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Soluble Epoxide Hydrolase Inhibition and
Epoxyeicosatrienoic Acid Treatment Improve
Vascularization of Engineered Skin Substitutes

Dorothy M. Supp, PhD*t
Jennifer M. Hahn, BS*
Kevin L. McFarland, MS*
Kelly A. Combs, BS*

Kin Sing Stephen Lee, PhD}
Bora Inceoglu, PhD

Debin Wan, PhD{

Steven T. Boyce, PhD*}
Bruce D. Hammock, PhD{

Background: Autologous engineered skin substitutes comprised of keratinocytes, fibro-
blasts, and biopolymers can serve as an adjunctive treatment for excised burns. However,
engineered skin lacks a vascular plexus at the time of grafting, leading to slower vascular-
ization and reduced rates of engraftment compared with autograft. Hypothetically, vas-
cularization of engineered skin grafts can be improved by treatment with proangiogenic
agents at the time of grafting. Epoxyeicosatrienoic acids (EETs) are cytochrome P450
metabolites of arachidonic acid that are inactivated by soluble epoxide hydrolase (SEH).
EETs have multiple biological activities and have been shown to promote angiogenesis.
Inhibitors of sEH (sEHIs) represent attractive therapeutic agents because they increase
endogenous EET levels. We investigated sEHI administration, alone or combined with
EET treatment, for improved vascularization of engineered skin after grafting to mice.
Methods: Engineered skin substitutes, prepared using primary human fibro-
blasts and Kkeratinocytes, were grafted to full-thickness surgical wounds in
immunodeficientmice. Mice were treated with the sSEHI 1-trifluoromethoxyphenyl-3-
(1-propionylpiperidin-4-yl) urea (TPPU), which was administered in drinking
water throughout the study period, with or without topical EET treatment, and
were compared with vehicle-treated controls. Vascularization was quantified by im-
age analysis of CD31-positive areas in tissue sections.

Results: At 2 weeks after grafting, significantly increased vascularization was
observed in the TPPU and TPPU + EET groups compared with controls, with no
evidence of toxicity.

Conclusions: The results suggest that sEH inhibition can increase vasculariza-
tion of engineered skin grafts after transplantation, which may contribute
to enhanced engraftment and improved treatment of full-thickness wounds.
(Plast Reconstr Surg Glob Open 2016;4:¢1151; doi: 10.1097/GOX.0000000000001151;
Published online 20 December 2016.)

oped to meet the needs of patients with large burns
and insufficient donor sites for skin autografting,
and also of patients with chronic nonhealing wounds.
In particular, engineered skin substitutes comprised of
autologous epidermal keratinocytes, dermal fibroblasts,
and biopolymers have been shown to facilitate healing

Tissue—engineered skin replacements have been devel-
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of large excised burn wounds, reducing the harvesting
of donor skin for autograft and providing stable skin re-
placement.'”* However, because engineered skin contains
only 2 cell types, they cannot replace all of the functions
of uninjured skin. For example, engineered skin grafts in
vitro lack a vascular plexus, which can delay vasculariza-
tion in vivo compared with split-thickness autograft. In the
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absence of a preformed vascular network in engineered
skin, vascularization is achieved by angiogenesis, the in-
growth of newly formed blood vessels from the wound
bed. In contrast, autograft is vascularized more rapidly by
a combination of inosculation, the anastomosis of vessels
in the graft with vessels in the wound bed, and angiogen-
esis. Delays in vascularization can compromise engraft-
ment by increasing time for reperfusion, ischemia, and
nutrient deprivation of transplanted cells. Previous pre-
clinical studies from our laboratory demonstrated that
engineered skin containing cells genetically modified to
overexpress vascular endothelial growth factor, an angio-
genic cytokine, led to enhanced and accelerated vascular-
ization after grafting to immunodeficient mice.* Vascular
endothelial growth factor overexpression was accompa-
nied by increased graft stability and improved engraft-
ment, suggesting that engraftment could be increased
by accelerating early vascularization.” Approaches that
improve vascularization without genetically modified cells
should face fewer regulatory hurdles and move more rap-
idly to clinical application. Hypothetically, treatment with
systemic or topical drugs with angiogenic activity may en-
hance vascularization of engineered skin substitutes with-
out the need to use genetically modified cells.
Epoxyeicosatrienoic acids (EETs) are bioactive lipid
signaling molecules that modulate inflammation and
stimulate angiogenesis.*? EETs are generated from arachi-
donic acid by cytochrome P450 (CYP) monooxygenase en-
zymes.*!* CYPs have been referred to as the “third pathway”
of the arachidonic acid cascade because they have received
less attention than the cyclooxygenase and lipoxygenase
pathways, which generate prostaglandins and leukotrienes,
respectively (Fig. 1).%1° EETs modulate numerous signal-
ing cascades to regulate vascular tone, angiogenesis, and
inflammation." The EETs are unstable in vivo because of
rapid metabolism by the enzyme soluble epoxide hydrolase
(sEH), which converts EETs to their corresponding 1,2-di-
ols, the dihydroxyeicosatrienoic acids (DiHETEs)."? Inhibi-
tors of sEH (sEHIs) represent attractive therapeutic agents
because they elevate endogenous EET levels by stabilizing
the EETs in vivo, thereby increasing their associated ben-
efits. Recently, it was demonstrated that EETs and sEHIs
enhance angiogenesis and epithelialization in mouse ear
wounds.'*!* In animal studies, sEHIs have low toxicity and
few off-target effects. Several potent, metabolically stable
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sEHIs have been developed for clinical application in treat-
ment of hypertension and inflammatory disorders,® and at
least 3 have been tested in early clinical trials.'""

This study investigated early vascularization of human
tissue—engineered skin substitutes transplanted to immu-
nodeficient mice treated with an orally available sEHI,
alone or in combination with topical EET treatment, com-
pared with vehicle-treated controls.

METHODS

Cell Culture and Preparation of Engineered Skin Substitutes
Deidentified human skin was obtained from a 16-year-
old African American girl undergoing an elective breast
reduction at the University of Cincinnati (UC) Medical
Center. The UC Institutional Review Board determined
that this activity did not constitute human subjects research
and was therefore exempt from requirements for informed
consent according to the US Code of Federal Regulations
Policy 45CFR46.101(b) (4)."® Primary cultures of dermal
fibroblasts and epidermal keratinocytes were initiated and
propagated as described.* Collagen-glycosaminoglycan
dermal substrates were fabricated as previously described.?
Fibroblasts (5x10°/cm?) were inoculated onto the dermal
substrates. After 24 hours, keratinocytes (1x10°/cm?) were
inoculated. Skin substitutes were cultured at the air-liquid
interface for 14 days with daily media changes.****

Preparation of EETs for Topical Application

The EET methyl ester regioisomeric mixture was
prepared as previously published with modifications.”
Briefly, methyl arachidonate was dissolved in dichloro-
methane and the mixture was stirred at 0°C. 3-chloroper-
benzoic acid was added to the stirring solution, which

e
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Fig. 1. Epoxyeicosatrienoic acid formation and metabolism by
soluble epoxide hydrolase. Upon activation of cells by external
stimuli, arachidonic acid is released from membrane phospholipids
by phospholipase A2 (PLA2). Arachidonic acid is also derived from
dietary linoleic acid. Arachidonic acid can be metabolized along one
of 3 pathways: the cyclooxygenase (COX) pathway, the lipoxygenase
(LOX) pathway, or the CYP pathway. CYP epoxygenases metabolize
arachidonic acid to produce EETs. These have been shown to act as
autocrine and paracrine mediators with proangiogenic, antihyper-
tensive, and antiinflammatory activities. These properties of EETs
are attenuated by their metabolism to DIHETEs by the enzyme sEH.
sEHIs prevent the metabolism of EETs to DiHETEs leading to EET
accumulation.
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was warmed to room temperature. The mixture was con-
centrated using a rotary evaporator, filtered, and the fil-
trate was washed with saturated potassium bicarbonate.
The organic layer was dried over anhydrous magnesium
sulfate, filtered, concentrated to dryness, and dissolved
in 10% ethyl acetate in hexane. The crude mixture was
purified by flash chromatography yielding the final mix-
ture of methyl epoxy docosapentaenoate. The product
was characterized by hydrolyzing the esters with LiOH to
the corresponding acids,?® which were analyzed by liquid
chromatography-tandem mass spectrometry.?” For topical
application, a 0.1% mixture of EET methyl ester regioiso-
mers (14,15-EET, 11,12-EET, 8,9-EET, and 5,6-EET methyl
esters in a ratio of 2.2:1.6:1.1:1, respectively) was mixed
into Aquaphor ointment (Beiersdorf Inc.; Wilton, Conn.).
The methyl esters are more stable but are rapidly hydro-
lyzed to free acids in the cell.

Grafting of Engineered Skin to Mice and Experimental
Treatments

All animal procedures were approved by the UC Insti-
tutional Animal Care and Use Committee. These studies
utilized the potent, stable, sEH inhibitor 1-trifluoromethoxy-
phenyl-3-(1-propionylpiperidin-4-yl) urea (TPPU), which
was prepared in-house (Hammock laboratory).* TPPU
was dissolved in polyethylene glycol 400 and diluted into
drinking water at 22.0 pg/ml, resulting in an oral dose of
approximately 5mg/kg/d. For controls, an equal amount
of polyethylene glycol 400 was added to drinking water. Mice
also received topical treatment consisting of 0.75 g ointment
(Aquaphor vehicle control or 0.1% EET in Aquaphor), ap-
plied at grafting and 1 week after grafting. Twenty-four mice
were divided into 3 groups (8/group): group 1, vehicle-only;
group 2, TPPU in drinking water and topical ointment ve-
hicle; group 3, TPPU in drinking water and topical 0.1%
EET. TPPU treatments were initiated 48 hours before graft-
ing and were continued throughout the study. Engineered
skin substitutes (2cm x 2cm) were grafted to full-thickness
wounds on the right flanks of female athymic mice (Foxn-
1/ Envigo; Indianapolis, Ind.). Grafts were sutured in
place, and, using tie-over stent dressings, ointment-coated
gauze pads (vehicle control or EET) were applied. The
grafts were covered with occlusive dressings (OPSITE, Smith
& Nephew; Andover, Mass.), and mice were wrapped using
self-adhesive bandages (Coban, 3M; St. Paul, Minn.). After
7 days, dressings were removed, a second topical ointment
treatment was administered, and fresh dressings were ap-
plied. Mice were euthanized after 14 days. Blood and tissue
biopsies of the grafted areas were collected.

Analysis of TPPU and Lipids

TPPU levels in blood and graft biopsies were deter-
mined using high-performance liquid chromatography-
tandem mass spectrometry.** For analysis of circulating
oxylipins, plasma was isolated from whole blood by cen-
trifugation using ethylenediamine-tetraacetic acid—coated
tubes (Sarstedt AG & Co.; Niimbrecht, Germany), and 2 pul
of antioxidant solution (0.2% triphenylphosphine/0.2%
butylated hydroxytoluene/0.1%  ethylenediamine-tet-
raacetic acid) was added per 100 ul plasma. Lipid profiles

were determined in plasma and graft biopsies using sol-
id-phase extraction liquid chromatography-electrospray
ionization/multistage mass spectrometry.?”?** Levels of
arachidonic acid metabolites EET and DiHETE and linole-
ic acid metabolites epoxyoctadecenoic acid (EpOME) and
dihydroxyoctadecenoic acid (DiIHOME) were evaluated.

Quantitation of Vascularization

Vascularization was quantified by calculating the per-
cent dermal area positive for the endothelial cell marker
CD31. Biopsies were embedded in Shandon M1 Embed-
ding Matrix (Invitrogen/Thermo Scientific; Waltham,
Mass.). Cryosections were fixed by incubation in methanol
followed by acetone at —20°C. Immunohistochemistry was
performed using standard techniques with a rat antibody
against mouse CD31 (BD Biosciences) followed by an Alexa
Flour 594-conjugated goat anti-rat antibody (Invitrogen/
Thermo Fisher Scientific). Coverslips were mounted on
slides using Vectashield containing 4,6-diamidino-2-phe-
nylindole (Vector Laboratories; Burlingame, Calif.) for
counterstaining of nuclei. Sections were viewed with
a Nikon Eclipse 90i microscope, photographed at 10x
magnification with a DS-Ril Digital Camera, and image
analysis was performed using NIS-Elements AR3.1 (Nikon
Instruments Inc.; Melville, N.Y.). Three nonoverlapping
microscopic fields were analyzed per mouse; image analy-
sis was used to calculate percent area CD31-positive. Mean
values for each mouse were calculated, and group means
were calculated using a single mean value for each mouse.

Statistical Analyses

Statistical analyses were performed using SigmaPlot Ver-
sion 11.0 (SyStat Software, Inc.; San Jose, Calif.). One-way
analysis of variance was used to identify statistically signifi-
cant differences among groups; post hoc pairwise multiple
comparison procedures were performed using the Holm-
Sidak method. Differences were considered statistically sig-
nificant at P < 0.05. One plasma sample from group 2 was
too low for accurate lipid analysis, so only 7 plasma samples
were analyzed for this group. Thus, all comparisons were n
= 8 per group, except for lipid analysis of group 2.

RESULTS

At 2 weeks after transplantation to immunodeficient
mice, engineered skin grafts were healed and adhered to
wound beds and wound margins, with no gross differences
observed among groups (See figure, Supplemental Digital
Content 1, hitp://links.lww.com/PRSGO/A328). TPPU was not
detected in blood or graft tissue in vehicle-treated control
mice. TPPU was detected in TPPU-and TPPU + EET-treated
mice, with significantly elevated levels in blood and graft tis-
sue compared with controls (See figure, Supplemental Digi-
tal Content 2, http://links.lww.com/PRSGO/A329). No toxicity
was observed.

To investigate the efficacy of sEH inhibition by TPPU, EET
levels were measured in plasma and tissue of mice 2 weeks
after grafting. Plasma levels of arachidonic acid—derived ep-
oxides 14,15-EET and 11,12-EET were modestly but not sig-
nificantly increased in both TPPU-treated groups (Fig. 2A).
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Fig. 2. Levels of arachidonic acid-derived EETs measured in plasma (A) and tissue (B) at 2 weeks after transplantation. Shown are values
(mean + SEM) for individual regioisomers 14,15-EET (left plots), 11,12-EET (center plots), and 8,9-EET (right plots). Note that 14,15-EET and
11,12-EET are significantly elevated in the TPPU + EET group (*P < 0.05); this may be due, in part, to topical application of EETs.

Tissues levels of these EETs were significantly increased in
group 3 mice, treated with oral TPPU plus topical EETs,
compared with controls (group 1) or TPPU-treated mice
(group 2) (Fig. 2B). The significant elevation of 14,15-EET
and 11,12-EET in group 3 graft tissue may be due, in part, to
topical treatment with exogenous EETs. Levels of the CYP ep-
oxygenase—derived linoleic acid metabolites, 12,13-EpOME
and 9,10-EpOME, were also increased in TPPU-treated mice,
but statistically significant increases were only observed for
12,13-EpOME in plasma (Fig. 3). No significant differences
were observed between TPPU-treated and TPPU + EET-
treated groups, but both of these groups had significantly
elevated 12,13-EpOME plasma levels compared with con-
trols. In tissue, 14,15-EET and 11,12-EET were significantly
elevated in TPPU + EET-treated mice (Fig. 2B); together,
these EETs represented nearly all of the total EETs measured
in tissue (See figure, Supplemental Digital Content 3, http://
links.lww.com/PRSGO/A330) . Similarly, 12,13-EpOME, which
was significantly elevated in plasma of TPPU and TPPU +
EET-treated mice, constituted the majority of total EpOMEs

4

measured in plasma of these mice (See figure, Supplemental
Digital Content 3, http://links.lww.com/PRSGO/A330).

Levels of the diol metabolites of EETs and EpOME:s,
the DiHETEs and DiHOMES , respectively, were measured
in plasma and tissue 2 weeks after grafting. Efficient in-
hibition of sEH is predicted to reduce diol levels and
increase the epoxide/diol ratio, although relative levels
may vary in different tissues.” No significant differences
were observed in plasma DiHETEs; however, significant-
ly higher levels were detected in tissue biopsies of mice
treated with TPPU + EET compared with TPPU-treated
mice and controls (See figure, Supplemental Digital
Content 4, http://links.lww.com/PRSGO/A331). This can
likely be attributed to breakdown of topically applied
exogenous EETs in this group. This significant increase
in total DIHETE levels in tissue resulted in a significant
decrease, rather than increase, in the EET/DiHETE ra-
tio (Fig. 4A). EET/DiHETE ratios in plasma and tissue
in TPPU-treated mice were increased, although increases
were not statistically significant (Fig. 4A). Previously, re-
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Fig. 3. Levels of linoleic acid—derived EpOMEs measured in plasma and tissue at 2 weeks after trans-
plantation. Shown are values (mean + SEM) measured in plasma (A) and tissue biopsies (B) for individual
regioisomers 12,-13-EpOME (left plot) and 9,10-EpOME (right plot). Statistically significant differences

are marked with asterisks (*P < 0.05).

ductions in plasma DiHOME levels and increased plasma
EpOME/DiHOME ratios were observed after oral TPPU
treatment of rodents, which demonstrated target engage-
ment and sEH inhibition.* In this study, plasma levels of
total DIHOMEs were reduced, and the reduction was sta-
tistically significant versus controls in the TPPU + EET
group (Fig. 4B). Furthermore, plasma EpOME/DiHOME
ratios were significantly increased in TPPU and TPPU
+ EET groups compared with controls (Fig. 4B). This
finding, coupled with the significant increase in plasma
12,13-EpOME levels in TPPU and TPPU + EET groups

(Fig. 3A), indicates that 12,13-EpOME may serve as a bio-
marker for sEHI activity in this mouse model.

At the histological level, grafts in all groups displayed a
differentiated epidermis with a well-cornified surface (See
figure, Supplemental Digital Content 5, http://links.lww.
com/PRSGO/A332). In engineered skin grafts from control,
untreated mice, CD31-positive blood vessels were observed
in the lower dermal regions near the centers of the grafts,
although higher densities of vessels were observed at graft
edges, adjacent to the wound margins (Figs. bA, B). In
TPPU-and TPPU + EET-treated groups, blood vessels were
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Fig. 4. Epoxide:diol ratios in plasma and tissue at 2 weeks after grafting. The ratios of total EET/DIHETE
levels in plasma (upper left) and tissue (upper right) are shown in (A). The ratios of total EpOME/DiHOME
levels in plasma (lower left) and tissue (lower right) are shown in (B). Values plotted represent mean + SEM.
Significant differences are indicated by asterisks (*P < 0.05).

more evenly distributed throughout the dermis (Figs. 5C,
D). Quantitative analysis showed no significant difference
between TPPU-and TPPU + EET—-treated groups, but both
treatments resulted in significantly higher graft vasculariza-
tion levels compared with control, untreated mice (Fig. 6).

DISCUSSION
The results of this study suggest that TPPU treatment
contributed to elevated levels of bioactive epoxy-fatty
acids and was associated with enhanced vascularization
of engineered skin grafts 2 weeks after transplantation.

6

Previous studies demonstrated that enhanced early vas-
cularization of engineered skin substitutes was accom-
panied by increased engraftment.” Therefore, treatment
with TPPU or other sEHIs at the time of transplanta-
tion may contribute to improved engraftment of engi-
neered skin. Additional studies investigating extended
time points after grafting will be required to confirm this
prediction. In addition to their proangiogenic activities,
EETs and sEHIs have other beneficial effects that may
increase their therapeutic value in burn-injured patients.
Previous studies demonstrated analgesic effects of EETs
and sEH inhibition in animal models of inflammatory
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Fig. 5. Localization of endothelial cells in engineered skin grafts. Immunohistochemistry was used to
localize CD31-positive endothelial cells (red) in blood vessels; nuclei were counterstained blue with
4,6-diamidino-2-phenylindole. Shown are representative sections from control grafts (group 1) in up-
per panels; images are from center of graft (A) and from edge of graft near wound margin (B; wound
margin is toward right of panel). Bottom panels show representative sections from TPPU-treated mice
(group 2; C) and TPPU + EET-treated mice (group 3; D). Scale bar (A; 200 pum) is the same for all panels.

and neuropathic pain.**** Hypothetically, these agents

may serve to reduce burn-induced hyperalgesia while
enhancing skin-graft healing.

4 4 *p<0.05vs. Control

Percent Area CD31+

0 -
TPPU TPPU+EET

Fig. 6. Vascularization of engineered skin grafts is increased in TP-
PU-treated mice at 2 weeks after transplantation. Plotted are values
(mean + SEM) for the relative area (percent of total dermal area)
staining positive for the endothelial cell-specific marker CD31. Mice
treated with TPPU or TPPU + EET had significantly greater values for
percent area CD31-positive compared to controls (*P < 0.05).

Control

In this study, some mice were treated topically with a
mixture of EETs, in addition to TPPU treatment, to de-
termine whether the local delivery of these lipids would
synergistically increase vascularization in mice treated
with TPPU. Differences in plasma EET levels were not ob-
served in mice treated with TPPU with or without topical
EETs, suggesting that topical EETs did not reach systemic
circulation. Although local EET levels were significantly
elevated in TPPU + EET-treated mice compared with
TPPU treatment alone, there was no significant difference
in vascularization between these groups. This suggests that
topical EET treatment, when used in conjunction with sys-
temic TPPU treatment, does not have a significant effect
on vascularization of engineered skin grafts. It may be that
TPPU is sufficiently effective on its own, making it difficult
to demonstrate a synergistic or additive effect when com-
bined with exogenous EETs. This was previously observed
for TPPU in a mouse model of angiotensin-II-dependent
hypertension.” Because of the potency of TPPU and the
rapid metabolism of EETs, it is often difficult to show syn-
ergy in vivo.” The relatively high level of DIHETEs and the
decreased EET/DiHETE ratio in tissue suggest that much
of the topically applied EETs were metabolized during the
period between application and analysis. Future studies
will investigate higher levels of EETs, applied as described
here and in slow-release formulations.



Although topical EET did not seem to potentiate
the effects of systemic TPPU on engineered skin graft
vascularization, we cannot rule out the possibility that
topical EETs may enhance vascularization of native skin
autograft, which possesses a vascular plexus at the time
of transplantation. Topical EET treatment was previ-
ously shown to increase neovascularization in mouse
ear wounds, similar to results observed with sEHI treat-
ment." In this study, systemic sEHI treatment enhanced
neovascularization of engineered skin grafts, which
required ingrowth of vessels from the wound bed and
wound margins, whereas treatment of the surface of
initially avascular grafts with EET provided no addi-
tional benefit. EETs have been shown to act on endo-
thelial cells to increase proliferation, migration, and
tube formation.*** Furthermore, endothelial-derived
EETs were shown to promote neovascularization and
tissue regeneration in vivo.* It is reasonable to specu-
late, therefore, that topical EETs, EET mimics, or sEHI
treatment may improve vascularization of transplanted
native skin autograft, which contains endothelial cells
and vascularizes via a combination of inosculation and
angiogenesis.

For this study, we chose not to investigate topical
EET treatment alone because it represents a less attrac-
tive therapeutic approach, because of their relatively low
stability and high cost. However, newer synthetic meth-
ods are expected to dramatically lower their production
costs, reducing one barrier to clinical application. From
a translational perspective, sEHIs currently represent a
superior approach because they increase endogenous
EET levels. Multiple stable, highly potent sEHIs have
been developed. Vascularization is a critical step required
for viability and function of not just engineered skin,
but essentially any tissue-engineered organ.* Therefore,
as a drug that inhibits sSEH systemically with low toxic-
ity, TPPU may be an attractive adjunct to improve the
engraftment of tissue-engineered constructs. However,
systemic sEHI treatment must be investigated with cau-
tion because of the potential risk that elevated EETs may
contribute to increased tumor angiogenesis. Long-term
systemic treatment may not be required to achieve local
increases necessary to improve vascularization of engi-
neered tissues. Future studies are needed to investigate
the long-term effects of systemic sEHI treatment and the
effects of local sEH inhibition on engraftment of engi-
neered skin.
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