AlexaFluor700 (Cat# 560583), anti-CD19-
APC-H7 (Cat# 560143), anti-CD326-BV711 (Cat# 563134), anti-
Ly6C-Per-CP-Cy5.5 (Cat# 560525), anti-NK1.1 BV510 (Cat# 563096)
all from BD Biosciences (Heidelberg, Germany), anti-CD45-Vio-Blu
(Cat# 130-092-910), anti-MHC-II-APC (Cat# 130-102-139), and anti-
CD-90.2-PE (Cat# 130-102-489) from Miltenyi Biotec (Bergisch Glad-
bach Germany) and anti-F4/80-PE-Cy7 (Cat# 123114), anti-GITR-FITC
(Cat# 126308), anti-gd TCR APC (Cat# 118116), and anti-Ly6G-APC
Cy7 (Cat# 127624) from BioLegend (San Diego, CA, USA).

4.10. RNA isolation, cDNA synthesis and RT-gPCR

Total RNA was extracted from healthy and inflamed skin tissues
using peqGold TriFast reagent (Cat#30-2010, VWR, Darmstadt, Ger-
many) according to the manufacture’s protocol. RNA (1 ug) was used for
reverse transcription reaction to make cDNA by using SuperScript IV kit
(Cat#18091050, Thermofischer scientific, Dreieich, Germany) accord-
ing to the manufacturer’s protocol. Gene specific primers (BioSpring
GmbH, Germany) were designed using primer BLAST [83]. The primers
used were as follows: 5-LOX: forward GTATCGCCATGTACCGCCAG,
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reverse GTTCCCGGGCCTTAGTGTTG, BLT1: forward CAGGACCCTGG-
CACTAAGACG, reverse CAGGAGAAGAAGGTGCTGCA, and 18 S: forward
CTTTGGTCGCTCGCTCCTC, reverse CTGACCGGGTTGGTTTTGAT.
c¢DNA was amplified using the Biozym Blue S'Green gPCR kit
(Cat#331416XL Biozym, Hessisch Oldendorf, Germany) and a real-time
thermal cycler (Agilent Technologies Mx3000, USA). All RNAs were
normalized to 18 S rRNA.

4.11. Keratinocyte culture and differentiation

Human epidermal primary keratinocytes were obtained from Lifeline
Cell Technology (Cat# FC-0025; Frederick, Maryland) and cultured in
Dermalife calcium-free basal medium (Cat # L0008,) supplemented
with rh-insulin factor (5 ug/mL; Cat# LS-1004), L-glutamine (6 mmol/
L; Cat# LS1031), epinephrine (1 umol/L; Cat# LS-1032), apo-trans-
ferrin (5 pg/mL; Cat# LS-1033), rhTGF-a (0.5 ng/mL; Cat# LS-1034),
extract P (0.4%; Cat# LS-1037) and hydrocortisone hemisuccinate
(100 ng/mg; Cat# LS-1039; all from Lifeline Cell Technology). Kerati-
nocytes were differentiated with calcium (2 mmol/L) for 48 h before
harvesting and processing to measure sEH activity.

4.12. sEH activity assay

Soluble epoxide hydrolase activity was determined in dorsal skin
samples and cells lysates (5 pg) treated with solvent or the sEH inhibitor
trans-4-[4-(3-adamantan-1-ylureido)cyclohexyloxy]-benzoic acid (¢
AUCB) [84] as previously described [85]. Reactions were performed in
100 pL of potassium phosphate buffer (100 mmol/L, pH 7.2) and started
by the addition of 12,13-EpOME (0.25 pmol/L). After 10 min (37 °C)
reactions were stopped by placing the samples on ice followed by im-
mediate extraction (twice) with ethyl acetate (0.5 mL). For liquid
chromatography-tandem mass spectrometry (LC-MS/MS), one-tenth of
the sample was spiked with a deuterated internal standard i.e., d4 12,
13-diHOME/DiHOME (Cayman, Hamburg, Germany). After evapora-
tion of the solvent in a vacuum block under a gentle stream of nitrogen,
the residues were reconstituted in 50 pL of acetonitrile:water (1:1, v/v)
and analyzed with a Sciex API4000 mass spectrometer operating in
multiple reaction monitoring (MRM) mode. Chromatographic separa-
tion was performed on a Gemini C18 column (150 x 2 mm LD., 5 ym
particle size; Phenomenex, Aschaffenburg, Germany).

4.13. PUFA metabolite profiling (LC-MS/MS)

Skin samples (30-40 mg) were ground under liquid N2 and were
extracted with 1 mL ethyl acetate, vortexed for 20 s, placed on ice for
10 min, vortexed again and subsequently centrifuged (10,000 g, 5 min,
4 °C) as described [86]. The upper phase was collected and the ethyl
acetate extraction was performed again. Samples were spiked with a
deuterated internal standard mix (8,9-DHET-d11, 11,12-DHET-d11, 14,
15-DHET-d11, 9,10-DiHOME-d4, 12,13-DiHOME-d4, 5,6-EET-d11, 8,
9-EET-d8, 11,12-EET-d8, 14,15-EET-d8, 9.10-EpOME-d4, 12,
13-EpOME-d4, 5S-HETE-d8, 12S-HETE-d8, 15S-HETE-d8, 20-HETE-d6,
9S-HODE-d4, 13S-HODE-d4, all from Cayman, Hamburg, Germany).
Both upper phase samples were combined and evaporated to dryness in
a vacuum manifold under a continual nitrogen stream. The residues
were reconstituted with 50 pL of acetonitrile:water (50:50, v/v, con-
taining 100 ng/mL flufenamic acid as internal control) and analyzed
using a Sciex QTrap5500 mass spectrometer operating in multiple re-
action monitoring (MRM) mode in negative ionization mode. ESI pa-
rameters were set to CUR: 24 psi, IS: — 4500 V, TEM: 600 °C, GS1:
45 psi, GS2: 60 psi. Chromatographic separation was performed on an
Agilent 1290 Infinity LC system (Agilent, Waldbronn, Germany), using a
Gemini C18 column (150 x2 mm L.D., 5 um particle size; Phenomenex,
Aschaffenburg, Germany). The mobile phase consisted of (A) water
+ 0.0125% ammonia and (B) acetonitrile + 0.0125% ammonia. Elution
of analytes was carried out under gradient conditions at a flow rate of
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0.5 mL/min going from 15% B to 40% B in 10 min, increasing to 90% B
in 2 min, hold 90% B for 1 min, and equilibrated in 15% B for 5.5 min
10 pL of each sample was injected onto the column. The column tem-
perature was kept at 40 °C. Samples were kept in the autosampler at 6 °C
until analysis. For the preparation of calibration curves, stock solutions
were prepared in ethanol that contained primary fatty acids and oxylipin
standards. Working standard solutions were prepared by serial dilution
of the stock solutions to create the necessary concentrations. All samples
and dilutions of the standards were spiked with internal deuterated
standards: Metabolite concentrations were determined by reference to
the standards. Analyst 1.6.2 and MultiQuant 3.0 (both Sciex, Darmstadst,
Germany), were used for data acquisition and analysis, respectively.

4.13.1. Isolation and culture of murine neutrophils

Murine neutrophils were isolated from the marrow of both the front
and hindlimbs as described [87]. Briefly, bone marrow was flushed out
using PBS containing 0.5% BSA and 2 mmol/L EDTA. Cells were care-
fully loaded onto a discontinuous Percol gradient (52%64%72%,
Cat#17-0891-01, VWR, Dublin, Ireland) and centrifuged (1000 g
without break and acceleration, 4 °C) for 30 min. Neutrophils were
collected from the 64%,/72% interface and washed once with PBS. Any
remnant red blood cells were lysed using an erythrocyte lysis buffer.
Isolated neutrophils were kept in RPMI 1640 medium (Cat#21875-091,
Gibco, Dreieich, Germany) supplemented with 10% FCS at 37 °C in the
presence of 5% COa.

4.13.2. In vitro neutrophil adhesion assay

Eight-well glass chamber slides were coated with human recombi-
nant ICAM-1 (Cat#150-05, PeproTech, Heidelberg, Germany overnight
at 4 °C. Glass chambers were later blocked with 10% BSA for 1 h at room
temperature. Then 5 x10* cells were added to the blocked chambers,
treated with either DMSO (0.1%), LTB4 (100 nmol/L) or 12,13-EpOME
(10 pmol/L) and allowed to adhere for 30 min, before being fixed with
4% PFA and labeled with a Ly6G antibody (#551459, 1A8, BD biosci-
ence, Heidelberg, Germany). Adherent Ly6G+ cells were imaged using a
Leica Stellaris laser scanning microscope (Leica Microsystems, Wetzlar,
Germany) and analyzed using Imaris software (version 9.6.0 Bitplane
AG, Zurich, Switzerland).

4.13.3. In vitro neutrophil elastase enzymatic activity assay

Isolated neutrophils were seeded on ICAM-1 coated slides
(Cat#150-05, Peprotech, East Windsor, United States), and treated with
solvent (DMSO 0.1%), LTB4 (100 nmol/L) or 12,13-EpOME (10 umol/L)
or in the presence of neutrophil elastase 680-FAST (2 umol/L per well;
Cat# NEV11169, PerkinElmer, Hamburg, Germany) for 30 min. After-
ward slides were washed, fixed, labeled with a Ly6G antibody and
analyzed by confocal microscopy as described above.

4.13.4. Transendothelial cell migration

Murine lung endothelial cells were isolated and cultured as described
[81], before being seeded on a fibronectin coated trans-well filters (3 pm
pore size; BD Pharmingen, Franklin lakes, USA). Once confluent,
endothelial cells were stimulated with tumor necrosis factor o
(10 ng/mL; Cat# 315-01 A, Peprotech, Hamburg, Germany) for 5 h.
After careful washing, neutrophils (1 %10° cells) were added on top of
the endothelial cell monolayer and allowed to migrate towards the
lower chamber containing either solvent (0.1% DMSO), 12,13-EpOME
(10 pmol/L or LTB4 (100 nmol/L) for 3 h. Migrated neutrophils were
collected and counted by flow cytometry (BD FACSVerse, BD, Heidel-
berg, Germany).

4.14. Statistical analysis
Data are expressed as mean + SEM. Statistical evaluation was per-

formed with GraphPad Prism (version 9.1.0) using Student’s t test for
unpaired data, one-way ANOVA followed by Tukey’s multiple
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comparison test, or two-way ANOVA followed by Sidak’s multiple
comparison test or an Uncorrected Fisher’s LSD test where appropriate.
Values of P < 0.05 were considered statistically significant.
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