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Abstract

Very little is known about lipid function during wound healing, and much less during impaired
healing. Such understanding will help identify what roles lipid signaling plays in the development
of impaired/chronic wounds. We took a lipidomics approach to study the alterations in lipid profile
in the LIGHT™~ mouse model of impaired healing which has characteristics that resemble those
of impaired/chronic wounds in humans, including high levels of oxidative stress, excess
inflammation, increased extracellular matrix degradation and blood vessels with fibrin cuffs. The
latter suggests excess coagulation and potentially increased platelet aggregation. We show here
that in these impaired wounds there is an imbalance in the arachidonic acid (AA) derived
eicosonoids that mediate or modulate inflammatory reactions and platelet aggregation. In the
LIGHT ™/~ impaired wounds there is a significant increase in enzymatically derived breakdown
products of AA. We found that early after injury there was a significant increase in the eicosanoids
11-, 12-, and 15-hydroxyeicosa-tetranoic acid, and the proinflammatory leukotrienes (LTD4 and
LTE) and prostaglandins (PGE, and PGF,,). Some of these eicosanoids also promote platelet
aggregation. This led us to examine the levels of other eicosanoids known to be involved in the
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latter process. We found that thromboxane (TXA,/B5), and prostacyclins 6kPGF1« are elevated
shortly after wounding and in some cases during healing. To determine whether they have an
impact in platelet aggregation and hemostasis, we tested LIGHT /= mouse wounds for these two
parameters and found that, indeed, platelet aggregation and hemostasis are enhanced in these mice
when compared with the control C57BL/6 mice. Understanding lipid signaling in impaired
wounds can potentially lead to development of new therapeutics or in using existing nonsteroidal
anti-inflammatory agents to help correct the course of healing.

Acute wounds that do not follow a concerted and overlapping set of repair processes,
become impaired and may enter a state of chronicity.? Deciphering the etiology of impaired
and chronic wounds has remained one of the biggest challenges in addressing healing
outcomes of problematic wounds. Hallmarks of impaired and chronic wounds include
increased oxidative stress, deregulated levels of growth factors, imbalance in cytokines and
chemokines, sustained inflammation, leaky blood vessels, and uncontrolled function of
proteases.? Although therapies have been developed to correct the course of impaired
healing and have been successful in varying degrees in animal models of impaired healing,
their results in human clinical trials have been limited due to the multifactorial imbalance in
the wound microenvironment.3

Lipids are an integral part of skin structure and function, and have been shown to be
involved in the pathogenesis of several diseases including psoriasis, atopic dermatitis, and
disorders arising from exposure to ultraviolet radiation (UVR).# The study of individual
lipids and their regulation relevant to acute wound healing has been studied for the past four
decades.>10 However, evaluation of lipids using lipidomics approaches has only recently
been established. Lipidomics is a branch of metabolomics dedicated to the systematic
identification and quantification of an extensive assortment of lipids in cells, organs and
extracellular fluids to correlate them to disease states.1112 The use of liquid
chromatography-mass spectrometry (LC-MS) allows us to measure various lipids
quantitatively at the same time. Not only does lipidomics hold promise to further our
knowledge of the underlying mechanisms to chronic wound development and progression, it
also opens new avenues of risk assessment and evaluation of targeted therapeutics in a
personalized and timely manner.13

Arachidonic acid (AA), the precursor for a large number of signaling lipids, is a
polyunsaturated fatty acid present in phospholipids of cell membranes. It can be released
from the membrane by activation of receptors that turn on phospholipase A2 which, in turn,
hydrolyzes the sn-2 ester bond in the phospholipid, releasing AA as a free fatty acid.14 The
release of AA initiates a cascade of events resulting in the generation of numerous lipid
mediators that trigger inflammation, increased vascular permeability and platelet
activation.1516 These mediators can be generated either via nonenzymatic or enzymatic
pathways. The nonenzymatic pathway involves free radicals generated when there is excess
oxidative stress that causes the production of isoprostanes.1’:18 Enzymatic breakdown of AA
can occur either via the cytochrome P450s (P450s), lipoxygenase and/or the cyclooxygenase
pathways that give rise to inflammatory mediators.19:20 P450s and LOX pathway can
metabolize AA to give rise to hydroxyeicosatetranoic acids (HETES) that are involved in
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increasing inflammation and play roles in platelet activation. Enzymatic breakdown of AA
by lipoxygenases gives rise to leukotrienes that increase inflammation and vascular
permeability. Finally, cyclooxygenases act on AA to give prostanoids such as the
thromboxanes, prostacyclins, and prostaglandins that are crucial for skin physiology and
hemostasis.?

Recently, we have shown that a mouse model in which the TNFSF14/LIGHT gene was
deleted have impaired wound healing with characteristics of nonhealing ulcers similar to
those observed in humans.22 We showed that the wounds of LIGHT ™/~ mice have high levels
of proinflammatory chemokines and cytokines and consequently prolonged inflammation.
The wounds have defective basement membrane, impaired dermal/epidermal interactions,
leaky blood vessels and problems in granulation tissue formation. More recently we showed
that very early after wounding, the LIGHT ™/~ wounds display elevated levels of oxidative
stress due to increases in reactive oxygen species, reactive nitrogen species, and reduced
levels of antioxidant enzymes.23 The increase in stress leads to lipid peroxidation, DNA
damage and protein nitration suggesting broad-spectrum damage to the healing tissue.
Furthermore, the increase in redox stress in the wound microenvironment and the presence
of previously isolated biofilm-forming bacteria could lead to the development of chronic
wounds.23 These studies suggest that increased redox stress shortly after injury coupled with
presence of biofilm-forming bacteria can lead to wound chronicity.

In these studies, we have used the LIGHT '~ mice as a novel model to study impaired
wound healing.22 Because we observed excessive inflammation and fibrin “cuffs” in the
blood vessels of these mice and because it is known that many of the signaling lipids derived
from AA metabolism can be involved in both processes, we hypothesized that AA
metabolites may be major contributors to the underlying mechanism of impaired healing in
these mice. We used a lipidomics approach in a single lipid platform, to investigate their
levels during the course of impaired healing. Here we show that AA-derived metabolites,
both via the enzymatic and nonenzymatic pathways, are significantly elevated during wound
healing, but in particular in the first 48 hrs after injury. This is the first study deciphering the
elevated levels of lipid metabolites in impaired healing. This information may help in
furthering our knowledge on how to develop better therapeutic interventions, and perhaps
manage possible side effects when treating impaired wounds.

METHODS

Dermal excisional wound model

Animals were housed at the University of California, Riverside (UCR) vivarium. All
experimental protocols were approved by the UCR Institutional Animal Care and Use
Committee. Experiments were performed using 4-5 month old mice. The procedure used
was performed as previously described.2? Briefly, dorsal hair was removed using clippers
and nair on control C57BL/6 and LIGHT ™~ mice. Twenty four hours later, excisional
wounds were performed on the dorsum of mice using a 7 mm biopsy punch (Acuderm, Inc,
Fort Lauderdale, FL). Animals were anesthetized and wound tissues collected at various
time points following injury using a 10-mm diameter biopsy punch. The tissues were flash
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frozen and stored in glass vials at —80°C until further analysis. The average tissue weight
was 75 mg = 25 mg with a 7= 90 tissues.

Processing of tissues for lipid assay

1-mL of LCMS grade ethanol containing 0.05% BHT and 10 ng of each internal standard
was added to frozen wound tissues. Samples were mixed using a bath sonicator incubated
overnight at —20 °C for lipid extraction. The insoluble fraction was precipitated by
centrifuging at 12,000xg for 20 minutes and the supernatant was transferred into a new glass
tube.

Liquid chromatography mass spectrometry

For eicosanoid quantitation via UPLC ESI-MS/MS, the lipid extracts were then dried under
vacuum and reconstituted in of LCMS grade 50:50 EtOH:H,0 (100 /1.). A 14 minutes
reversed-phase LC method utilizing a Kinetex C18 column (100 x 2.1 mm, 1.7 ym) and a
Shimadzu UPLC was used to separate the eicosanoids at a flow rate of 500 uL/minutes at
50°C. The column was first equilibrated with 100% Solvent A [acetonitrile:water:formic
acid (20:80:0.02, v/viv)] for 2 minutes and then 10 uL of sample was injected. 100% Solvent
A was used for the first 2 minutes of elution. Solvent B [acetonitrile:isopropanol (20:80,
v/v)] was increased in a linear gradient to 25% Solvent B to 3 minutes, to 30% by 6 minutes,
to 55% by 6.1 minutes, to 70% by 10 minutes, and to 100% by 10.1 minutes. 100% Solvent
B was held until 13 minutes, then decreased to 0% by 13.1 minutes and held at 0% until 14
minutes. The eluting eicosanoids were analyzed using a hybrid triple quadrupole linear ion
trap mass analyzer (AB 6500 QTRAP) via multiple-reaction monitoring in negative-ion
mode. Eicosanoids were monitored using species specific precursor — product MRM pairs.
The mass spectrometer parameters were: curtain gas: 30; CAD: High; ion spray voltage:
-3500 V; temperature: 300°C; Gas 1: 40; Gas 2: 60; declustering potential, collision energy,
and cell exit potential were optimized per transition. Precursor-MRM transitions were
obtained as previously described.12:24-28

Immunolabeling

The procedures used were previously reported by us.22 Briefly, frozen tissue sections were
immunolabeled with antibodies to COX-2 (Abcam, Cambridge, United Kingdom), F4/80
(Abcam) and FITC or Alexa Fluor 594 conjugated secondary antibodies (Life Technologies,
Grand Island, NY) and mounted with Vectashield. Images were viewed and recorded using
Nikon Microphot-FXA fluorescence microscope with Nikon DS-Fil digital camera and
Nikon NIS-Elements software (Nikon Instruments Inc., Melville, NY); for sections labeled
with multiple dyes, images were merged in ImageJ software (National Institutes of Health,
Bethesda, MD).

Elastase assay

Elastase activity of the wound samples at various time points after injury was done using a
commercially available kit EnzChek Elastase Assay Kit (Life Technologies). A
fluorescence-labeled elastin substrate (DQ efastin from bovine neck filament; 4,4-
difluoro-5,7-dimethyl-4-bora-3a,4a-diaza- s-indacene-3-propionic acid), was used as a
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substrate to be digested by the elastase in the samples to yield fluorescent products
determined at Ex/Em of 480 nm/530 nm. Elastase from pig pancreas was used to create
standard curve. Measurements were run in 96-well microplates (black, flat bottomed, Nunc,
Denmark). To 50 gL reaction buffer and 50 gL of DQ elastin substrate (100 pg/mL), 100 gL
of the equilibrated sample solution was added and incubated for 2hrs while the fluorescence
was measured every 15 minutes at 22°C, using the Victor plate reader.

Tail bleeding time

Hemostasis was measured using the tail transection technique, following previously
established protocols.2930 Briefly, 5 months old mice were separated in two groups:
LIGHT™~ (n=5) and C57BL/6 (1= 5) were anesthetized by an intraperitoneal injection of
ketamine (80 mg/kg) and xylazine (16 mg/kg). Mice were placed on a 37 °C heating blanket
(Harvard Apparatus Limited, Edenbridge, KY) before the tail was transected using a sterile
scalpel to make a clean cut at a distance of 5 mm from the tip. After transection, the tail was
immediately immersed in warmed saline (37 °C, constant temperature). The bleeding time
was followed visually and determined as the time from the tail transection to the moment the
blood flow stopped and did not resume within the next 60 seconds. It is expected that less
than 300 zL of blood is lost even if the bleeding does not stop within 15 minutes. When
bleeding did not stop within 15 minutes, pressure was applied to the tail to seal the wound,
thus avoiding excessive loss of blood. A bleeding time beyond 15 minutes was considered as
the cutoff time for the purpose of statistical analysis.

Platelet Aggregation

These studies were performed as described previously.3%:31 Groups of five to six mice from
each group were anesthetized by an intraperitoneal injection of ketamine (80 mg/kg) and
xylazine (16 mg/kg) before their blood was collected from the heart in 3.8% sodium citrate
(1 part citrate to 9 parts blood) and pooled. Platelet rich plasma (PRP) was then isolated by
differential centrifugation at 170 g for 10 minutes and platelet counts were adjusted to 3 x
108 with Tyrode’s buffer prior to each experiment. After establishing a baseline light
transmission for 1 minute, platelets were stimulated with agonists. Aggregation of platelets
was monitored using a Lumi-Aggregometer (Havertown, PA) at 37 °C under constant
stirring at 1,200 rpm. To calculate the % aggregation increase with respect to control
C57BL/6 mice, we used to following equation:

% increase in aggregation for LIGHT = [(B-A)/A]*100, where A% is the maximum
aggregation for C57BL/6 mice and 8% is the maximum aggregation for LIGHT '~ mice.

Statistical analysis

We used Graphpad Instat Software and Sigmaplot Software. Analysis of variance was used
to test significance of group differences between two or more groups. Bleeding time analysis
for day 3 and 7 were performed using GraphPad PRISM statistical software (San Diego,
CA) and presented as mean £ SEM. The analysis was performed by unpaired ¢test using
Mann-Whitney test to accommodate non-Gaussian data distribution. Significance was
accepted at p<0.05 (two-tailed pvalue), unless stated otherwise. Mean of the data set is
shown as + in the whisker box plots with all the points shown.
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RESULTS

To further understand the effects of the redox stress present in the wounds of the LIGHT ™/~
mouse model of impaired healing,22:23 we took a lipidomics approach to evaluate the
nonenzymatic and enzymatic breakdown of AA (Figure 1). The nonenzymatic breakdown of
AA gives rise to isoprostanes whereas the enzymatic breakdown of AA can be accomplished
via three major routes. P450s lead to the generation of HETES and epoxyeicosatrienoic acids
(EETS). Lipoxygenases that result in production of leukotrienes can also produce HETEs.
Cyclooxygenases lead to the generation of prostanoids which consist of three key groups,
thromboxane, prostacyclin, and prostaglandin. We will first describe our findings for the
different eicosanoids during normal and impaired healing using our standard panel of
eicosanoids that include transitions for greater than 150 metabolites.?® Individual LC-MS
results obtained for each of the analytes were determined by calculating the ratio of the
analyte peak area to that of the internal standard. We will then show the results for those
involved in platelet aggregation and hemostasis.

Proinflammatory AA-derived signaling lipids

The majority of the pro-inflammatory lipids derived from AA metabolism come from
enzymatic reactions. We know that the impaired wounds in LIGHT ™/~ mice contain excess
inflammation.22 Therefore, we looked for increases in pro-inflammatory lipids because it is
known that they play an important role in the chemotaxis of inflammatory cells, in particular
neutrophils. These leukocytes produce broad-spectrum serine proteases which cause
extensive degradation of extracellular matrix and hence can cause poor development of the
granulation tissue and lead to impaired healing.

Monooxygenation of AA can occur by lipoxygenase enzymes resulting in the production of
hydroxyeicosatetranoic acids (HETEs). Furthermore CYP enzymes can give rise to HETEs
and EETs via the w-hydroxylases and epoxygenases respectively.32 15-HETE was
significantly elevated in the LIGHT ™/~ mouse wounds throughout the first 7 days
postwounding (Figure 2A). Moreover, two substantial peaks were detected at days 1 and 7
postwounding in the LIGHT ™~ mice when compared to the control C57BL/6 mice. The
initial peak in the control (C57BL/6) mouse wounds was observed at day 2. The levels in the
control wounds increased subsequently but were not significantly different than those
observed at day 2 postwounding. We also show that the potent leukocyte chemoattractant
11-HETE, was already significantly elevated at day 1 postwounding and remained elevated
beyond day 7 (Figure 2B). However, in the control (C57BL/6) wounds, the level of 11-
HETE peaked during the first three days postwounding and then returned to baseline levels
by day 7. Significant increases during the first two days and an overall amplified presence of
11-HETE in LIGHT~wound may explain the prolonged and sustained influx of
inflammatory cells in the wounds of these mice. Furthermore, 12-HETE, an important
mediator of neutrophil chemotaxis,33 was found to be significantly elevated at days 1 and 3
postwounding in LIGHT ™/~ wounds (Figure 2C). By contrast, the level of 12-HETE in
control (C57BL/6) wounds remained relatively lower and we saw no significant difference
between control and LIGHT ™/~ wounds by day 7 and 12 (Figure 2C).
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The epoxygenase products of AA metabolism are a complicated group of eicosanoids with
known roles in vascular tone, angiogenesis and inflammation.34-37 The epoxygenase
attaches an oxygen atom to two of the carbons of a double bond on AA (5,6 or 11,12 or
14,15) and as the epoxide is formed the double bond reduces resulting in regioisomers
(structural isomers) epoxygenase products. 5,6 EET levels in LIGHT ™/~ wounds was
significantly elevated at days 1 and 3 postwounding when compared to control (C57BL/6)
wounds (Figure 2D). Both 11,12 EET and 14,15 EET levels in the LIGHT '~ wounds had
significant increase at days 2 and 3 when compared to the control (C57BL/6) wounds
(Figure 2E,F). The level of 5,6 EET and 14,15 EET in the control wounds had a peak at day
2 and day 7 whereas 11,12 EET levels in control wounds were highest at day 2
postwounding and gradually decreased by day 12.

AA breakdown by lipoxygenases results in production of leukotrienes (LT) that are further
metabolized by cysteinyl (cys) synthase to give rise to cys-LTD,. Inflammatory responses
have been shown to be initiated in the presence of cystein leukotrienes.38 We show that the
level of cys-LTDy4 was significantly elevated during days 1 and 2 postwounding in the
LIGHT~~ wounds whereas, no significant increases were observed in the control (C57BL/6)
wounds (Figure 3A). Further cleaving of cys-LTD4 leads to cys-LTE,4 production, which is
highly elevated during the first three days of wounding in LIGHT ™/~ and remains higher
than the control C57BL/6 wounds until day 7 (Figure 3B). The initial peak in cys-LTE, was
observed at day 1 in both LIGHT ™~ and control (C57BL/6) mice. The increases in these
lipids indicate an early and increased influx of inflammatory cells to the wound site.

Cyclooxygenase 2 (COX-2) gives rise to AA-derived prostaglandins (PGs). One of these
PGs is PGE, which has a variety of biological functions, and is one of the most abundant of
the pro-inflammatory PGs.21 PGE, was increased at days 1-7 postwounding in the
LIGHT ™'~ mice compared to the control C57BL/6 wounds (Figure 3C). This prolonged
presence of PGE, most likely contributes to the presence of elevated inflammatory cells seen
in the wounds of LIGHT ™~ mice.22 Furthermore, the levels of PGE; in the control
(C57BL/6) wounds increased and peaked at day 2 postwounding, as opposed to the peak
observed in LIGHT ™/~ wounds which occurred at day 1, supporting the early and prolonged
increase in inflammation seen in LIGHT '~ mice wounds. Another pro-inflammatory PG is
PGF,,, which is synthesized from PGH> via PGF synthase. PGF,,, peaked at day 1
postwounding declining to baseline by 7 days (Figure 3D). This PG is a strong stimulator of
neutrophil infiltration. The levels of PGF,,, in the control (C57BL/6) wounds increased only
during the first 2 days and returned to baseline levels by day 3 supporting the normal pattern
of neutrophils chemotaxis during normal wound healing. Because we saw an increase in PGs
and COX-2 expression that has been observed previously in inflammatory conditions,39 we
performed double immunolabeling for COX-2 and for F4/80, an antigen present in
macrophages. We show that some macrophages in the wound tissue expressed COX-2
suggesting them to be a source of PGs (Figure 3 E,F,G). Furthermore we found that the
keratinocytes (Figure 3H) and endothelial cells of established blood vessels (Figure 31) also
produced COX-2.

Because we found so many pro-inflammatory lipids elevated after wounding and several of
them increase chemotaxis of neutrophils, and we know that neutrophils secrete elastase, we
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investigated whether elastase activity was elevated in the LIGHT ™/~ mouse wounds during
the course of healing. We show that the elastase activity is already elevated in the
unwounded skin of the LIGHT ™/~ mice but after wounding it becomes further elevated
reaching a peak at day 1 and then decreasing to normal levels until day 7 when it rises again
and by day 12 postwounding it is just as high as at day 1 (Figure 4). These levels suggest a
hostile proteolytic environment early after wounding which can put the healing process on
an abnormal course and then again later when the wound tissue should begin to remodel.
This course of events most likely will impact the development of the granulation tissue.

AA-derived signaling lipids that are important in platelet aggregation and hemostasis

During our analysis of the pro-inflammatory lipids, we observed that many of them were
also involved in activating or enhancing platelet aggregation. In particular, 8-isoprostane,
PGE,, and 15-HETE are significantly involved in increasing platelet aggregation.%-42 This
observation and the fact that the LIGHT ™/~ mouse wound tissues contain blood vessels with
fibrin “cuffs” (essentially clots) led us to examine the presence of additional lipids involved
in platelet function. Indeed, AA metabolites generated via cyclooxygenase 1 (COX-1) are
mediators of platelet aggregation and vascular constriction. We found that thromboxane A,
(TXA),), one such metabolite that is rapidly transformed into its stable product TXB,, peaks
at day 1 postwounding and is significantly increased at days 2 and 3 (Figure 5A).
Furthermore, COX-2 is the leading source for generation of 6kPGF, the stable product of
prostacyclin (PGl5) 43 We show that the levels of 6kPGF 1« are significantly elevated after
day 1, reach a peak at day 3 and then decline to normal levels by day 11 postwounding
(Figure 5B). 6kPGF1a is a powerful inhibitor of platelet aggregation. The complementary
elevation of TXB, and 6kPGF1a suggests that upon elevation of platelet aggregation early
after wounding by the various lipids described above, 6kPGF1a comes in to reestablish the
equilibrium in platelet aggregation in the wounded tissue.

Given these results, we performed a series of experiments to evaluate platelet aggregation
and hemostasis in the LIGHT—/— mice. We show that platelet aggregation in response to the
agonist ADP is significantly increased 3 days after wounding in the LIGHT-/- mice and
that this enhancement is dose dependent when compared to the control C57BL/6 mice
(Figure 6A; compare red with blue and green with black). To capture the long-term effects
of elevated levels of these pro-aggregation lipids, we examined the intensity of aggregation
at Day 7 postwounding. We show that at this time the LIGHT—-/- mice still display enhanced
level of platelet aggregation in a dose-dependent manner (Figure 6B). However, the intensity
of aggregation is less pronounced than at day 3. Because we observed that platelet
aggregation is enhanced in the LIGHT-/- mice, we examined bleeding time using tail
bleeding and observed that indeed the bleeding time in wounded LIGHT—-/- mice (days 3
and 7) is significantly reduced in comparison to that seen in the C57BL/6 mice (Figure
7A,B).

DISCUSSION

Understanding the impairment in overlapping factors during the course of healing can aid in
finding potential targeted therapeutics.2 Although lipid biology has been widely studied in
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artherosclerosis, cancer, platelet biology, oxidative stress and neurological settings,17:38:44:45
use of modern lipidomics approaches to study AA-derived signaling lipids in cutaneous
injury has only caught momentum in recent years.46-49 Here we present for the first time
data on the lipid metabolite profile in a mouse model of impaired healing, the LIGHT ™~
mouse. We show that the pro-inflammatory lipid metabolites in LIGHT ™/~ wounds, as a
result of enzymatic breakdown of AA, are increased very early during the course of healing
when compared to the control and could potentially be involved in derailing proper healing.
Also, we show that as a result of chemo-taxis of inflammatory cells, especially neutrophils,
there was an increased activity of elastase that can degrade the extracellular proteins and
disrupt the formation and remodeling of the healing tissue. We also show significant
increases in lipid metabolites that were involved in increased platelet aggregation; LIGHT ™/~
mice have significantly enhanced platelet aggregation and a shortened bleeding time.

The HETEs are products of AA metabolism that are derived from P450s via the @w-oxidation
of the carbon chain and/or from the lipoxygenase pathways.?%>1 Particu larly present in
platelets and neutrophils, 11-HETE has been shown to be chemotactic for human neutrophils
and hence its prolonged presence can lead to persistent inflammation.>2 In addition to the
increases in 11-HETE, we also show the elevated presence of 15-HETE in the LIGHT ™/~
wounds. 15-HETE is known to increase platelet aggregation and thrombin generation,*! two
major players in clot formation. Furthermore, levels of 15-HETE have been shown to
increase with increases in monocytes and macrophages.>3 Also 12-HETE is a potent initiator
of neutrophil chemotaxis, and we found it to be elevated during the early days postwounding
in LIGHT ™/~ wounds.33 We have previously reported increases in macrophages and
neutrophils in the LIGHT ™~ wounds,?2 and show here that not only macrophages but also
keratinocytes and endothelial cells of developed blood vessels were sources of COX-2
production. Although the majority of HETE production is attributed to P450 and LOX
catalysis, nonenzymatic processes might contribute to the elevated levels we see.

EETs are the epoxygenase metabolites of AA metabolism under the P450 enzymatic
pathway and are primarily produced by endothelial cells.38:54:55 EETs have been shown to
have an anti-inflammatory function.34 Although it was reported that 11,12 EET inhibits the
expression of surface adhesion molecules (CAM) including vascular cell adhesion molecule
1 (VCAM-1), E-selectin and intercellular adhesion molecule 1 (ICAM-1), 14,15 EET
increase the adherence of monocytes to endothelial cells.3* The significant increases in both
11,12 EET and 14,15 EET at both days 2 and 3 postwounding in LIGHT ™~ wounds suggests
differences in inflammatory responses in the impaired wounds. 5,6 EETs have been shown
to increase endothelial cell migration and capillary tube formation®® which could explain
why we see more blood vessel sprouts in the LIGHT ™/~ mice than in the control

Application of cys-LTD4 in human skin has been shown to cause infiltration of
neutrophils.>” This LT can be secreted by macrophages, which are increased in LIGHT ™/~
wounds,8 and prompt Acatenin translocation to the nucleus and activation of the target
genes c-myc and cyclin D1.%8 Significant increase of expression of the latter two genes has
been shown to be present in the nonhealing wound edge of chronic ulcers and to inhibit
epithelialization.5® Moreover, although the levels of cys-LTD, peak in the first 2 days
postwounding and then decline to normal levels for the remaining of the healing period, the
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levels of LTE,, the stable metabolite of LTD,4, remain elevated during the first 7 days
postwounding. Furthermore, LTE4 can act as an agonist for mast cells that are prominently
present in chronic ulcers and cause chronic inflammation and fibrosis.89:61 Both LTD, and
LTE, can also elicit changes in microvasculature and reduce blood pressure. LTE,4 does so
by stimulating endothelial cell contraction which opens gaps in the endothelium, leading to
vascular leakage.®2 The cumulative data of the leukotrienes suggest that they may be
responsible for the increases in permeability and leaky vasculature seen in the LIGHT ™/~
wounds.>7.62

Elastase is a broad spectrum serine protease that degrades most extracellular and membrane
proteins in addition to degrading elastin, and therefore, plays an important role in the
damage to the connective tissue during inflammatory processes.®3 Elastase has been shown
to degrade fibronectin in chronic wounds in humans.84 Furthermore, the elevated levels of
elastase that increase with age in human chronic wounds have been shown to break down
peptide growth factors used to heal chronic wounds.%5:66 The presence of higher than normal
levels of elastase later in the healing process may also be responsible for the impaired
remodeling observed in the LIGHT ™/~ mice wounds.

Polyunsaturated fatty acid derived prostanoids are crucial for skin physiology and
hemostasis. The two classes of compounds, PGs and TXA; are collectively termed
prostanoids and are produced as a result of the cyclooxygenase enzymatic pathway.?! PGE,,
the most abundant of the prostaglandins, is produced by a diverse number of cells, including
epidermal keratinocytes, dermal fibroblasts, and macrophages (in particular M1
macrophages).67:68 Increased levels of PGE, in the LIGHT ™~ wounds has strong
implications in generating a pro-inflammatory wound microenvironment with increased
neutrophil infiltration, increased microvascular permeability and platelet aggregation.2! In
addition, increased levels of prostaglandin PGF,,, also increased neutrophil infiltration.?
TXA,, a strong direct activator of platelet function leads to irreversible aggregation844 and
has a very short half-life and hence converts to TXB,. The significantly high levels of TXA,
in the wounds of LIGHT ™~ mice indicate complications in platelet behavior and hence
improper healing outcomes. It is to note that along with TXA,, many of the previously
discussed inflammatory lipids, including 8 isoprostane, 15-HETE, and PGEy, all increase
platelet activation and aggregation.

Aggregation of platelets was significantly enhanced in LIGHT ™~ than C57BL/6 mice. This
was observed regardless of the dose used of the agonist ADP both at days 3 and 7. Enhanced
aggregation was more prominent in mice at 3 days postwounding when compared to 7 days
post-wounding. This could be attributed to the fact that PGI,, measured via the secondary
stable metabolite 6kPGF1 ,, inhibits platelet aggregation.®® This PG becomes elevated when
the levels of the other lipids that induce platelet aggregation decrease; in fact, its levels
remain significantly elevated even at 7 days postwounding. This observation may also derive
from the finding that levels of isoprostanes are more elevated at day 3 compared to day 7 as
previously reported,23 and the fact that they are known to enhance platelet function (e.g., in
response to the agonist ADP).40 Platelet activation is required for aggregation that is critical
for clot formation during an episode of bleeding that may follow injury. Increases in lipids
causing platelet aggregation reduce the time of bleeding due to a faster hemostasis response.
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The significant reduction in bleeding time in the LIGHT ™~ mice, especially at day 3
postwounding, confirms the hyperactive platelet behavior.

In conclusion, the studies presented here in the LIGHT ™~ mouse model of impaired healing
are the first to use lipidomics approaches to elucidate the lipid profile and behavior during
the course of impaired healing. In particular, platelet activating and pro-inflammatory lipids
were elevated early after wounding resulting in increased platelet activation/aggregation,
reduced time for bleeding and increased inflammation in the LIGHT ™~ mice. Our previous
work on the impaired characteristics of LIGHT™~ wounds and its similarities to human
chronic wounds make this mouse model of importance for wound healing studies.
Furthermore, the results presented here have major implication for our understanding of
impaired healing because they put into prospective a class of molecules that has so far not
been taken into consideration when trying to understand how impaired healing develops. We
anticipate that further investigation of both proinflammatory and anti-inflammatory lipid
markers during impaired/chronic wounds in mouse models of wound healing and extending
these studies to human wounds will contribute to our understanding of the etiology of how
these wounds develop which could lead to the use of existing therapeutics such as
nonsteroidal anti-inflammatory agents or to the development of new therapies to treat
problematic wounds.
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Figurel.
Schematic illustration of breakdown of AA through the nonenzymatic and enzymatic

pathways. AA breaks down via the nonenzymatic pathways in the presence of elevated
levels of oxidative stress to give rise to 8- and 5-isoprostanes. The enzymatic pathway of AA
metabolism can occur via three categories. Cytochrome P450 (P450s) modify AA to result
in epoxyeicosatrienoic acids (EETSs) and hydroxyeicosatetranoic acids (16—20 series of
HETES). The same metabolite (HETE) can also be achieved via the lipoxygenase pathways
of AA modification (5, 12, and 15 HETE’s). The lipoxygenase metabolizes AA to the
leukotrienes, in particular cystenyl leukotrienes, cys-LTD4 and cys-LTE,4. The
cyclooxygenase (COX) pathway is subdivided to give AA breakdown products
thromboxanes A2 (TXA,) and stable metabolite TXB,, prostacyclin (PGl,) and stable
metabolite 6kPGF ,, prostaglandin E2 (PGEy) and PGF»,,
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Cytochrome P450 derived AA metabolites are elevated in impaired healing. Lipoxygenase
mediated conversion of AA-derived results in significant elevation of HETES shortly after
wounding of the LIGHT ™/~ mice. LIGHT /" tissues collected at multiple time points after
wounding were assayed for 15- HETE (A) which showed two peaks, one at day 1 and the
other at day 7 postwounding and 11-HETE (B) which was overall elevated throughout the
period of healing with respect to control C57BL/6 mice. 12-HETE (C) and 5,6 EET (D)
were significantly elevated at days 1 and 3 postwounding. No other significant differences
were noted at other time points. 11,12 EET (E) and 14,15 EET (F) were both significantly
elevated at days 2 and 3 postwounding in the LIGHT ™~ wounds. 7= 4. All data are Mean +

SD. *p<0.05, **p<0.01, ***p<0.001.
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Figure 3.
Enzymatically derived pro-inflammatory AA metabolites are elevated in impaired healing.

(A) Lipoxygenase-mediated enzymatic breakdown product cystenyl leukotriene D4 (cys-
LTD,4) was significantly elevated during the first 2 days of healing in LIGHT /= mice,
suggesting a substantial influx of inflammatory cells. (B) Cystenyl leukotriene E4 (LTE,) is
involved in increasing inflammation and was found to be elevated when compared to
C57BL/6 mice throughout the course of healing. (C) Cyclooxygenase (COX)-mediated
breakdown of AA gives rise to exacerbated levels of prostaglandin E2 (PGE,), which is
involved in increased inflammation and neutrophil aggregation, was significantly elevated
throughout the course of healing when compared to control C57BL/6 mice. (D)
Prostaglandin F2a (PGF,,,) levels had two significantly elevated peaks at days 1 and 3
postwounding. (E) Immunolabeling for COX-2, an enzyme responsible for conversion of
AA to prostaglandins. (F) F4/80, a marker for macrophages, to illustrate the presence of
inflammation. (G) Merger of (E) and (F) showing that macrophages produced COX-2. (H)
COX-2 is shown to be expressed also by keratinocytes. The white line runs along the
basement membrane. Propidium iodide staining identifies cell nuclei. (I) COX-2 is also
expressed by endothelial cells lining the blood vessels. Scale bar. 7= 4. All data are Mean *
SD. *p<0.05, **p<0.01, ***p<0.001. Scale bar 50 um for (E)-(H) and 10 pm for (I).
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Figure 4.
Elastase activity is elevated during the course of healing in impaired healing. Elastase

activity was significantly elevated in the skin of LIGHT~~ mice when compared to
C57BL/6 mice. This activity was exacerbated 1 day postwounding, potentially putting the
wound on a course that leads to impaired healing. Moreover, the elastase activity was also
significantly increased during the remodeling phase of healing contributing to impaired
healing by interfering with the remodeling process. /7= 4. All data are Mean £ SD. *p<0.05,
**p<0.01, ***p<0.001.
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Figureb.
Signaling lipids involved in platelet function are increased in impaired healing. (A)

Cyclooxygenase (COX)-mediated AA metabolite thromboxane A2, measured by
thromboxane B2 (TXB,) levels, are significant increased during the first 3 days of healing
suggesting enhanced platelet activity and increases in platelet aggregation. (B) 6kPGF1, is
stable metabolite of prostaglandin I, (PGl5), was significantly increased from day three to
day 7 postwounding as a response to the enhanced platelet aggregation. 7= 4. All data are
Mean £ SD. *p<0.05, **p<0.01, ***p<0.001.

Wound Repair Regen. Author manuscript; available in PMC 2016 April 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Page 21

C57BL/6 Plts + ADP 0.0625 uM Day 3
8 \ s . ADP 0.25 uM
c 0 \ l S
] # ! ®
E=] ~— ; o 2 60
£ 10 Light Plts4 ADP 0,6625 M ]
7] / ceQ
s £ <a
= 20 S 40
£ Pits + ADP 0.25 uM 2 (3
2 o
= 30 DE
= 8 L20
2 40 Light Pits + ADP 0 <
c| = >
o -
5| ¢ so0 51
= C57BL/6 LIGHT
v & “0
B Day 7
m (. C57BL/6 Pits + ADP 0.0625 M ADP 0.25 uM
e 0 \N ¥ P 2 o
IS Light Plts + ADP0.0625 M 3
=] iy g / 9
IS 10 l ; £3
[72]
= C57BL/6 Plts #ADP 0.25 uM § [540
S 20 ,
£ T 5O
o - o E
) 30 e ight Pits + ADR 025 .M £ 5
| e g
21 = R
© =} 0!
gl |§ 50 C57BL/6 LIGHT+
2l 15
W & AN

Figure®6.
Platelet aggregation is increased during impaired healing. Platelet aggregation was estimated

using aggregometer and the agonist adenosine diphosphate (ADP). (A) Platelet aggregation
3 days postwounding was significantly enhanced in the LIGHT ™/~ mice and the aggregation
occurred in an ADP dose-dependent manner. There was a 50% enhanced aggregation
observed in LIGHT~ mice when compared to control C57BL/6 mice for 0.25 uM ADP. (B)
At day 7 postwounding there was a 40.7% enhanced aggregation observed in LIGHT ™/~
mice when compared to control C57BL/6 mice when 0.25 uM ADP was used. The enhanced
aggregation seen in LIGHT ™'~ mice was reduced from day 3 to day 7. 7= 5. There are no
standard deviations because to measure % aggregation increase we needed to pool the blood
of all 5 samples given that the amount of blood we obtain from each mouse is very small.
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Figure7.

C57BL/6 LIGHT*

Coagulation time is faster in impaired healing. Tail vein bleeding time in LIGHT '~ mice
suggested faster clotting and reduced coagulation time when compared to C57BL/6 control
C57BL/6 mice. (A) Bleeding time was significantly reduced in LIGHT ™~ mice at 3 days
postwounding. (B) Bleeding time is significantly faster in LIGHT~/~ mice than in the control
C56BL/6 mice. Although no significance difference was observed, the overall, bleeding time
in LIGHT ™/~ wounds at day 7 increased from that seen in LIGHT ™/~ mice at day 3
postwounding. 7= 5. All data are Mean + SD. The data analysis was performed by unpaired
ttest (Graphpad Instat software) using Mann—Whitney test to accommodate non-Gaussian
data distribution. The graph was plotted as box and whisker plot with the scattergram and

the mean is represented as +.
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