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Vesicants including sulfur mustard (SM) and nitrogen mustard (NM) are
bifunctional alkylating agents that cause skin inflammation, edema and blistering. This is
associated with alterations in keratinocyte growth and differentiation. Endogenous
cannabinoids, including N-arachidonoylethanolamine (anandamide) and 2-arachidonoyl
glycerol, are important in regulating inflammation, keratinocyte proliferation and wound
healing. Their activity is mediated by binding to classical cannabinoid receptors, CB1
and CB2, as well as peroxisome proliferator-activated receptor alpha (PPARa). Levels
of endocannabinoids are regulated by fatty acid amide hydrolase (FAAH); inhibitors of
this enzyme are known to suppress inflammation. Each of the endocannabinoid proteins
was found to be expressed in epidermis and epidermal appendages in mouse skin.
Treatment of the skin with SM or NM, at concentrations that induce tissue injury, was
found to markedly upregulate FAAH, CB1, CB2 and PPARGQ; increased expression of
these proteins persisted in the tissue during the wound healing process. To determine if
the endocannabinoid system regulated the action of vesicants, mouse skin was treated
with a novel class of vanilloid carbamates that are potent inhibitors of FAAH. These
compounds were found to be highly effective in suppressing vesicant-induced

inflammation in mouse skin. These data demonstrate that markers of the



endocannabinoid system are expressed in mouse skin. Our findings that NM and SM
cause changes in the endocannabinoid system and that FAAH inhibitors have the
capacity to reduce skin injury support the idea the endocannabinoids contribute to the

pathogenic responses to vesicants.
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INTRODUCTION

1.1 Skin

The skin is the largest organ in the body (Wickett R.R., 2006). It protects the
organism from the environment (i.e. microbes, heat, cold), assists in temperature
regulation and sensations of touch, heat and cold (Wickett R.R., 2006; Darlenski, 2011).
Mammalian skin consists of three major layers:
1. The outermost layer, the epidermis, which provides a waterproof barrier.
2. The dermis, which lies deep to the epidermis and contains tough connective
tissue, and dermal appendages including hair follicles, sebaceous glands, sweat
glands.
3. The bottommost layer, the hypodermis or subcutaneous layer, consists of
adipose and connective tissue (Wickett R.R., 2006).
1.2 Epidermis

The epidermis comprises four main layers, the stratum basale, the stratum
spinosum, stratum granulosum and stratum corneum (Wikramanayake et al., 2014;
Matsui and Amagai, 2015). Epidermal boundary homeostasis is maintained by
keratinocytes which undergo terminal differentiation, a process involving a switch from a
proliferative state to a differentiated state as they ascend from the basal layer toward the
skin surface (Blanpain and Fuchs, 2009; Bikle et al., 2012). In each layer, different sets
of keratin intermediate filaments are expressed by keratinocytes (Wikramanayake et al.,
2014; Matsui and Amagai, 2015). Keratins are elastic, fibrous proteins which form
heterodimers between acidic (type I) and basic (type 1) proteins. The heterodimers form
a three-dimensional cytoskeleton within the cytoplasm and surrounding the nucleus
(Wikramanayake et al., 2014; Matsui and Amagai, 2015). Basal keratinocytes express

the intermediate filament proteins keratin 4, 5 and 15 and are attached to the basement



membrane by hemidesmosomes and focal adhesions (Blanpain and Fuchs, 2009;
Pastar et al., 2014).

Keratinocyte stem cells are located in the basal layer and in the hair follicle bulge
region (Blanpain and Fuchs, 2009). In adult skin, proliferating stem cells asymmetrically
divide to produce two daughter cells: one which remains a stem cell and the other which
commits to a program of terminal differentiation (Blanpain and Fuchs, 2009;
Sotiropoulou and Blanpain, 2012). The differentiating basal keratinocytes withdraw from
the cell cycle, lose their ability to adhere to the basement membrane and move upward
through the epidermal layer, changing their morphology and composition as they ascend
(Wikramanayake et al., 2014). Apical to the basal layer is the spinous layer, consisting
of larger, polyhedral, flattened keratinocytes (Wikramanayake et al., 2014). As
keratinocytes differentiate, they switch from synthesis of K4, K5 and K15 to that of K1,
K10 and caspase-14, forming a sturdy, spinous network of desmosomes resistant to
mechanical stress (Pastar et al., 2014; Wikramanayake et al., 2014).

As the cells continue ascending, basophilic keratohyalin granules appear in the
cytoplasm; these cells comprise the epidermal granular layer (Wikramanayake et al.,
2014). Granules contain keratin filaments and the keratin-binding proteins profilaggrin
and loricrin (Pastar et al., 2014). At the uppermost layer, keratinocytes undergo
apoptosis and begin formation of the stratum corneum (Matsui and Amagai, 2015).
Keratin filaments form disulfide bonds with mature filaggrin and assemble a cornified cell
envelope directly beneath the plasma membrane, which disintegrates along with the
cellular organelles and nucleus (Matsui and Amagai, 2015). Corneocytes, the cells
comprising the stratum corneum, form when the resulting calcium influx activates
transglutaminase to catalyze crosslinking of involucrin and loricrin proteins, forming a
tough, insoluble cell envelope around the keratin filaments (Pastar et al., 2014; Matsui

and Amagai, 2015). Lipids extruded into the extracellular space form a continuous lipid



matrix, filling the space between corneocytes and sealing them together
(Wikramanayake et al., 2014). Finally, through the process of desquamation, apical
corneocytes dissociate and slough off into the environment (Wikramanayake et al.,
2014).

Biochemical changes that occur during terminal differentiation are regulated in
part by a steep calcium (Ca?*) gradient present in the epidermis (Menon et al., 1992;
Elias and Feingold, 2001). The lowest levels of Ca?* are found in the basal layer,
increasing upward to the granular layer (Arabzadeh et al., 2009; Bikle et al., 2012).
Increased extracellular calcium [Ca?*,] triggers a release of intracellular free calcium
[Ca?*] promoting keratinocyte differentiation (Bikle et al., 1996; Tu et al., 2012).
Disruption of the epidermal barrier can alter the Ca?* gradient, resulting in increased
proliferation and disorganized epidermal layers (Tu et al., 2012).

1.3 Dermis & Hypodermis

The dermis is subdivided into two main layers, the papillary and the reticular
(Smith et al., 1982). The superior papillary layer contains a thin arrangement of collagen
fibers, while the inferior reticular layer is thicker, and comprised of dense collagen fibers
arranged parallel to the skin surface (Smith et al., 1982). Structures within the dermis
include fibroblasts, eccrine and apocrine sweat glands, and the pilosebaceous units,
comprised of a hair follicle, hair shaft, erector pili muscle, and sebaceous glands (Smith
et al., 1982). It also contains a network of blood vessels to supply nutrients, remove
wastes, regulate temperature and allow entry of immune cells (Smith and Holbrook,
1982; Schmid and Harris, 2014). Finally, between the skin and underlying deep fascia
lies the hypodermis, a fatty layer of adipose tissue which stores large quantities of lipids

and acts as a cushion (Wosicka and Cal, 2010).



1.4 Hair Follicles (HF)

The HF functions as a mini-organ, and is formed through interaction between the
neuro- and mesoectoderm (Rishikaysh et al., 2014). The follicle is divided into a lower
segment or bulb/suprabulbar region; a middle segment or isthmus located between the
opening of the sebaceous gland duct and the bulge region; and an upper segment or
infundibulum, the region between the point where the sebaceous gland duct opens into
the hair canal and the skin surface (Wosicka and Cal, 2010; Rishikaysh et al., 2014).
The bulb surrounds the dermal papilla, which is responsible for stimulating hair growth,
and the hair matrix, which is the actively growing portion of the follicle (Wosicka and Cal,
2010). Surrounding the hair follicle is the outer root sheath, a stratified epithelium
continuous with the epidermis (Wosicka and Cal, 2010).

HFs undergo cyclic phases known as the hair cycle (Alonso and Fuchs, 2006;
Rishikaysh et al., 2014). Phases of the cycle include anagen (growth), catagen
(regression) and telogen (resting) (Alonso and Fuchs, 2006; Rishikaysh et al., 2014).
Exogen, where the telogen club is released (hair shedding) does not occur at every
cycle (Alonso and Fuchs, 2006; Rishikaysh et al., 2014). Duration of anagen depends
upon continued proliferation and differentiation of follicle-base matrix cells and
determines the length of the hair shaft (Alonso and Fuchs, 2006; Rishikaysh et al.,
2014). Daughter cells move upwards from the follicle base to form layers of the inner
root sheath and hair shaft (Alonso and Fuchs, 2006; Rishikaysh et al., 2014). The inner
root sheath keratinizes to form a structural support, then its dead cells degenerate as
they reach the upper follicle and release the hair shaft to extend through the skin (Alonso
and Fuchs, 2006; Rishikaysh et al., 2014). During catagen cell-cycling decreases, while
increased apoptosis occurs in the epithelial cells of the bulb, outer root sheath and
outermost epithelial layer. Hair shaft differentiation ends, and the bottom of the hair

shaft forms a club-shaped bulb (Alonso and Fuchs, 2006; Rishikaysh et al., 2014).



Catagen is followed by telogen, a resting phase (Alonso and Fuchs, 2006; Rishikaysh et
al., 2014).

Hair follicle stem cells play a role in epidermal reepithelialization after wounding
(Ito et al., 2005; Ansell et al., 2011). Epidermal wound repair involves activation, then
migration and proliferation of keratinocytes from the wound edge and from the adnexal
structures, such as hair follicles and sweat glands (Ito et al., 2005; Ansell et al., 2011).
Cells from the HF infundibulum migrate into the epidermis, while bulge cells migrate to
the infundibulum, then to the epidermis to cover the wound bed (Ito et al., 2005).
However, during normal conditions, bulge cells do not migrate to the epidermis therefore
do not contribute to homeostasis (Ito et al., 2005).

1.5 Sebaceous glands (SG)

Except for the palms of the hands and soles of the feet, most regions of the body
contain sebaceous glands (Zouboulis et al., 2008; Schneider and Paus, 2010). They are
part of the pilosebaceous unit, associated with the upper portion of the hair follicle and
connected to the skin surface via the sebaceous duct (Zouboulis et al., 2008). Their
main function is to produce and release an oily, waxy substance called sebum through
holocrine secretion, a process of terminal differentiation and degeneration of mature
sebocytes (Schneider and Paus, 2010).

Sebocytes are cells of the sebaceous gland whose biological activity is regulated
by steroid hormone receptors, peroxisome proliferator-activated receptors and liver X
receptor (Zouboulis et al., 2008). The basal layer of the gland contains small, mitotically
active cells which undergo terminal differentiation (Schneider and Paus, 2010). As the
cells are displaced toward the center of the gland, they leave the cell cycle, accumulate
lipid and lose subcellular structures (Schneider and Paus, 2010). Once they reach the
sebaceous duct, they disintegrate and release their contents (Schneider and Paus,

2010).



Human and mouse sebum differ in composition. Human sebum consists primarily
of triglycerides, diglycerides and free fatty acids (57%), wax esters (26%), squalene
(12%), and cholesterol (2%) (Ottaviani et al., 2010; Schneider and Paus, 2010). In
humans, accumulation of squalene, an intermediate in cholesterol synthesis, is
significantly higher in human sebocytes than in other body organs (Smith and Thiboutot,
2008; Zouboulis et al., 2008). Squalene in other organs is converted to lanosterol and
finally to cholesterol; the reason for its accumulation in human sebum is presently
unknown (Smith and Thiboutot, 2008). Mouse sebum contains fewer triglycerides,
diglycerides and free fatty acids (9%) and wax esters (5%), but more cholesterol (13%)
(Smith and Thiboutot, 2008). The differences in composition may be due to the specific
needs of the animal relating to the environment, i.e. waterproofing, temperature, skin
exposure to bacteria or UV light (Smith and Thiboutot, 2008).

Free fatty acids in sebum are known to participate in the inflammatory process of
acne (Ottaviani et al., 2010; Zouboulis et al., 2014). Sebum linoleic and arachidonic
acids can be oxygenated to proinflammatory products by COX-2 (Zouboulis et al., 2014).
Arachidonic acid upregulates the proinflammatory cytokines IL-6 and IL-8 in sebocytes,
and activates PPARs which regulate lipogenesis (Zouboulis et al., 2014). In HaCaT
keratinocytes, lipoxygenase activation by squalene peroxides induce an inflammatory
response, increase in IL-6 production and stimulate their proliferation (Ottaviani et al.,
2006; Zouboulis et al., 2014).

1.6 Mouse vs. Human Skin

Mouse models are used extensively in toxicology studies. Mice are easy to handle and
inexpensive to maintain. Transgenic models of many human diseases exist and provide
valuable pathology data. However, some differences between mouse and human skin
should be noted.

Human skin is less compliant than thinner mouse skin, an important



consideration in mechanical aspects of wound healing (Garcia et al., 2010; Avci et al.,
2013). Mouse skin is covered with thick hair which cycles similarly to humans (anagen,
catagen, telogen), however, the mouse hair cycle only lasts approximately 3 weeks,
while in humans the cycle in scalp can last several years (Wong et al., 2011; Avci et al.,
2013). Epidermal turnover time in the mouse takes approximately 8 — 10 days versus
40-56 days in humans (Potten et al., 1987; Koster, 2009). Rete ridges and dermal
papillae found in human skin are absent in mouse skin except during wound healing.
Mice also lack apocrine sweat glands. Mouse skin has a panniculosus carnosus, a layer
of thin muscle which produces rapid wound contraction after injury. After the wound
contracts, it is filled by granulation tissue (Greenhalgh, 2005; Avci et al., 2013). In
contrast, human skin heals first by re-epithelialization, followed by formation of
granulation tissue (Greenhalgh, 2005; Avci et al., 2013). There are also gender
differences to consider; the dermis is thicker in males, while the epidermis and
hypodermis are thicker in females. Despite these and other differences, mouse models
remain an important tool for studying the effects of toxicants on the skin (Wong et al.,
2011).

1.7 Keratinocyte Migration & Proliferation in Wounding

Keratinocytes play a major role in the restoration of the epidermal boundary
following injury. Re-epithelialization is important in both boundary maintenance and
restoration. If the epithelium is inadequately restored, there is risk of infection and
wound reoccurrence (Pastar et al., 2014). When the epidermis is breached through
wounding, monocytes, neutrophils and macrophages are the first responders, while
keratinocytes become activated through expression of growth factors and cytokines
(Pastar et al., 2014). The activated phenotype is characterized by expression of K6 and
K16, which allows the keratinocytes to migrate and fill in the wound bed (Paladini et al.,

1996; Ramot et al., 2013; Pastar et al., 2014).



In order to migrate to the wound site, the KCs must first break their cell-to-cell
desmosomal and cell-to-matrix hemidesmosomal contacts (Pastar et al., 2014).
Through activation of protein kinase Ca, desmosomes switch from calcium-independent
to calcium-dependent, which decreases their adhesive properties (Pastar et al., 2014).

Migrating keratinocytes move in a sheet or tongue; as the sheet moves, the KCs
behind the migrating edge begin to proliferate. Growth factors, integrins, keratins, matrix
metalloproteinases (MMPSs), cytokines and chemokines, and extracellular
macromolecules are involved in the proliferation process (Pastar et al., 2014). EGFR, a
growth factor, is transactivated by HB-EGF, EGF, and TGF-a which directly stimulate
both keratinocyte migration and proliferation, and induce expression of K6 and K16 (Lee
et al., 2005; Pastar et al., 2014). MMPs release growth factors from the wound matrix,
and can activate growth factors such as IGF-1 (Pastar et al., 2014).

Fibroblast growth factors stimulate epithelialization through paracrine signaling
(Pastar et al., 2014). FGF2 (KGF) increases KC proliferation and migration during
wound healing by signaling through a KGFR2IlIb receptor exclusive to keratinocytes
(Werner et al., 1994; Pastar et al., 2014). TGFB1 stimulates MMPs, which facilitate KC
detachment from the basal lamina and movement through the fibrin and extracellular
matrix forming in the wound (Krampert et al., 2004; Pastar et al., 2014). A21 integrin
sustains KC migration on type 1 collagen through MMP-1, which is abundant in wound
edges (Pilcher et al., 1999; Pastar et al., 2014). The ratio between MMPs and TIMPs
(tissue inhibitors of metalloproteinases) is also important; MMP/TIMP ratio is affected in
chronic wounds (Pastar et al., 2014).

Working together, MMPs, the ECM and integrins play an integral role in the
proliferation and migration of keratinocytes in acute wounds. Once the wound is fully

covered with a layer of keratinocytes and with no drainage, it is considered healed. The



proliferation stage ends and the stratification (differentiation) stage begins (Pastar et al.,
2014).

In intact epidermis and acute wounds, mitotically active keratinocytes are only
present in the basal layer (Pastar et al., 2014). However, in chronic wounds, mitotically
active keratinocytes divide throughout the suprabasal layers (Pastar et al., 2014).
Hyperproliferation occurs, marked by the activation and overexpression of c-myc, a
nuclear protein involved in cell cycle progression, apoptosis and cellular transformation
(McMahon et al., 2000; Pastar et al., 2014). Differentiation and activation pathways are
dysregulated resulting in suppression of K1, K10 and filaggrin, and activation of
involucrin and transglutaminase 1 (Stojadinovic et al., 2008; Pastar et al., 2014).
Hyperkeratosis, a thickening of the cornified layer, and parakeratosis, nuclei present in
the stratum corneum, are characteristic of chronic wounds (Stojadinovic et al., 2008;

Pastar et al., 2014).

2.0 Sulfur & Nitrogen Mustards

2.1 History & Background

Sulfur mustard (SM), also known as mustard gas (Figure 1), was first
synthesized in 1822 by the Belgian, Cesar Mansuete Despretz (Mansour Razavi et al.,
2012). Albert Guthrie first characterized its vesicant properties after being exposed
while repeating Despretz’s experiments in 1860 (Pita and Vidal-Asensi, 2010). In 1886
the German chemist Viktor Meyer synthesized a purer, more toxic form of mustard by
reacting thiodiglycol and chlorine (Balali-Mood and Hefazi, 2005; Pita and Vidal-Asensi,
2010). In 1916, German scientists Wilhelm Lommel and Wilhelm Steinkopf developed a
process for large-scale production of Meyer's mustard for the German Imperial Army,
and the compound was named “LOST”, an acronym combining the first two letters of

their last names (Pita and Vidal-Asensi, 2010; Mansour Razavi et al., 2012).
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Sulfur mustard was first used as a chemical warfare agent in Ypres, Belgium in
1917 (Mansour Razavi et al., 2012). Although subsequently banned by the Geneva
Protocol in 1928, the manufacture, stockpiling and deployment of SM continued
throughout the 20" century, and was used by Iraq’s Saddam Hussein in the Iran-Iraq
war (1983-1988) (Mansour Razavi et al., 2012). The terror group ISIS captured the
Muthanna State Establishment, the center of Iragi chemical agent production, where
according to a letter to the UN from the Iragi government, 2,500 chemical rockets
remained in the facility and officials witnessed intruders looting equipment before
surveillance cameras were shut down (Chivers, 2014). ISIS militants reportedly used
sulfur mustard in attacks against Kurdish forces as recently as last August (Starr et al.,
2015). In addition, soldiers and civilians alike run the risk of exposure from repurposed
weapons used in attacks and abandoned, corroding weapons releasing their contents
into the environment (Chivers, 2014).

Nitrogen mustard, a sulfur mustard analog (Figure 1), was originally developed
as a chemical warfare agent, however it was unsuitable for battle and never used in war
(Korkmaz et al., 2008; Shakarjian et al., 2010). In 1942, Alfred Gilman and Louis
Goodman at Yale School of Medicine were studying the effects of mustard exposure
(DeVita and Chu, 2008). Medical records of soldiers exposed to SM during WWI
indicated they had reduced levels of lymphocytes, leading Goodman and Gilman to
hypothesize that mustards could be used to treat lymphoma. After success in a mouse
model, they convinced their colleague Gustaf Lindskog to administer their “synthetic
lymphocidal chemical”, or mustine, to a patient with advanced non-Hodgkins lymphoma
(DeVita and Chu, 2008). The treatment reduced the patient’s tumor mass and added
months to his life. This breakthrough marked the beginning of chemotherapy, and the

use of nitrogen mustard (Mechlorethamine, mustine, Mustargen®) as a



11

chemotherapeutic agent (DeVita and Chu, 2008). Today it is used as a topical treatment

for mycosis fungoides, a form of T-cell ymphoma (Lindahl et al., 2013).

CI/\/N\/\CI CI/\/S\/\CI CI\/\S/\Me

HN2 - Mechlorethamine SM - Bis(2-chloroethyl) sulfide  CEES — 2-Chloroethyl ethyl sulfide

Fig. 1 Structures of NM, SM and CEES

2.2 Mechanism of Mustard Activation

Sulfur mustard is a bifunctional alkylating agent (Shakarjian et al., 2010; Kumar
et al., 2015). The first step (in aqueous solution) one of the chloroethyl side chains
undergoes a nucleophilic substitution via SN1 reaction. Chloride is then released and a
positively charged ethylsulfonium ring is formed (Figure 2) (Shakarjian et al., 2010). This
highly electrophilic intermediate reacts with nucleophilic sites on most cellular
macromolecules, including DNA, RNA and proteins (Papirmeister et al., 1985; Kehe et
al., 2009a). The remaining chloroethyl side chain cyclizes and can react with another
nucleophile, or with water (Shakarjian et al., 2010). In each reaction, one mole of H" and
CI are released (Shakarjian et al., 2010). SM readily forms adducts with the N7 position
of 2-deoxyguanosine residues on DNA, forming inter- and intrastrand crosslinks (Kehe et
al., 2009a). It also reacts with carbohydrates, lipids, and amino acid residues in proteins
(cysteine, histidine, glutamic and aspartic acids - i.e. sulfhydryl groups, phosphates, ring

nitrogens and carboxyl groups) (Laskin et al., 2010; Shakarjian et al., 2010).
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Fig. 2 Mustard Mechanism of Action (NM)

2.3 Vesicant-Induced Skin Injury

Sulfur mustard is an oily liquid soluble in water at a level of only 0.07% at 10°C,
but is highly soluble in organic solvents (Balali-Mood and Hefazi, 2005). Because of its
low solubility in aqueous media it persists in the environment; most surfaces and objects
exposed are contaminated for an extended time. SM is light yellow to dark brown in
color, and has a characteristic odor of garlic, onion or mustard (Balali-Mood and Hefazi,
2005).

Exposure to SM can occur through inhalation, absorption through the skin or
surface of the eye, or through the gastrointestinal tract after consumption of tainted food
(Balali-Mood and Hefazi, 2005). As a liquid or vapor, SM has been reported to penetrate
human skin at 1 — 4 mg.cm?min at 21°C, with greater absorption at increased ambient
temperatures (Balali-Mood and Hefazi, 2005). Approximately 80% of liquid SM
evaporates; of the 20% absorbed, 12% remains in the skin and 8% enters the circulation

(Balali-Mood and Hefazi, 2005). Unhydrolyzed mustard may remain in the stratum
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corneum and upper epidermis, which could explain occurrence of secondary blisters as
long as 30 days post SM exposure (Kehe et al., 2009a). High doses of SM vapor (1000-
10,000 mg. min/m?3) or liquid (40-100 mg/cm?) over a long exposure period can cause
significant toxicity, however there have been few reports of lethality (Balali-Mood and
Hefazi, 2005). The estimated LDs, for humans exposed to liquid SM through the skin is
100 mg/kg (79/70 kg person) (Poursaleh et al., 2012). A dose of 20 yg/cm? liquid or 4
ug/cm? vapor can produce blisters (Poursaleh et al., 2012). Factors contributing to
increased SM toxicity include profuse sweating, greasy skin, and high ambient
temperature (Ghabili et al., 2010; Shakarjian et al., 2010). Warm, moist areas covered
with thin skin, including the axilla, genitalia and groin are more susceptible to SM-
induced injury (Hefazi et al., 2006; Ghabili et al., 2010). In addition to being covered with
moisture, these areas tend to contain more hair follicles, leading to better SM
penetration (Hefazi et al., 2006; Ghabili et al., 2010).

Skin exposure is usually followed by a dose-dependent latency period (Wattana
and Bey, 2009; Ghabili et al., 2010). Two to twenty-four hours post exposure, erythema
and itching occur at a threshold dose of 100-300 mg.min/m? (Kehe et al., 2009j; Ghabili
et al., 2010). The appearance of small epidermal vesicles (blisters) within the area of
erythema is evident after 4-18 hours (Ghabili et al., 2010; Shakarjian et al., 2010).
Rubbing the area can induce more blistering, indicating damage to the basal membrane
(Kehe et al., 2009j; Ghabili et al., 2010). The blisters increase in size and number, then
coalesce to form pendulous bullae filled with a clear, yellow fluid (Balali-Mood and
Hefazi, 2005; Kehe et al., 2009j). Approximately 48 hours post-exposure, larger blisters
rupture leading to full-thickness skin loss, erosions, and ulceration (Balali-Mood and
Hefazi, 2005; Ghabili et al., 2010). A necrotic layer or eschar forms at 72 hours which
sloughs by 4 — 6 days, succeeded by a pigmented scar after 3 weeks (Balali-Mood and

Hefazi, 2005; Ghabili et al., 2010). In a low-dose exposure, the erythematous skin
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region becomes hyperpigmented within 2 weeks then desquamates with no other effect
(Graham et al., 2005; Ghabili et al., 2010). However, high-dose exposures can be very
painful and full-thickness regions of skin can be lost (Ghabili et al., 2010). In cases of
severe injury, the blisters heal in 2 — 3 weeks, full-thickness erosions after 6 — 12 weeks
(Balali-Mood et al., 2005; Ghabili et al., 2010). Hypopigmentation is often visible in the
healed area, while hyperpigmentation can be observed within the region of damaged
cells surrounding the original wound (Balali-Mood and Hefazi, 2005; Ghabili et al., 2010).
Hyper- and hypo-pigmentation can persist for months or years, along with scarring
(Ghabili et al., 2010; Poursaleh et al., 2012). Vesicant-induced burn injuries generally
heal slower than thermal burns (Balali-Mood and Hefazi, 2005), and in large wounds this
delay can be much longer than for a thermal burn of equivalent area (Rice, 2003; Balali-
Mood and Hefazi, 2005).

Chronic effects of vesicant-induced injury can persist years after the first
exposure (Balali-Mood et al., 2005; Graham et al., 2005; Dachir et al., 2012). In a study
on 34,000 Iranians 13 — 20 years post-SM exposure, 24.5% of the complications were
found on skin (Khateri et al., 2003). In another study by Balali-Mood et al., 2005, toxic
effects of SM poisoning were reported in a group of 40 Iraqgi veterans 16 — 20 years post
exposure, in which 75% had persistent effects in skin (Balali-Mood et al., 2005).
Hyperpigmentation and xerosis were the two most common findings (Balali-Mood et al.,
2005). In cases of xerosis, the individuals complained of itching, a burning sensation,
and scaly skin (Khateri et al., 2003; Hefazi et al., 2006; Ghabili et al., 2010). Other
complications included seborrheic dermatitis, psoriasis, discoid lupus erythematous,
eczema, and keratosis pilaris (Khateri et al., 2003; Hefazi et al., 2006; Ghabili et al.,

2010).
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2.4 Histopathological effects

During the erythematous phase of injury, nuclear swelling, chromatin dispersion,
and cytoplasmic vacuole formation are observed in a few scattered basal keratinocytes
in the epidermis (Kehe et al., 2009a). Over time, increased numbers of basal
keratinocytes are affected; pyknotic nuclei are observed followed by fragmentation of the
cytoplasmic membrane. Regions of necrotic cells appear at the epidermal-dermal
junction, which coalesce to form microblisters and eventually bullae (Kehe et al., 2009a).
Cases have been reported where bullae did not form and necrosis involved the full-
thickness of the epidermis (Shakarjian et al., 2010). Hyperemia can occur during the
erythematous phase at low doses, but at higher doses, more damage to capillaries is
noted. Inflammatory cells are also present in cases of SM-induced injury, mononuclear
cells appearing first followed by neutrophils before vesication occurs (Shakarjian et al.,
2010).

Previous studies have shown that the dermal appendages, including
pilosebaceous units, are targets for NM and SM-induced injury (Haslam et al., 2013;
Joseph et al., 2014). In 14-day time course experiments where mice were exposed to
SM using a vapor cup model, loss of outer root sheath cells from the infundibulum to the
root bulb were observed along with morphological changes as early as one-day post
exposure (Joseph et al., 2014). Karyolysis occurred in cells of the outer root sheath and
interfollicular epidermis (Joseph et al., 2014). Over time, the hair follicles degraded and
by 14 days, only follicular cysts remained in the wound region (Joseph et al., 2014). In
sebaceous glands, degenerative changes in sebocytes were found from days 3-7. The
number of intact sebocytes decreased over the time course; by day 14 none were
observed in the wound area (Joseph et al., 2014). Xerotic, flaky skin was apparent in
the wound, consistent with earlier studies in guinea pigs and previous observations in

human skin (Benson et al., 2011; Firooz et al., 2011; Tewari-Singh et al., 2013).
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3.0 Mechanisms of Vesicant Toxicity in Skin

3.1 Oxidative Stress

SM has been reported to produce oxidative and electrophilic stress in skin

(Shakarjian et al., 2010). Under normal conditions, glutathione (GSH), a nucleophilic
antioxidant, protects against the effects of reactive oxygen species (ROS) and
electrophiles by maintaining a net reducing environment in the cell (Laskin et al., 2010;
Shakarjian et al., 2010). Oxidative stress occurs after injury when an imbalance occurs
between the generation of ROS and their detoxification (Khansari et al., 2009; Laskin et
al., 2010). Markedly reduced GSH levels are observed in cells treated with SM and
related vesicants, leading to increases in intracellular ROS and formation of DNA
oxidation products, a marker of oxidative stress (Kehe et al., 2009a; Laskin et al., 2010).
DNA base oxidation, lipid peroxidation and protein oxidation are all examples of
oxidative damage mechanisms (Naghii, 2002; Khansari et al., 2009). Biomarkers of
ROS exposure in the skin include increased dermal protein oxidation, formation of DNA
oxidation product 8-oxo-2-deoxyguanosine, and 4-hydroxynonenal adducts, a marker of
lipid peroxidation (Naghii, 2002). Application of CEES, an SM derivative, to mouse skin
has been reported to cause oxidative stress by formation of protein and DNA oxidation
products, protein radical adducts, and 4-hydroxynonenal protein adducts (Pal et al.,
2009a). CEES-treatment in a human skin construct model has been reported to induce
hydrogen peroxide production in the keratinocytes, and carbonyl protein adduct
formation (Black et al., 2010b). ROS can also be generated by mitochondria as a
byproduct of electron transport (Laskin et al., 2010; Shakarjian et al., 2010). These ROS
regulate cell death processes including apoptosis (programmed cell death) and
autophagy, a process to eliminate damaged organelles from a cell (Laskin et al., 2010).

SM can inactivate ROS-scavenging antioxidant proteins, i.e. thioredoxin

reductase, further contributing to an oxidative state in cells (Laskin et al., 2010;
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Poursaleh et al., 2012). Interestingly, thioredoxin reductase is also a mediator of redox
cycling, a process responsible for creation of anion radicals from various quinones and
flavonoids, which can increase oxidative stress (Jan et al., 2010).

Infiltrating macrophages and neutrophils observed in the skin as a response to
SM contribute to oxidative stress by generating ROS during a respiratory burst and
releasing nitric oxide (Laskin et al., 2010; Shakarjian et al., 2010). Leukocyte infiltration
to the papillary dermis and epidermis has been observed in mice (Wormser et al., 2004).
An increase in myeloperoxidase, an enzyme that produces the toxic mediators
hypochlorous acid and chloride anion and is an indicator of neutrophil influx, has been
reported after vesicant treatment (Laskin et al., 2010; Shakarjian et al., 2010).

3.2 Proinflammatory Cytokines

A number of cytokines have been reported to participate in the recruitment and
activation of inflammatory cells at sites of injury (Ricketts et al., 2000; Sabourin et al.,
2000; Shakarjian et al., 2010). In earlier studies using the mouse ear vesicant model
(MEVM), elevated levels of IL-1B, IL-6, GM-CSF (granulocyte monocyte-colony
stimulating factor) and TNF-a were observed as early as 6 hours post exposure (Ricketts
et al., 2000; Sabourin et al., 2000; Wormser et al., 2005). In mouse dorsal skin,
increases in IL-1a, IL-13, MCP-1, MIP-2 and TNF-a mRNA were detected (Ricketts et
al., 2000; Sabourin et al., 2000; Shakarjian et al., 2010). In normal human epidermal
keratinocytes (NHEKSs), 100-300uM SM stimulated the release of IL-18, IL-6, IL-8 and
TNF-a (Shakarjian et al., 2010). The detection of elevated levels of signaling molecules
controlling cytokine expression, including the transcription factors nuclear factor kappa B
(NF-kB) and activator protein 1 (AP-1), was reported after vesicant exposure (Rebholz et

al., 2008; Pal et al., 2009a).



18

3.3 Pro-Inflammatory Mediators

The pro-inflammatory mediator arachidonic acid, along with products of its
metabolism by COX and LOX, have been identified in skin post SM exposure and have
been reported to play a role in vesicant-induced cutaneous injury (Wormser et al., 2004;
Shakatrjian et al., 2010). Cyclooxygenases (COX-1/2) are the rate-limiting enzymes in
prostaglandin synthesis from arachidonic acid (Vane, 1998). Arachidonic acid is first
oxidized to the hydroperoxy endoperoxide (PGG;) then reduced to the hydroxy
endoperoxide PGH.. PGH; is metabolized to the primary prostanoids PGE;, PGFzq,
PGD., PGI; AND TXA; (Vane, 1998; Williams et al., 1999). COX-1 is constitutive, while
COX-2 is inducible (Vane, 1998; Futagami et al., 2002). COX-2 inducers include
inflammation-associated cytokines such as IL-1, IL-2 and TNFa, and bacterial
lipopolysaccharide (LPS). Both COX isoforms have been detected in keratinocytes, but
with differential roles during wound healing and inflammation (Kampfer et al., 2003;
Goren et al., 2015). Selective inhibition of COX-1 revealed its necessity for skin wound
repair; however, COX-2 expression was associated with impaired re-epithelialization,
ECM formation, angiogenesis and myofibroblast differentiation (Futagami et al., 2002;
Kampfer et al., 2005). COX-2 has been identified in mouse skin after SM treatment,
while in a skin construct model, CEES treatment increased expression of COX-2 mRNA
and protein (Nyska et al., 2001; Black et al., 2010b). Treatment with non-steroidal anti-
inflammatories (NSAIDs) reduced skin injury, suggesting these mediators contribute to
SM toxicity (Babin et al., 2000). In addition, COX-2") mice or wild-type mice treated with
COX-2 specific inhibitor celecoxib showed markedly reduced ear swelling after treatment
with SM (Wormser et al., 2004).

In previous studies by our group, CEES treatment of keratinocytes in a human
skin construct model increased mRNA expression of microsomal prostaglandin E

synthase-2 (MPGES-2) and prostaglandin D synthase (PGDS), prostanoid synthases
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downstream of COX-2 responsible for PGE; and PGD; generation. PGE; is known to
mediate skin inflammation and edema (Murakami et al., 2002) and SM has been
reported to stimulate PGE; production in full-thickness human skin explants and intact
mouse skin (Rikimaru et al., 1991; Dachir et al., 2002). CEES treatment also increased
expression of 5-lipoxygenase (5-LOX), leukotriene A4 (LTA4) hydrolase and LTC,
synthase, responsible for synthesis of LTB4 and LTC, (Black et al., 2010b). CEES also
activated JNK and p38 MAP kinases, regulators of antioxidant enzymes and
prostaglandin and leukotriene synthase expression, in keratinocytes (Black et al., 2010b;
Zheng et al., 2013). Inhibition of these kinases suppressed expression of GSTA1-2,
COX-2, mPGES-2, PGDS, 5-LOX, LTA4 hydrolase and LTC,4 synthase, as well as PGDS
and GSTP1 (Black et al., 2010b). These data showed that the half-mustard CEES
modulates expression of enzymes responsible for production of inflammatory mediators,
as well as antioxidants.

3.4 Apoptosis & Terminal Differentiation

Blisters formed after SM exposure result from detachment of the epidermis from
the dermis at the basal membrane (Rosenthal et al., 1998). Toxicity to basal cells
includes apoptosis and induction of terminal differentiation (Rosenthal et al., 1998).

Apoptosis of keratinocytes in the epidermis and dermal appendages is a well-
known effect of vesicant exposure, and occurs through both intrinsic and extrinsic
pathways (Kehe et al., 2009a; Balszuweit et al., 2014; Joseph et al., 2014). Apoptosis
via the intrinsic pathway involves mitochondrial swelling and alkylation of mitochondrial
DNA, toxic effects of SM exposure (Ray et al., 1995; Brown and Rice, 1997). Pro-
apoptotic signals from Bcl-2 family proteins like Bax and Bak induce mitochondrial
membrane permeability and release of apoptotic death promoting factors, including
cytochrome c (Sourdeval et al., 2006). The pro-apoptotic Bcl-2 member Bad can

displace Bax from binding to Bcl-2 and Bcl-x1, promoting apoptosis, an effect prevented
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by Bad phosphorylation (Sourdeval et al., 2006). However, SM induces Bad
dephosphorylation, promoting apoptosis through the calmodulin pathway (Simbulan-
Rosenthal et al., 2006).

Expression of Fas receptor and Fas ligand (FasL), activators of the
extrinsic apoptosis pathway, is upregulated after vesicant exposure (Thorburn, 2004;
Kehe et al., 2009a). SM exposure leads to stabilization of intracellular p53, increasing
Fas receptor and FasL expression in human keratinocytes (Rosenthal et al., 2003). SM
also activates caspase-8, recruitment of (Fas associated protein with death domain)
FADD and subsequent activation of executioner caspases -3, -6, and -7 (Rosenthal et
al., 2003). SM treated keratinocytes also express increased TNF-a, another Fas/TFNR
ligand, whose binding to p55 TNF receptor induces apoptosis (Arroyo et al., 2004).

The nuclear protein poly (ADP-ribose) polymerase (PARP) plays a role in
vesicant-induced apoptosis (Rosenthal et al., 1998). After low-dose exposure to SM,
caspase-3 cleaves the nuclear protein poly (ADP-ribose) polymerase (PARP)-1, which
halts PARP activity and ATP consumption (Soldani and Scovassi, 2002). However, high
exposure levels of SM induce DNA strand breakage and overactivate PARP, depleting
levels of cellular nicotinamide adenine dinucleotide (NAD*) (Rosenthal et al., 1998).
Increased metabolism to restore NAD* levels decreases intracellular adenosine
triphosphate (ATP), and may result in necrotic cell death (Kehe et al., 2009a). PARP
activation by lower SM doses can elevate intracellular levels of free Ca?* in
keratinocytes, playing a role in apoptosis induction (Rosenthal et al., 1998). One
apoptosis mechanism involves protein tyrosine kinases activation by SM, leading to
phospholipase C activation, formation of IP3 and Ca?* release (Takata et al., 1995).
Another suggested mechanism involves SM-generated ROS, which damage

endoplasmic reticulum, mitochondrial, and plasma membrane Ca?* transport systems
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(Takata et al., 1995). Perturbation of Ca?* homeostasis and prolonged increase in Ca?*
results (Orrenius et al., 1989).

In addition to apoptosis, increased intracellular calcium levels induce terminal
differentiation in skin (Li et al., 1995; Bikle et al., 2012; Tu et al., 2012). In NHEK, SM
upregulates keratin 1, involucrin and loricrin expression, suggesting induction of
premature differentiation (Rosenthal et al., 1998; Popp et al., 2011). In addition, SM
exposure increases phosphorylation, nuclear translocation and activity of p38 and
ERK1/2 (Popp et al., 2011). While inhibition of p38 downregulates K1 and loricrin,
inhibition of ERK1/2 upregulates them, indicating opposing roles for these kinases during
differentiation (Popp et al., 2011). These results agree with an earlier study in an
impaired wound healing model in mice, where p38 inhibition improved wound
contraction, formation of granulation tissue and re-epithelialization (Medicherla et al.,
2009). In addition, exposure to SM and CEES has been reported to upregulate both
K10, a differentiation marker, and K6, a marker of epithelial wound repair and cell

migration (Black et al., 2010a; Chang et al., 2014).

4.0 Endocannabinoid System

4.1 Endocannabinoids

Endocannabinoids act as lipid signaling mediators and are found throughout the
body, where they are responsible for diverse biological effects (Maccarrone et al., 2010;
Fezza et al., 2014). They are amides, esters and ethers of polyunsaturated fatty acids
(PUFAs) (Kendall and Nicolaou, 2013; Fezza et al., 2014). The endocannabinoid
system is comprised mainly of the two endocannabinoids, anandamide (AEA) and 2-
arachidonoylgylcerol (2-AG); two classical cannabinoid (CB) receptors; enzymes

responsible for endocannabinoid catabolism: fatty acid amide hydrolase (FAAH) and
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monoacylglycerol lipase (MAGL); and synthesis: N-acyltransferase (NAT), N-
acylphosphatidylethanolamine-phospholipase D (NAPE-PLD) (Pertwee, 2014).

Anandamide (AEA) and 2-arachidonoyl glycerol (2-AG) are the main endogenous
agonists of the cannabinoid receptors. These lipids are not stored in vesicles, but are
synthesized on-demand and interact with hydrophobic moieties including phospholipid
domains and serum albumin (Nicolussi and Gertsch, 2015). Effects of endocannabinoid
signaling mimic pharmacological effects of A°-tetrahydrocannabinol (THC), the active
component of marijuana and hashish, whose benefits include pain relief and reduction of
inflammation (Pertwee, 2014; Turcotte et al., 2015). Other N-acylethanolamines have
been reported to bind and signal through CB receptors: N-palmitoylethanolamine (PEA)
and N-oleyolethanolamine (OEA), both of which reduce inflammation and edema in in
vivo models (Sun et al., 2006; Petrosino et al., 2010). AEA, PEA and OEA also bind to
peroxisome proliferator activator receptors (PPARS) (Sun et al., 2006; O'Sullivan and
Kendall, 2010).

4.2 Biosynthesis, Transport & Metabolism of Anandamide

AEA and other N-acylethanolamines are synthesized from the lipid membrane
precursor N-acylphosphatidylethanolamines (NAPES) in response to an increase in
intracellular Ca?* concentrations from processes such as cell depolarization, or
mobilization of intracellular Ca?* stores (Maccarrone et al., 2010; Fezza et al., 2014).
NAPEs are synthesized by Ca?*-dependent or —independent N-acyltransferases (NAT),
which catalyze the transfer of an acyl moiety from phosphatidylcholine to the head group
of phosphatidylethanolamine (Maccarrone et al., 2010; Fezza et al., 2014). Different
NAE precursors are generated depending on which fatty acid is transferred to the head
group of PE, palmitic acid and arachidonic acid result in PEA and AEA precursors,
respectively (Maccarrone et al., 2010; Kendall and Nicolaou, 2013). Several routes of

NAE synthesis from NAPEs have been reported. N-acylphosphatidylethanolamine
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phospholipase D (NAPE-PLD) releases NAE from NAPE. Another mechanism involves
phospholipase C (PLC) generation of phospho-N-acylethanolamine (P-NAE), with
subsequent phosphate group removal by a protein tyrosine phosphatase (i.e. PTPN22).
The NAE-synthesis intermediate lyso-NAPE can be generated by elimination of one acyl
chain from NAPE by the a/f hydrolase domain 4 (ABDH4). Lyso-NAPE can either be
hydrolyzed to NAE by lyso-phosphospholipase D (lyso-PLD), or to glycerophospho-N-
acylethanolamine (GP-NAE) by ABDH4. In the case of GP-NAE,
glycerophosphodiesterase GDEL1 then converts GP-NAE to NAE (Maccarrone et al.,
2010; Fezza et al., 2014).

AEA is lipophilic, acting either as an autocrine or paracrine messenger near its
site of production (Maccarrone et al., 2010). Binding of AEA triggers activation of non-
selective ion channels and protein kinases, and increases in intracellular Ca?*
concentration followed by mitochondrial uncoupling and cytochrome c release
(Maccarrone et al., 2010; Fonseca et al., 2013). AEA is a partial agonist at both CB
receptors (Pertwee et al., 2010; Fonseca et al., 2013). Similar to THC, AEA has lower
affinity for CB2 than CB1 (Pertwee et al., 2010; Fonseca et al., 2013). Additional targets
of AEA include the intracellular TRPV-1 receptor and the nuclear PPARs (Maccarrone et
al., 2010; De Petrocellis et al., 2011). AEA activates CB receptors at concentrations in
the low micromolar/nanomolar range, TRPV-1 in the low micromolar and PPARs in the
high micromolar ranges (Howlett et al., 2010; Maccarrone et al., 2010; Pertwee et al.,
2010; De Petrocellis et al., 2011).

Alternative models for the mechanism of uptake and transport of AEA have been
proposed, including passive diffusion assisted by formation of AEA-cholesterol
complexes, simple diffusion facilitated by FAAH activity, facilitated transport across the
plasma membrane followed by carrier-mediated intracellular transport, and endocytosis

involving caveolae (Di Pasquale et al., 2009; Yates and Barker, 2009; Nicolussi and
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Gertsch, 2015). Experimental evidence also exists for an anandamide membrane
transporter (AMT), however it has not yet been cloned (Nicolussi and Gertsch, 2015).
Another hypothesis proposes that adiposomes act as shuttles for AEA transport as well
as sites for AEA catabolism (Maccarrone et al., 2010).

After synthesis and transport, AEA is rapidly hydrolyzed into arachidonic acid
(AA) and ethanolamine, primarily by the membrane-bound enzyme fatty acid amide
hydrolase (FAAH) (Cravatt et al., 2001; Di Marzo and Petrosino, 2007). Elevated brain
levels of endogenous AEA, as well as PEA and OEA have been reported in FAAH
knockout mice and in mice treated with URB597 or JNJ-40355003, specific FAAH
inhibitors (Cravatt et al., 2001; Fegley et al., 2005; Keith et al., 2012).

Two isoforms of FAAH have been identified, FAAH-1 present in both humans
and rodents, and FAAH-2, found mainly in higher placental mammals including most
primates, but excluding many lower placental mammals including rodents (Wei et al.,
2006; Maccarrone et al., 2010; Keith et al., 2012). FAAH-2 shares 20% sequence
homology with FAAH-1 and hydrolyzes fatty acid amide substrates at equivalent rates,
although FAAH-1 is more active with N-acylethanolamine substrates such as AEA (Wei
et al., 2006; Keith et al., 2012). AEA can also be metabolized by lysosomal N-
acylethanolamine-hydrolyzing acid amidase (NAAA), although this enzyme has greater
affinity for PEA (Maccarrone et al., 2010; Tai et al., 2012).

AEA can be oxygenated to arachidonic acid by COX-2, LOX and several
CYP450 isoforms in a similar mechanism (Maccarrone et al., 2010; Turcotte et al.,
2015). COX-2 metabolizes AEA into the prostaglandin ethanolamides (prostamides)
PGG:2-EA, PGH2-EA, PGD2-EA, PGE2-EA, PGF2-EA, and PGI>-EA (Yu et al., 1997,
Kozak et al., 2002; Turcotte et al., 2015). In vivo, FAAH knockout mice produce PGD»-
EA, PGEx>-EA, PGF-EA after treatment with 50 mg/kg anandamide, the dose required

to observe behavioral effects (Weber et al., 2004). PG-EAs are weaker activators of
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CB1, CB2 and PG receptors than AEA (Berglund et al., 1999; Woodward et al., 2003).
They can directly activate PPARy and prostaglandin E- receptors, and studies suggest a
specific PG-EA receptor (Woodward et al., 2008). PGF.4-EA has an identical
pharmacological profile to the PGF24 analog bimataprost, an ocular hypotensive drug
used to treat glaucoma, which also exerts hypertrichotic effects in murine hair follicles
(Woodward et al., 2003; Woodward et al., 2013; Fezza et al., 2014).

In mammals, arachidonic acid and AEA are metabolized by 5-, 12-, and 15-LOX
enzymes (Turcotte et al., 2015). Oxidation of AEA by 12- and 15-LOX leads to the
biosynthesis of 12(S)- and 15(S)-hydroperoxyeicosatetraeonyl-EA (12- and 15-HpETE-
EA), which are then reduced to their hydroxyl derivatives (12- and 15-HETE-EA)
(Turcotte et al., 2015). These mediators bind and exert their effects primarily through
vanilloid receptors, although 12-HETE-EA binds minimally to CB1 (Turcotte et al., 2015).

CYP450 metabolites of AEA include 20-HETE-EA, and 5,6-, 8,9-, 11,12-, and
14,15-epoxyeicosatetrienoic (EET-EA). EET-EAs and HETE-EAs bind to CB1 and CB2
receptors with different affinities than AEA (Zelasko et al., 2015). 5,6-EET-EA binds to
CB2 with 1000-fold greater affinity than AEA and also degrades more slowly, so it may
have more potential to react at CB2 (Snider et al., 2009; Zelasko et al., 2015). 5,6-EET-
EA binds CB2 with a 300-fold higher affinity than CB1 (8.9 nM vs. 3.2 uM), indicating
that CYP oxidation may play a more prominent role in CB2 activation than AEA (Snider
et al., 2009; Zelasko et al., 2015). The 14,15-EET-EA and 20-HETE-EA have shorter
half-lives and bind CB1 with a lower affinity than AEA, and may be less potent at this
receptor (Sridar et al., 2011; Zelasko et al., 2015).

4.3 Palmitoylethanolamine

PEA is an endogenous anti-inflammatory lipid member of the N-
acylethanolamine family produced by most mammalian cells (Petrosino et al., 2010).

PEA is synthesized from the phospholipid precursor N-palmitoyl-
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phosphatidylethanolamine and inactivated by both fatty acid amide hydrolase (FAAH)
and N-acyl-ethanolamine-hydrolyzing acid amidase (NAAA) to palmitic acid and
ethanolamine (Petrosino et al., 2010). Several hypotheses have been suggested to
explain the anti-inflammatory and analgesic effects of PEA (Petrosino et al., 2010). It
may downregulate degranulation of mast cells, directly stimulate CB2 or a CB2-like
receptor (Petrosino et al., 2010). Other studies suggest PEA may participate in an
entourage effect by enhancing the effects of AEA at CB1, CB2 or TRPV-1 receptors, by
either inhibiting FAAH expression or allosterically stimulating TRPV-1 receptors (Di
Marzo et al., 2001; Ho et al., 2008). Finally, anti-inflammatory and analgesic effects
were observed through PEA binding to PPARa (LoVerme et al., 2006).

4.4 Endocannabinoid Receptors

CB1 and CB2 are considered the classical CB receptors, both of which bind AEA
and 2-AG but with different affinities (Pertwee et al., 2010). Matsuda et al. cloned CB1
from rat brain cortex in 1990, and determined it was responsible for the pharmacological
effects of A°-THC, the main psychoactive compound in cannabis (Matsuda et al., 1990).
Human and rat cDNA CB1 analogs were subsequently cloned, and although the two had
different amino acid chain lengths (rat 473 and human 327 amino acids), their sequence
homology was 97 — 99% (Howlett, 2002). CB2 was identified in and cloned from human
promyelocytic leukemic HL60 cells (Munro et al., 1993). This receptor was only 360
amino acids in length, and had only 40% homology with CB1 (Brown et al., 2013).

Activation of CB receptors inhibits adenylate cyclase activity and activates MAPK
by signal transduction through Gj, proteins, as evidenced by their sensitivity to pertussis
toxin (Howlett, 2005; Pertwee et al., 2010). In addition, CB receptor signaling can
modulate ERK1/2 and PI3K/Akt signaling pathways (Maccarrone et al., 2003; Jia et al.,
2006; Ozaita et al., 2007). CB1 is coupled through G, proteins to ion channels;

positively to A-type and inward rectifying potassium channels, and negatively to N- and



27

P/Q-type calcium channels (Howlett, 2002; Pertwee, 2005; Pertwee et al., 2010). CB1
can also activate adenylyl cyclase by coupling to Gs proteins; however, the signaling
mechanisms have not been fully elucidated and may involve cross talk between CB1
and non-CB receptors, or two subpopulations of CB1, one signaling through G, and
another through Gs (Calandra et al., 1999; Pertwee et al., 2010). CB2 modulates Ca?*
channels less than CB1, but also promotes MAPK activation (Pacher and Mechoulam,
2011).

Four major agonist classes for the CB receptors are: classical CBs, structurally
similar to and including AS-THC and the synthetic (-)-11-hydroxy-A8-THC-dimethylheptyl
(HU-210) (Slipetz et al., 1995; Song and Bonner, 1996); non-classical CBs, including
CP55940, a full agonist at both CB receptors (Brown et al., 2013; Deng et al., 2015);
aminoalkylindoles, including WIN 55,212-2, a potent and effective agonist at both CB
receptors used extensively in CB receptor research; and the endocannabinoids,
including AEA and 2-AG (Brown et al., 2013). Synthetic analogs of AEA which
selectively activate CB1 include R-(+)-methanandamide-arachidonoyl-2'-
chloroethylamide (ACEA) and arachidonoylcyclopropylamide (ACPA); and of 2-AG,
noladin ether (Pertwee, 2010). Selective synthetic CB2 activators include JWH-133, a
classical (retains natural cannabinoid ring structures and oxygens) CB; HU-308, a non-
classical CB and JWH-015 and AM1241, aminoalkylindoles (Pertwee, 2010).

CBL1 receptors are abundant in CNS neurons, and can be found in liver, adipose
tissue, vascular tissue, cardiomyocytes, reproductive tissue, immune cells, bone and
skin (Howlett et al., 2010). CB2 receptors were once thought to be found primarily in the
immune system, however later studies revealed possible roles in mobilization of
hematopoietic stem and progenitor stem cells; and they have been detected at low
levels in bone, myocardium or cardiomyocytes, human vascular smooth muscle cells,

activated hepatic stellate cells, mouse and human exo- and endocrine pancreas,
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endothelial cells, reproductive organs and cells, the skin and in some human tumors
(Pacher and Mechoulam, 2011). They can also be found in some regions of the brain,
spinal cord and dorsal root ganglia, neurons of the myenteric and submucosal plexus of
the enteric nervous system, and in activated microglia (Pacher and Mechoulam, 2011).
CB2 receptor expression can be markedly upregulated in some pathological/disease
states, accompanied by increased endocannabinoid levels as part of the inflammatory
response (Pacher and Mechoulam, 2011).

4.5 Involvement of Non-Classical Receptors with Endocannabinoid System

a. Peroxisome proliferator-activated Receptor (PPARa)

PPARa is a member of the PPAR nuclear receptor family. PPARs form
heterodimers with the retinoid X receptor (RXR) then bind the PPAR response element
(PPRE), a specific DNA element to activate gene transcription (Straus and Glass, 2007).
PPARa activation regulates the transcription of enzymes controlling -oxidation,
mitochondrial B-oxidation, activation of fatty acids to acyl-CoA derivatives, microsomal ®-
oxidation, ketogenesis and lipoprotein metabolism (Sertznig et al., 2008). Active
synthesis of cholesterol and fatty acids occurs in the epidermis, and PPARa activation
by these ligands induces keratinocyte differentiation, inhibits inflammation, and improves
permeability barrier function (Schmuth et al., 2004). Endogenous PPARaligands also
include LTB4 and 8-HETE, the anti-inflammatory omega-3 fatty acids docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA), along with the endocannabinoids AEA,
PEA and OEA (Straus and Glass, 2007; Grygiel-Gorniak, 2014). Synthetic ligands
include fibrates (i.e. finofibrate, clofibrate), gemfibrozil, GW7647, and Wy14643 (Straus
and Glass, 2007). PPARa is also activated by the NSAIDs indomethacin and ibuprofen
(Lehmann et al., 1997). PPARa has been called the PEA receptor; PEA directly

activates PPARa with an ECso of approximately 3uM (Lo Verme et al., 2005). Unlike the
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structurally analogous OEA, it does not activate PPARB/y. Anti-inflammatory effects of
PEA signaling through PPARa include reduced expression of iINOS, COX-2, and TNFa
(Lo Verme et al., 2005; D'Agostino et al., 2009).

In the rodent and human skin, PPARa is expressed in keratinocytes, dermal
cells, sebaceous glands and Langerhans cells (Hanley et al., 1998; Michalik et al., 2001,
Dubrac and Schmuth, 2011). Macrophages and T-cells found in skin also express
PPARa (Cunard et al., 2002; Babaev et al., 2007; Dubrac and Schmuth, 2011).

b. Transient receptor potential vanilloid receptor-1 (TRPV-1)

TRPV-1 is a cation channel predominantly expressed in sensory neurons,
hepatocytes and pancreatic cells, epithelial, endothelial, and smooth muscle cells, as
well as lymphocytes (Brown et al., 2013). In the skin, it is found on human epidermal
and hair follicle keratinocytes, dermal mast cells, Langerhans cells and sebocytes
(Stander et al., 2005; Biro et al., 2009; Toth et al., 2011a). It was first cloned as a
receptor for capsacin, the vanilloid ingredient in hot chili peppers (Toth et al., 2011a). Its
expression is modulated by a number of inflammatory skin conditions, including
psoriasis, allergic contact and atopic dermatitis, UV exposure and mastocytosis (Toth et
al.,, 2011a). TRPV-1is activated by protons (pH<5.9), increased temperatures (T>42°C),
and anandamide and some of its analogs (Toth et al., 2011a; Brown et al., 2013).

c. GPR55

Studies have indicated some cannabinoid signaling is mediated neither by CB1
nor CB2, and that other receptors may be involved (Pertwee, 2010; Brown et al., 2013;
Yamashita et al., 2013). Several studies have suggested that GPR55, an orphan GPCR
sometimes referred to as CB3, may indeed be a cannabinoid receptor (Ryberg et al.,
2007; Yamashita et al., 2013). It is widely expressed throughout the human body, and

has also been detected in murine epidermis where it supports keratinocyte proliferation
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(Andradas et al., 2011; Perez-Gomez et al., 2013). Structurally it is unrelated to either
cannabinoid receptor; it has low sequence identity to both CB1 (13.5%) and CB2
(14.4%), and lacks the cannabinoid binding pocket typical to both CB receptors (Petitet
et al., 2006). GPR55 is a member of the non-Edg P2Y receptor family, which includes
receptors for lysophospholipids (i.e. LPA, lyso-PS). LPI binding rapidly increased both
the phosphorylation of ERK and intracellular Ca?* levels, indicating it is an LPI receptor
(Andradas et al., 2011; Yamashita et al., 2013). The highest biological activity (ECso =
30 nM) was observed with 2-arachidonoyl LPI (Yamashita et al., 2013). GPR55 has
been reported to be activated by cannabinoids such as THC, or the endocannabinoids
AEA and 2-AG (Yamashita et al., 2013). However, because of conflicting data on its
effects in ERK1/2 phosphorylation, GTPyS binding and calcium mobilization, it has not
been included as a member of the cannabinoid receptor family (Brown et al., 2013).

4.6 Fatty Acid Amide Hydrolase (FAAH)

FAAH is a 60kDa integral membrane protein that degrades fatty acid primary
amides including AEA, PEA and OEA, and esters (Vacondio et al., 2011). Itis a
member of the serine hydrolase superfamily, amidase signature family localized to the
endoplasmic reticulum (Giang and Cravatt, 1997; Oddi et al., 2005; Seierstad and
Breitenbucher, 2008; Ahn et al., 2009). FAAH can hydrolyze both AEA and 2-AG, but
the primary inactivator of 2-AG in the brain and periphery is MAGL, a serine hydrolase
which hydrolyzes medium- and short-chain fatty acid esters (Turcotte et al., 2015).
Recent evidence demonstrates FAAH is a critical regulator of endogenous cannabinoid
levels, and that accumulation of AEA through FAAH inhibition can reduce pain and
inflammation (Pertwee, 2014). FAAH is expressed in murine and human keratinocytes
and fibroblasts (Maccarrone et al., 2003; Palumbo-Zerr et al., 2012). Thus, this enzyme
could be utilized as a therapeutic target for treatment of pain, inflammation and skin

pathologies.
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Structurally, FAAH is made up of channels and cavities that are involved in both
substrate and inhibitor binding (Mor et al., 2004; Seierstad and Breitenbucher, 2008; Ahn
et al., 2009). Unlike other serine hydrolases, FAAH possesses an unusual catalytic
triad, Ser241-Ser217-Lys142, that is distinct from other serine hydrolases which have a
characteristic His-Ser-Asp (Seierstad and Breitenbucher, 2008; Ahn et al., 2009). Three
major enzyme structures are the membrane access channel connecting an opening
located at the membrane-anchoring side of the enzyme to the active site; the cytosolic
port, which may permit hydrophilic products to exit the active site for release to the
cytosol; and the acyl chain-binding pocket, which participates in catalysis by interacting
with the substrate acyl chain (Mor et al., 2004; Ahn et al., 2009).

Catalysis begins with nucleophilic attack of the catalytic Ser241 on the carbonyl
group of the substrate, which causes formation of a tetrahedral intermediate (Otrubova
et al., 2011). Upon collapse of the intermediate, the amine and the enzyme-bound acyl
intermediate are released. Lys142 mediates the deprotonation of Ser241 by acting as a
general base-acid, followed by the protonation of the leaving group which is first bound,
then released, by Ser217 (Otrubova et al., 2011). Water mediates the termination of the
reaction through deacylation of the enzyme-bound acyl intermediate. The free fatty acid
is released, leaving the active enzyme free to bind another substrate (Otrubova et al.,
2011).

4.7 FAAH Inhibition

Several classes of FAAH inhibitors have been reported. Reversible inhibitors
(such as a-ketoheterocycles) are more selective for FAAH in comparison with other
mammalian serine hydrolases, but tend to produce only brief increases in AEA
concentrations in vivo (Lichtman et al., 2004; Otrubova et al., 2011). Since in vivo
concentrations of reversible FAAH inhibitors may be reduced by their rapid metabolism,

a substantial reduction (>85%) of FAAH activity is necessary to maintain elevated levels
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(Fegley et al., 2005). In addition, FAAH inhibition leads to an increase in levels of N-
acylethanolamine substrates which can compete with the inhibitor, reducing its
effectiveness and potency (Ahn et al., 2009).

Earlier carbamate-based FAAH inhibitors, URB524 and later URB597 were O-
aryl carbamates derived from a known AChE inhibitor (Mor et al., 2004; Otrubova et al.,
2014). Results of kinetics studies showed these carbamates were non-competitive and
nondialyzable, suggesting an irreversible, covalent modification of the enzyme (Otrubova
et al., 2011). The activated carbamate carbonyl contributed to inhibitor effectiveness
(Mor et al., 2004; Otrubova et al., 2011). Subsequent QSAR studies revealed that
compound activity was inversely correlated with phenol leaving group lipophilicity, and
that the carbamate bound to Ser241 in the active site (Alexander and Cravatt, 2005).
The endogenous cannabinoid AEA and many FAAH inhibitors reported in the literature
including ureas and carbamates are amides or amide analogs, however, other
compounds, including ketones, aldehydes, phenols (Propofol) and esters have been
studied (Seierstad and Breitenbucher, 2008).

Studies combining the use of both FAAH and COX-2 inhibitors suggest that dual-
action FAAH/COX-2 inhibition may reduce pain and inflammation activity without the
undesirable side effects associated with NSAIDs (Bertolacci 2013; Cipriano 2013; Grim
2014). NSAIDs are also known to be weak inhibitors of FAAH (Ibuprofen 1Cs0=130 uM;
Indomethacin ICs0=45uM, pH 7.2) and the inhibitory potency of both compounds for
FAAH is increased at an acidic pH ((R)-ibuprofen ICs0=55 pM; indomethacin ICs0=17 puM,
pH 6.0) (Fowler et al., 2003; Holt et al., 2007). It has been suggested that the non-
ionized form of acidic NSAIDs is responsible for FAAH inhibition, and this may affect
binding (Holt et al., 2001; Fowler et al., 2003). A more recent study showed that
carprofen, an ibuprofen analog, did not bind FAAH in the active site core but to residues

at the entrance of the membrane access channel, and that ICsg values were reduced at
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pH 6.0 (Bertolacci et al., 2013). Preincubation with URB597, a carbamate known to bind
within the inner core of the substrate binding cavity did not affect carprofen binding,
further suggestive of an alternate binding site (Bertolacci et al., 2013).

4.8 Endocannabinoid System Role in Skin Inflammation

a. FAAH

Recent studies suggest FAAH can be targeted to treat inflammatory conditions.
Elevated levels of AEA and 2-AG have been measured in rheumatoid arthritis and
osteoarthritis patients, suggesting these anti-inflammatory endocannabinoids are
released to protect degrading arthritic connective tissues (Richardson et al., 2008). In
gastrointestinal models, FAAH knockouts or WT mice treated with URB597 showed
reduced levels of MPO activity, ulceration and edema after treatment with DNBS/TNBS
or oral DSS (Massa et al., 2004; Storr et al., 2008).

FAAH has also been reported to modulate inflammatory activity in murine skin
models. The carrageenan inflammation model uses an intraplantar injection of A-
carrageenan in the rodent hind paw to elicit local edema and hyperalgesic reponses to
thermal and tactile stimuli. FAAH (-/-) mice and mice treated with FAAH inhibitors
display elevated levels of AEA and other bioactive fatty acid amides, along with reduced
edema and inflammation compared to controls (Cravatt et al., 2004). The response in
FAAH (-/-) mice was unaffected by CB1 or CB2 receptor antagonists, suggesting it may
be attributed to PEA (Wise et al., 2008). FAAH inhibition by URB597 reduced paw
edema through a CB2-dependent mechanism (Holt et al., 2005).

The Complete Freund’'s Adjuvant (CFA) rodent inflammation model uses an
antigen solution of inactivated, dried mycobacterium emulsified in saline, which is
injected into a murine hind paw (Billiau and Matthys, 2001; Fehrenbacher et al., 2012).
Injection causes a strong immune response, including granulomas, tissue lesions and

inflammatory pain resembling arthritis (Schlosburg et al., 2009). Methanandamide, an
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AEA analog resistant to FAAH activity reduced mechanical allodynia, an effect blocked
by the CB1 antagonist AM251 (Potenzieri et al., 2008). URB597 treatment suppressed
both thermal and mechanical threshold sensitivity, both effects reversed by CB1 and
CB2 antagonists (Jayamanne et al., 2006).

Genetic deletion of FAAH was also effective against inflammation due to allergic
contact dermatitis. Repeated exposure of mice to the contact allergen 2,4-
dinitrofluorobenzene (DNFB) produces swelling of the ear pinnae. FAAH (-/-) mice
displayed a significantly less swelling than wild-type controls after DNFB application.
Increased AEA levels and expression of CB2 mRNA were reported after repeated DNFB
treatments, while CB1 and CB2 compromised mice displayed a significant increase in
ear swelling (Karsak 2007).

More recently, Olah et al. reported that TLR-2 activation by lipoteichoic acid
(LTA) increased FAAH activity in NHEK and human immortalized HPV-KER cells, and
that the carbamate FAAH inhibitors URB597, WOBE440 and WOBE479 prevented
upregulation of the pro-inflammatory cytokines IL-1a., IL-1p, IL-6 and IL-8. Combined
antagonism of both CB receptors abolished the effects of the FAAH inhibitors,
suggesting the anti-inflammatory effects were due to signaling through these receptors.
Using an NC/Tnd mouse model of atopic dermatitis, they showed that topically applied
FAAH inhibitors reduced ear swelling in the ears of antigen-exposed mice (Olah et al.,
2016).

b. CB1 Receptor

CB1 receptors participate in the regulation of inflammatory responses and barrier
repair in skin (Karsak et al., 2007; Gaffal et al., 2013). CB1(-/-) mice with skin disrupted
by tape-stripping displayed delayed barrier recovery and decreased expression of
filaggrin, loricrin and involucrin, markers of terminal differentiation, in both control and

tape-stripped animals (Roelandt et al., 2012). In a mouse model of dinitrofluorobenzene
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(DFNB) induced contact hypersensitivity, CB1(-/-) mice exhibited a greatly increased
inflammatory response, including elevated expression of CXCL10 and CCL8 (Gaffal et
al., 2013). These proinflammatory chemokines regulate recruitment of effector T cells
and myeloid immune cells, respectively, and are associated with Th-2-type allergic
inflammatory responses (Karsak et al., 2007; Gaffal et al., 2013). CB1(-/-) mice also
displayed a time-dependent, significant increase in proliferation of epidermal
keratinocytes and epidermal thickness and after exposure to DNFB (Karsak et al., 2007;
Gaffal et al., 2013). In a model of fluorescein isothiocyanate (FITC)-induced atopic-like
dermatitis, CB1 deletion resulted in increased ear swelling after FITC challenge. In
addition, mRNA expression of fillagrin, loricrin, and keratin 10 in the epidermis were
significantly reduced in CB1(-/-) mice (Gaffal et al., 2014). Increased mRNA levels of IL-
4, CCL8 and eosinophil peroxidase (EPO) were observed (Gaffal et al., 2014).
Activation of CB1 in HaCaT and NHEK keratinocytes by AEA inhibited the formation of
cornified envelopes, a key indicator of keratinocyte differentiation (Maccarrone et al.,
2003; Paradisi et al., 2008). AEA treatment also reduced expression of differentiation—
associated transglutaminase 5, keratin 1 and keratin 10 genes (Paradisi et al., 2008).
Treatment of differentiating keratinocytes with ACEA, a selective agonist of CB1, led to a
significant decrease in K10 expression and increase of DNA-methyltransferase (DNMT)
activity, indicating induction of K10 expression by AEA may be regulated by DNA
methylation (Paradisi et al., 2008). AEA was found to activate CB1 signaling through
p38 and p42/p44 MAPK pathways (Bouaboula et al., 1995; Lui et al., 2000). Selective
inhibitors of p38 MAPK restored K10 expression fully, while preventing the AEA-
dependent increase in DNMT in AEA-treated differentiating keratinocytes (Paradisi et al.,
2008). A selective inhibitor of p44/p42 MAPK had a lesser, though significant effect
(Paradisi et al., 2008), suggesting CB1 signaling through the p38 MAPK pathway had a

significant effect on gene and protein expression of differentiation-related markers and
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that the anti-differentiating effect of AEA is CB1-dependent (Maccarrone et al., 2003;
Paradisi et al., 2008).

c. CB2 Receptor

CB2 receptors are expressed in human and murine keratinocytes (Karsak et al.,
2007; Zhang et al., 2010; Gaffal et al., 2013) and immune cells (macrophages,
monocytes, NK cells, neutrophils and B and T cells) (Galiegue et al., 1995; Klein et al.,
2003). Human immortalized SZ95 sebocytes mainly express CB2 receptor, and studies
by Dobrosi et al. suggest CB2 is expressed in undifferentiated epithelial cells of the
sebaceous gland. AEA and 2-AG treatment increased lipid production and induced cell
death primarily by apoptosis, and involving the MAPK pathway. Endocannabinoids
upregulated key lipid synthesis genes (PPARs and their target genes), an effect which
was suppressed in cells with RNAi knockdown of CB2 or treatment with AM-630, a CB2-
specific antagonist (Dobrosi et al., 2008).

Recent studies have described CB2 involvement in inflammatory responses and
fibrotic tissue injury repair, however the role of CB2 in skin inflammation is controversial
(Kupczyk et al., 2009; Zheng et al., 2012). Exacerbated chronic allergic inflammation
was observed in CB1/2t) mice injected i.p. with the CB2 receptor antagonist SR144528
(Karsak et al., 2007). In contrast, oral or topical administration of SR144528 reduced
acute skin inflammatory responses. Oka et al. observed CB2 activation during
inflammation. Treatment with a selective CB2 receptor antagonist blocked ear swelling,
reduced leukotriene B, production and neutrophil infiltration in the mouse ear.
Application of the endocannabinoid 2-AG produced swelling in the mouse ear in an NO-
mediated reaction (Oka et al., 2005). In a DNFB allergic inflammation model, Ueda et al.
reported administration of the selective CB2 receptor inverse antagonist JTE-907 and
the CB2 receptor antagonist SR144528 suppressed allergic inflammation (Ueda et al.,

2005).
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d. PPARa

PPARa is expressed in both murine and human keratinocytes, and is activated
by the endocannabinoids AEA, OEA and PEA (Fu et al., 2003; LoVerme et al., 2006;
Sun et al., 2006). In particular, PPARa activation by PEA has been shown to reduce
inflammation in murine models of atopic and allergic dermatitis (LoVerme et al., 2006;
D'Agostino et al., 2007; Chiba et al., 2012). PPARa reduces inflammation through
induction of anti-inflammatory proteins such as IkBa, which binds to NF-kB and prevents
its translocation into the nucleus and subsequent transcription of pro-inflammatory
mediators such as TNFa, iNOS, IL-1, COX-2 (Sheu et al., 2002; Dubrac and Schmuth,
2011). In both in vitro and in vivo models, PPARa ligands stimulate keratinocyte
differentiation and suppress proliferation (Hanley et al., 1998; Sheu et al., 2002).

4.9 Endocannabinoid System in Wound Healing

Recent studies suggest signaling through CB1 receptor is involved in wound
healing in some tissues (Wright et al., 2005; Kozono et al., 2010; Ramot et al., 2013).
Upregulation of CB1/CB2 expression was reported in fibroblasts and macrophage-like
cells in granulation tissue in a rat wound-healing model. In human periodontitis patients,
AEA levels increased in gingival crevicular fluid post periodontal surgery. In a model of
periodontal healing, AM250 & AM630, selective antagonists of CB1 and CB2
respectively, attenuated proliferation of human gingival fibroblasts (HFGs) induced by
AEA in vitro (Kozono et al., 2010). A CB1/CB2 agonist induced phosphorylation of ERK
(1/2), p38 MAPK, and Akt in HGFs. Inhibitors of MAP kinase kinase (MEK or MAPKK),
p38 MAPK, and phosphoinositol 3-kinase (P13-K) significantly suppressed wound
closure in an in vitro scratch assay (Kozono et al., 2010).

Wound closure by cannabinoids was enhanced alone or in combination with
lysophosphatidic acid (LPA) in a model of inflammatory bowel disease (IBD) (Wright et

al., 2005). LPA enhanced epithelial wound healing in the colon by increasing cell
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migration and in a rat colitis model, animals showed reduced weight loss, mucosal
inflammation and necrosis (Sturm et al., 1999). The CB1-specific agonist ACPA induced
wound closure in HT29 and DLD1 colonic epithelial cells. The effect was reversed by
the CB1 antagonist AM251, and the CB2-specific agonist JWH133 had no effect on
wound closure. AEA, the endocannabinoid noladin ether (NE) and the CB1/2 agonist
WIN 55,212-2 induced ERK 1-2 phosphorylation in primary colonic epithelial cells.
Pretreatment with AM251 abolished the effect, showing ERK phosphorylation was CB1-
dependent. Pertussis toxin inhibited both spontaneous and ACPA-induced wound
closure, suggesting the mechanism involved coupling of CB1 and G; proteins. When
LPA was combined with AEA, NE and ACPA, wound closure increased. The effect was
not only blocked by addition of AM251 to the ACPA treatment, but also in spontaneous
wound closure (Wright et al., 2005). Taken together, these data suggest the

endocannabinoid system plays a role in the wound healing process.
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SUMMARY AND RATIONALE

Endocannabinoids including N-arachidonoylethanolamine (anandamide, AEA)
and 2-arachidonoyl glycerol (2-AG), along with the N-acylethanolamines
palmitoylethanolamine (PEA) and oleyolethanolamine (OEA), are important endogenous
fatty acid signaling molecules involved in regulating skin homeostasis and inflammation
(Biro et al., 2009; Kupczyk et al., 2009). These lipid-derived mediators function by
binding to cannabinoid receptors and other lipid signaling molecules, including the
peroxisome proliferator-activated receptor alpha (PPARa), a nuclear receptor important
in regulating lipid catabolism and inflammatory responses (Di Marzo et al., 2001,
O'Sullivan and Kendall, 2010; Dubrac and Schmuth, 2011; Kendall and Nicolaou, 2013).
Two primary endocannabinoid receptors, cannabinoid receptor 1 (CB1) and cannabinoid
receptor 2 (CB2), have been identified in the skin (Kupczyk et al., 2009; Pertwee, 2014).
Binding of AEA to keratinocyte CB1 has been shown to regulate growth, differentiation
and apoptosis (Maccarrone et al., 2003; Paradisi et al., 2008). CB2 is expressed in
keratinocytes, hair follicles and sebaceous glands (Stander et al., 2005; Karsak et al.,
2007; Telek et al., 2007; Dobrosi et al., 2008; Zheng et al., 2012). It is also found in skin
mast cells, macrophages, neutrophils, NK cells, and B and T cells (Galiegue et al., 1995;
Stander et al., 2005; Zheng et al., 2012; Gui et al., 2015). Endocannabinoid signaling
through CB2 upregulates genes for lipid synthesis, and immune cell signaling and
migration (Kishimoto et al., 2005; Ueda et al., 2005; Oka et al., 2006; Dobrosi et al.,
2008). PPARa has been identified in rodent and human keratinocytes, in sebaceous
glands and in T-cells, where it is thought to play a role in wound re-epithelialization,
sebocyte differentiation, and the resolution of inflammation (Michalik et al., 2001; Di-Poi
et al., 2004; Dubrac and Schmuth, 2011).

Inhibition of FAAH increases levels of endocannabinoids (Pertwee, 2014).

Alterations in expression and/or activity of FAAH, as well as CB1, CB2 and PPARa have
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been linked to a number of skin diseases in animal models including allergic contact
dermatitis, acute and chronic contact dermatitis, dermal fibrosis and skin tumor induction
(Biro et al., 2009; Kendall and Nicolaou, 2013). In human skin, endocannabinoids have
shown promise in treating pruritus secondary to cholestatic liver disease, histamine-
induced dermatitis, allergic contact dermatitis and xerosis (Neff et al., 2002; Dvorak et
al., 2003; Paus et al., 2006; Lambert, 2007).

Sulfur mustard (SM, bis[2-chloroethyl] sulfide) and nitrogen mustard (NM,
methylbis(2-chloroethyl)amine) are bifunctional alkylating agents first synthesized for
chemical warfare and are considered high priority chemical threats (Wattana and Bey,
2009). Depending on the dose and timing of exposure, mustards induce inflammation,
epidermal and dermal injury, blistering and scarring (Graham et al., 2009; Shakarjian et
al., 2010; Joseph et al., 2014). Wound healing can ensue, although repair depends on
the individual and extent of injury (Graham et al., 2005; Ghabili et al., 2010). Delayed
wound healing is also a characteristic of mustard-induced injury.

Arachidonic acid, a product of FAAH degradation of anandamide, is a pro-
inflammatory mediator which plays a role in the inflammatory response in skin conditions
such as atopic dermatitis, psoriasis, and after doses of UVA irradiation (Hawk et al.,
1983; Ruzicka et al., 1986; Fogh et al., 1989). Topical application of AA to mouse ear
skin causes an intense, acute inflammatory response, inducing synthesis of PGE;, LTC,
and LTD4, and can be measured as an increase in ear thickness (Chang et al., 1986).
The inflammatory response can be attenuated by application of lipoxygenase and
cyclooxygenase inhibitors (Opas et al., 1985; Chang et al., 1986). AA, PGE,, LTC, and
D, are produced as a result of SM exposure and play a role in the vesicant-induced
inflammatory response (Dachir et al., 2002; Black et al., 2010Db).

As endocannabinoids can modulate keratinocyte growth and differentiation, and

inhibition of FAAH plays a role in the attenuation various inflammatory conditions, the
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present studies were aimed at determining if NM and SM exposure are associated with
alterations in expression of proteins of the endocannabinoid system.

The central hypothesis of this dissertation is that the endocannabinoid
system is present in mouse skin and dermal appendages, and expression of
endocannabinoid proteins is modulated by vesicant exposure. Upregulation of
FAAH, an endocannabinoid-degrading enzyme, contributes to chemically-induced
skin inflammation, thus FAAH inhibition is a potential countermeasure to
vesicant-induced inflammation and injury. To test this hypothesis, three specific aims
were proposed:

Specific Aim 1. Characterize the expression of FAAH, CB1, CB2 and PPARa in
mouse skin and dermal appendages. To characterize the constitutive expression of
these proteins in mouse skin, we used immunohistochemistry on dorsal skin sections
taken from CD-1 treated with NM, and from SKH1-Hr hairless mice treated with SM.
Paraffin-embedded skin sections (6 yum) mounted on glass slides were stained with
antibodies to FAAH, CB1, CB2 and PPARa to evaluate constitutive levels of expression
in the epidermis, dermis and dermal appendages.

Specific Aim 2. Determine if vesicant treatment modulates expression of FAAH,
CB1, CB1 and/or PPARa. Similarly, dorsal skin sections from both CD-1 mice treated
with NM and SKH-1hr hairless mice treated with SM were evaluated for changes in
endocannabinoid protein expression using immunohistochemistry. Differences in
staining location and intensity in vesicant-treated mouse skin verses untreated mouse
skin indicated changes in endocannabinoid protein expression.

Specific Aim 3. Determine whether inhibition of FAAH suppresses the
inflammatory response to 12-O-tetradecanoylphorbol-13 acetate (TPA) or 2-
chloroethyl ethyl sulfide (CEES) exposure in mouse skin. We first used

structure/activity relationships to predict which compounds in our chemical library had
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the ability to inhibit FAAH. The candidates were screened for FAAH activity in vitro
using an inhibition assay. For in vivo studies, the compounds were applied to the ears of
CD-1 mice, followed by either TPA or CEES, and assessed for anti-inflammatory activity.
Taken together, the results of these experiments showed that the
endocannabinoid system is a target for vesicants in the skin, and that treatment with

FAAH inhibitors shows promise as a countermeasure to vesicant-induced injury.



43

PART 1: Specific Aims 1 & 2.

Endocannabinoids including AEA and 2-AG, as well as related N-
acylethanolamines, have been identified in the epidermis and dermis of both murine and
human skin (Kupczyk et al., 2009; Kendall and Nicolaou, 2013; Maccarrone et al., 2015).
They are thought to be important in regulating cell growth and differentiation, as well as
in controlling skin inflammation (Maccarrone et al., 2003; Biro et al., 2009; Kupczyk et
al., 2009). Endocannabinoids have also been detected in human skin suction blister
fluid, presumably generated in response to trauma where they likely function to suppress
inflammation and promote wound healing (Kendall et al., 2015). As NM and SM are skin
blistering agents, endocannabinoids are also likely to be generated in vesicant-induced
blisters.

Mouse models are used extensively by our group and others to evaluate the
effects of vesicants on the skin. Encouraged by preliminary results showing the
effectiveness of candidate FAAH inhibitors in the MEVM, we moved forward to
characterize the endocannabinoid system in mouse skin. Studies on the
endocannabinoid system by our lab are ongoing, necessitating a foundation for new
ideas and projects. Thus, the first two aims of this project were to first characterize the
expression of FAAH, CB1, CB2 and PPARa in mouse skin and dermal appendages,
then determine if vesicant treatment modulates expression of FAAH, CB1, CB1 and/or

PPARa.
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1. EXPERIMENTS

a. Animals

i. Mouse Strains

Two strains of mice, CD-1 and SKH1-Hr hairless mice were used in our studies.
The CD-1 mouse is inexpensive, readily available, polymorphic at a significant number
of loci and has a genetic history of similar complexity to a human founder population
(genetically diverse) (Aldinger et al., 2009). Because of these characteristics, they are
often used in toxicology and cancer research (Cui et al., 1993; Chia et al., 2005; Aldinger
et al., 2009). Another advantage is that their light skin color offers a better background
on which to observe injury and inflammatory changes.

SKH1-Hr hairless mice are an outbred, albino strain also frequently used in skin
research (Benavides et al., 2009). The mutant allele is hairless (Hr™) and the mutation is
autosomal recessive (Potter et al., 2001). Hr is located at the 70 Mb position of
chromosome 14, and encodes a transcriptional co-repressor protein binding to thyroid
hormone-, vitamin D- and retinoic acid receptor-related orphan receptors (Potter et al.,
2001; Benavides et al., 2009). At birth, Hr mRNA is normally expressed in the
suprabasal layers of the interfollicular epidermis, and in the hair follicle infundibulum in a
hair-cycle dependent manner (Panteleyev et al., 2000). The first coat develops
normally, but by 2 weeks after birth they begin losing hair. Hair loss starts at the eyelids
and proceeds caudally until approximately 3 weeks of age, when they are nearly hairless
(Benavides et al., 2009). At 5 weeks, a second wave of growth begins with development
of only a few abnormal tylotrich follicles and vibrissae, which are repeatedly shed
(Benavides et al., 2009). Histologically, there are two characteristic structures observed,
utriculi and dermal cysts (Panteleyev et al., 1998). A utriculus is a flask-shaped
structure connected to the skin surface, lined with hyperkeratotic epithelium. The dermal

cysts are lined with keratinized epithelium and found deep in the dermis (Panteleyev et
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al., 1998). In addition to these structures, differences from wild type mice include
enlarged sebaceous glands and dermal granulomas (Benavides et al., 2009). Hair
follicle structure abnormalities show during the first catagen stage, and the entire
regression process is dysregulated (Panteleyev et al., 1998). Despite these differences,
there are advantages to using this model. Depilation is unnecessary before application
of toxic or therapeutic agents and processes associated with wound healing and
inflammation are readily observed. The hairless mouse model has been used
successfully by our group and others in previous studies using chemical vesicants
(Joseph et al., 2011; Clery-Barraud et al., 2013; Jain et al., 2014; Tewari-Singh et al.,

2014).

b. Chemical Treatments

i. Nitrogen Mustard Application to Mouse Dorsal Skin:

All animals received humane care in compliance with institutional guidelines as
outlined in the National Institute of Health’s Guide for Care and Use of Laboratory
Animals. For NM experiments, female CD-1 mice, 8-10 weeks of age (Charles River
Laboratories) were used. Mice were anesthetized by intraperitoneal injection of
ketamine (80 mg/kg, Ketathesia, Henry Schein Animal Health, Dublin, OH) and xylazine
(12 mg/kg, Anased, Henry Schein Animal Health) and the hair on the dorsal lumbar
region shaved. Two six-millimeter diameter glass microfiber filters (GE Healthcare Life
Sciences, Buckinghamshire, UK) were placed on the shaved dorsal lumbar skin, on
either side of the spine. Twenty umoles of freshly prepared NM (20 pl of a 1 M solution
prepared in 20% water and 80% acetone (v/v) (Sigma, St. Louis, MO) or control solvent
was applied directly on the glass microfiber filters which were then covered with
Parafiim® M (Bemis NA, Neenah, WI). The filters were removed from the skin after 6

min. Mice were euthanized 1, 2, 3, 4 and 5 days post NM exposure and 12 mm full
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thickness skin punch biopsies of exposed areas immediately collected, trimmed, and
stored at 4°C in ice cold phosphate buffered saline (PBS) containing 2%
paraformaldehyde/3% sucrose. After 24 h, skin samples were rinsed in ice-cold PBS
containing 3% sucrose, transferred to ethanol (50%), and paraffin embedded. Skin
sections (6 ym) were prepared and stained with hematoxylin and eosin (H&E) for

analysis (Goode Histolabs, New Brunswick, NJ).

ii. Sulfur Mustard Application to Mouse Dorsal Skin:

For SM experiments, male CRL: SKH1-Hr hairless mice, 5 weeks of age
(Charles River Laboratories, Wilmington, MA) were used. Animals were exposed to SM
on the dorsal skin using a vapor cup model as previously described (Joseph et al.,
2014). Mice were euthanized 1, 3, 7, 14 and 21 days post-exposure and full thickness
skin punch biopsies of exposed areas prepared for immunohistochemistry as described
below. All experiments with SM were performed at MRIGlobal (Kansas City, MO). The
efficacy of candidate FAAH inhibitors was studied in the mouse ear vesicant model
(MEVM) as previously described (Babin et al., 2000; Casillas et al., 2000; Young et al.,
2012). The sulfur mustard analog 2-chloroethyl ethyl sulfide (65 pmoles) was used to
induce inflammation. To evaluate each compound, ears (3—4 mice per group) were
treated with 20 L of vehicle control (methylene chloride or acetone) or the test
compound (1.5 umol) in 20 uL of the appropriate vehicle. After 5 h, mice were
euthanized and ear punches (6 mm in diameter) were taken and weighed. Once the raw
data were obtained, masses of ear punches were averaged and the percent reduction of
vesicant-induced edema and inflammation was calculated using a previously described

method (Casillas et al., 2000).
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iii. CEES and TPA Applications to Mouse Ear (Mouse Ear Vesicant Model):

MEVM experiments were performed in collaboration with the laboratory of Mou-
Tuan Huang Ph.D., Rutgers Department of Chemical Biology at Rutgers University in
Piscataway, NJ. In studies using the MEVM, an irritant is applied topically to the mouse
ear, and after a period of time edema is induced, increasing the weight of the ear.
Application of anti-inflammatory agents can reduce or suppress irritant-induced
increases in ear weight (Babin et al., 2000; Casillas et al., 2000).

CEES (2-chloroethyl ethyl sulfide) is a potent skin vesicant and inflammatory
agent structurally related to sulfur mustard, used in earlier MEVM experiments to screen
for anti-inflammatory agents (Casillas et al., 2000). In this assay, female CD-1 mice (4-5
weeks of age, 6-10 animals/group) were treated on the inner surface of the right ear with
CEES (2.5 mg/mL) in methylene chloride or 20 microliters of methylene chloride
(control). Test compounds (1-2 micromoles) were applied to the ears as the
inflammatory agent. Animals were sacrificed after 6 hours and 6 mm diameter ear
punch biopsies taken and weighed. Anti-inflammatory activities of NDH compounds
were determined by the percent inhibition of CEES-induced edema as percent reduction
in ear weight (% REW) compared to controls:

% REW = CEES (cpd +CEES)exposed ear weight (right ear)—Vehicle control ear weight (left ear) X 100

Vehicle control ear weight (left ear)

TPA, also known as phorbol ester or 12-O-tetradecanoylphorbol-13 acetate, is a
topical inflammatory agent. Test compounds (1-2 micromoles) and TPA (1.5
micromoles) were applied to the inner surface of the right ears of female CD-1 mice (4-5
weeks of age, 6-10 animals/group). Animals were sacrificed after 6 hours and 6mm-

diameter ear punch biopsies were taken and weighed. Anti-inflammatory activity was



determined by relative percent inhibition of edema induced by TPA using the equation

above substituting TPA results for CEES.

c. Immunohistochemistry

Tissue sections were deparaffinized and blocked at room temperature with 1%
BSA for 1 h for FAAH, 25% normal goat serum for 2 h for CB2 and PPARa, or 25%
normal goat serum in 1% BSA for 2 h for CB1. Tissue sections were then incubated
overnight at 4°C with rabbit affinity purified polyclonal antibodies against FAAH (1:250;
Cayman Chemical, Ann Arbor, MI), CB1 receptor (1:250; Cayman Chemical), CB2
receptor (1:250; Cayman Chemical), PPARa (1:250; Cayman Chemical), IgG control
antibody or blocking peptide controls (Cayman Chemical, 1:1 FAAH amino acids 561-
579, CLRFMREVEQLMTPQKQPS, 1:10 CB1 receptor amino acids 461-472
MSVSTDTSAEAL, 1:1 CB2 receptor amino acids 20-33 NPMKDYMILSGPQK, 1:1
PPARa: amino acids 22-36 PLSEEFLQEMGNIQE). This was followed by incubation
with biotinylated goat anti-rabbit secondary antibody (1:200; Vector Laboratories,
Burlingame, CA) for 30 min at room temperature; binding was visualized using 3,3’-

diaminobenzidine (Vector Laboratories).

48
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2. RESULTS

a. NITROGEN MUSTARD

NM-induced alterations in mouse skin and dermal appendages.

Morphological changes in the skin and dermal appendages of CD-1 mice were
characterized following NM exposure. Control skin contained a thin layer of
differentiating epidermal cells, as well as developed dermal appendages including
prominent sebaceous glands and hair follicles within the papillary dermis (Fig.3). Within
1 day of NM exposure, alterations in dorsal skin structures were evident. The dermal-
epidermal junction was disorganized with aplastic nuclei within the basal layer. Edema
was apparent in the dermis, along with increased numbers of inflammatory cells. By
days 2-3 days post exposure, increased edema and inflammatory cell infiltrates were
noted in the papillary dermis. Thickening of the epidermis was evident with areas of
parakeratosis. Pyknosis and karyolysis were observed in the disorganized basal
keratinocytes within the wound region and a developing eschar was present.
Deteriorating sebaceous glands and hair follicles within the edematous dermis were
evident within the wound site. Extending beneath the eschar, a hyperplastic
neoepidermis was observed, while the stratum corneum appeared to wall off the eschar.
By 4-5 days post NM, hyperplastic epidermis was noted beneath the eschar, sitting on
compacted papillary and reticular dermis. Although separation was observed between
the dermis and epidermis, this appeared to be an embedding artifact. At the wound
margins, the epidermis was organized into a basal layer covered by a suprabasal layer
with basophilic staining granules. Remnants of pilosebaceous units were observed
within the epidermis and in the compacted dermis. After 5 days, the intact hyperplastic
epidermis extended across the wound bed. Both the stratum spinosum and stratum
granulosum were well-developed, while the stratum basale was disorganized with

cellular vacuoles, karyolitic and pyknotic nuclei. Parakeratosis was evident within a well-
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developed stratum corneum. Also of note was the development of rete at the
dermal/epidermal junction.

Effects of NM on expression of cannabinoid receptors and PPARa in mouse skin.

Skin from control CD-1 mice expressed low constitutive levels of CB1 and CB2
throughout the epidermis and dermal appendages (Figs. 4 and 5). Expression of these
receptors was noted in sebaceous glands and outer root sheaths of hair follicles.
Following NM exposure, CB1 was upregulated in the epidermis, pilosebaceous units and
inflammatory cells within the dermis, a response noted after 1-3 days (Fig. 4). Increased
CB2 was evident by 2-3 days post NM in the hyperplastic epidermis and degenerating
pilosebaceous units (Fig. 5). After 4-5 days, there was an overall decrease in
expression of CB1 and CB2 in the hyperplastic epidermis (Figs. 4 and 5 and not shown).
CB1 was primarily expressed in basal keratinocytes while CB2 was expressed in both
basal and suprabasal keratinocytes. Of note, increased CB2 was evident in the
uppermost layers of the stratum granulosum directly below the stratum corneum. A
marked increase in CB1 was evident in keratinocytes in the basal and spinous layers.
Anti-CB1 and anti-CB2 antibody binding was inhibited by their respective blocking
peptides indicating that antibody binding was specific for these receptors (Fig. 6 and not
shown).

Low constitutive levels of PPARa were expressed throughout the epidermis, the
outer root sheath of hair follicles, and in sebaceous glands in control skin (Fig. 7 and not
shown). One to three days post NM exposure, increased PPARa expression was
evident in the epidermis and sebaceous glands as well as inflammatory cells within the
dermis (Fig. 7). Nuclear localization of PPARa was evident in sebocytes one day post-
NM, while increased PPARa 2-5 days post-NM was largely cytoplasmic. PPARa
expression was upregulated throughout the hyperplastic epidermis after 3 days post SM

and NM. Four days post NM, marked increases in PPARa expression were observed
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within the stratum granulosum, stratum spinosum and in the stratum basale (Fig. 7).
Five days post NM, PPARa was upregulated in the stratum basale and stratum
spinosum with decreased PPARa expression in the stratum granulosum (Fig. 7).
PPARa was also localized in remnants hair follicle outer root sheaths and within
dystrophic sebaceous glands. PPARa was also highly expressed in the stratum
corneum and within areas of parakeratosis. Anti-PPARa antibody binding was inhibited
using a PPARa-specific blocking peptide demonstrating that antibody binding was
specific for PPARa (Fig. 6).

Effects of NM on expression of FAAH in mouse skin.

Low levels of FAAH were expressed in the epidermis, the outer root sheath of hair
follicles, and in sebaceous glands (Fig. 8). Within 1-3 days post NM, an increase in
FAAH expression was evident throughout the epidermis and hyperplastic neoepidermis
at the wound edge, in the isthmus and outer root sheath of hair follicles, and in
inflammatory cells in the dermis and hypodermis (Fig. 8 and not shown). After 4-5 days
post NM, FAAH was differentially expressed in the hyperplastic epidermis during wound
healing. FAAH was primarily localized in the granular layer of the epidermis directly
below the stratum corneum. Anti-FAAH antibody binding was inhibited by a blocking

peptide, indicating that antibody binding was specific for FAAH (Fig. 6).

b. SULFUR MUSTARD

SM-induced alterations in mouse skin and dermal appendages.

In recent studies, we characterized morphological changes in the skin and
dermal appendages of SKH-1 hairless mice 1, 3, 5, 7, 14, and 21 days post NM
exposure. Throughout the 21 days the epidermis of control mice was 3-5 layers thick,

with a thin stratum corneum and a well-demarcated dermal/epidermal junction (Fig. 9).
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Prominent pilosebaceous units were scattered throughout a fibrous collagen dermis,
where cysts were also observed. A hypodermal layer consisting of adipocytes,
capillaries was evident beneath the dermis. 1-3 days post SM-treatment, changes were
evident in both epidermis and dermis (Fig. 9). The suprabasal layers of the epidermis
had degraded, and the remaining basal layer keratinocytes were vacuolated with loss of
nuclear structures. Edema and hemorrhage were apparent in the dermis, with shrinking
pilosebaceous units and infiltrating inflammatory cells at the dermal/epidermal junction,
and in the hypodermis. With time, the dermal/epidermal boundary became
indistinguishable and the dermal collagen compact. At 3 days, an eschar had formed
over the wound region while the thickened hypodermis extended upward beneath the
wound. A thick layer of inflammatory cells had organized along the boundary of the
eschar and dermis, and degraded sebaceous glands were evident within the eschar. By
days 5-7 the eschar had separated from the wounded skin (Fig. 9 and not shown). The
wound region was covered by a thin layer of neoepidermis with hyperplastic stratum
corneum. Vestiges of pilosebaceous units were observed within the dermis, while
inflammatory cells were noted at the dermal/hypodermal region. Fourteen days post-SM
a thickened layer of hyperplastic neoepidermis was evident which extended into the
papillary dermis, forming rete ridges (Fig. 9). The suprabasal neoepidermis contained
several layers of basophilic staining granules. Remnants of hair follicles formed
lamellated keratin structures in the dermis. By day 21 post SM, a thick stratum corneum
with parakeratosis was evident. Rete ridges were not evident at this time.

Effects of SM on expression of cannabinoid receptors and PPARa in mouse skin.

Skin from control SKH-1 mice expressed low constitutive levels of CB1 and CB2
throughout the epidermis and dermal appendages (Figs. 10 and 11). One day post SM,
an increase in the cannabinoid receptors was evident in hair follicles while increases in

CB1 and CB2 were evident in neoepidermis 3-7 days post SM (Figs. 10 and 11). CB1
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and CB2 were also expressed in hyperplastic epidermis 14-21 days post SM; increased
expression of CB2 was noted in suprabasal layers of the epidermis. In control SKH
mouse skin, low constitutive levels of PPARa were expressed throughout the epidermis,
the outer root sheath of hair follicles, and in sebaceous glands (Fig. 12). One to three
days post SM, increased PPARa was evident in the epidermis and sebaceous glands
(Fig. 12). PPARa expression was upregulated throughout the hyperplastic epidermis by
7 days post SM. At later times, 14-21 days post SM, PPARa was upregulated in the
stratum basale and stratum spinosum with decreased PPARa expression in the stratum
granulosum (Fig. 12). In addition, PPARa was localized in remnants of the hair follicle
outer root sheaths. Interestingly, PPARa was also highly expressed in the stratum
corneum and within areas of parakeratosis.

Effects of SM on expression of FAAH in mouse skin.

In skin from control SKH-1 mice, low levels of FAAH were expressed in
suprabasal layers of the epidermis, the outer root sheath of hair follicles, and in
sebaceous glands (Fig. 13). Within 1 day post SM, an increase in FAAH was evident in
the epidermis and sebaceous glands. By three days, FAAH was expressed in the
hyperplastic neoepidermis at the wound edge (Fig. 13). FAAH expression was also
upregulated in the hyperplastic epidermis 7 days post SM, increased FAAH was
expressed in basal cells and proliferating cells above the basal cell layer. A decrease in
FAAH expression was noted in the hyperplastic epidermis during wound healing, 14-21
days post SM. At this time, FAAH was expressed in differentiated layers of the

epidermis, low levels of FAAH were expressed in proliferating basal cells (Fig. 13).
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3. DISCUSSION

The first two aims of this project were to first characterize expression of FAAH,
CB1, CB2 and PPARa in normal mouse skin, and second to determine if these proteins
were modulated by vesicant exposure in mouse skin. In control mouse skin, FAAH and
CB receptors were expressed at relatively low levels throughout the epidermis, in dermal
appendages, and in cells in the dermis. Marked increases in expression of these
proteins were observed within one day following NM and SM exposure. These
increases preceded frank tissue injury indicating that factors regulating ECS protein
expression are independent of products released from degraded and necrotic tissue.
These mediators may be tissue-derived, or from infiltrating leukocytes following vesicant-
induced inflammation. In this regard, lipid mediators, growth factors, and pro-
inflammatory cytokines including PGE, IL-183, IL-6 and TNFa have been reported to
upregulate expression of FAAH and the CB receptors in different cell types and may
function to increase endocannabinoid proteins in the skin (Karaliota et al., 2009; Rettori
et al., 2012; Tomar et al., 2015). Earlier studies have shown that SM induces
differentiation of human keratinocytes (Rosenthal et al., 1998; Popp et al., 2011);
changes in endocannabinoid protein expression and differentiation of keratinocytes may
be due in part to vesicant treatment. These data are consistent with findings that FAAH
activity and expression increases in human keratinocytes induced to differentiate in vitro
and that treatment of keratinocytes with AEA inhibits keratinocyte differentiation
(Maccarrone et al., 2003).

FAAH is expressed in both interfollicular and follicular compartments of the
control skin, suggesting it has a function in maintaining both epidermal and follicular
homeostasis. Increased expression following vesicant exposure indicates that FAAH

may reduce anti-inflammatory endocannbinoid levels, contributing to an increase in
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inflammation and injury (Biro et al., 2009). These data are supported by our findings that
FAAH inhibitors reduce inflammation and edema in the MEVM.

In both NM and SM-exposed mouse skin, a dramatic upregulation of FAAH
expression was noted throughout the epidermis and pilosebaceous units within 24
hours. Increased FAAH expression would result in reduced endocannabinoid levels and
increased levels of arachidonic acid. Oxidation of arachidonic acid by COX-2
contributes to the inflammatory process by generating prostaglandins, reported to
function as a pro-inflammatory mediators in SM-induced injury (Wormser et al., 2004;
Joseph et al., 2011). Previous studies by our group and others showed increased COX-
2 expression in basal and suprabasal keratinocytes as early as 1 day post SM-exposure
(Joseph et al., 2011; Dachir et al., 2012). The observed upregulation of FAAH and
increase in AA would contribute to the increase in PGE; and other pro-inflammatory
prostaglandins reported in vesicant-induced injured skin. In addition to contributing to
the inflammatory response, PGE: has been reported to increase keratinocyte
proliferation and play a role in the hyperplastic response to epidermal inflammation,
which could suggest a role in the increased differentiation reported in SM-induced injury
(Rys-Sikora et al., 2000; Ansari et al., 2008). By day 3 post-SM and -NM, increased
epidermal thickness was observed along with high FAAH expression. FAAH expression
in the epidermis and hair follicles became more pronounced in the differentiating,
suprabasal layers and outer root sheath during days 4-5 in the NM-treated animals, and
by day 5 in the SM-treated. The catabolism of AEA, along with an increase in PGE-
resulting in increased differentiation may be responsible for the epidermal hyperplasia
observed from days 2-5.

Increased expression of FAAH is prolonged (up to 21 days post-SM exposure),
thus, it is likely that the ECS is important in repair processes. FAAH expression in the

hyperplastic basal and spinous keratinocytes of SM-treated mouse skin increased
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sharply in the basal epidermis on day 7, decreasing by day 14 and remained at a low
level through day 21. Upregulated FAAH would presumably increase the concentration
of PGE; and other prostaglandins in the epidermis. However, in contrast to the early
inflammatory stage when PGE; promotes redness, edema and pain, during the
proliferative stage it contributes to healing by inducing granulation tissue formation at the
wound site, stimulating angiogenesis and fibroblast mitogenesis, proliferation and
migration (Laulederkind et al., 2002; Kampfer et al., 2003; Goren et al., 2015). Thus, the
role of the endocannabinoid system may change during the course of the inflammatory
response, modulating pro-inflammatory effects early, followed later by resolution of
inflammation and wound healing.

A question arises as to the role of CB receptor expression during wound repair
post vesicant exposure. Upregulated CB1 and CB2 expression was observed
throughout the epidermis during days 1-3 in the SM- and NM-exposed skin. At later
times points after NM- and SM-induced injury (3-4 days), during the wound repair
process, endocannabinoid proteins were expressed in the hyperplastic epidermis.
However, by day 5, differential expression of CB receptors was apparent; CB1 was
predominantly localized in basal and suprabasal keratinocytes, while CB2 was largely
expressed in suprabasal cells. Differential expression of cannabinoid receptors in basal
and suprabasal keratinocytes suggests that they may perform distinct functions in the
skin during the wound healing process. For example, basal cell CB1 may be important
in regulating endocannabinoid-mediated keratinocyte proliferation, while suprabasal cell
CB2 may regulate keratinocyte differentiation. Increased CB2 expression in the upper
granular layers in the SM-treated skin continued 14-21 days. Absence of CB2 at the
SG/SC border has been associated with accelerated terminal differentiation (Roelandt et
al., 2012); the increased CB2 expression could suggest an adaptive role in controlling

the vesicant-induced hyperplasia during the wound healing process.
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PPARa expression increased markedly after 24 hours and remained elevated
days 1-3 in both NM- and SM-treated skin, in agreement with previous studies
supporting a role for PPARa early in the inflammatory process (Michalik et al., 2001,
Dubrac and Schmuth, 2011). Interestingly, marked upregulation of epidermal PPARa
was observed on day 4, especially in suprabasal epidermal layers and stratum corneum,
suggesting PPARa is important in epidermal differentiation (Sertznig et al., 2008). By
day 5, there was an overall decrease in expression observed in the skin of NM-treated
animals, although levels remained elevated compared to controls. At 7 days, expression
was observed primarily in the basal, spinous epidermal layers in the SM-treated mice,
which persisted through day 21. Basal and spinous epidermal lipids include unsaturated
fatty acids, which may be targets of lipid peroxidation by vesicants. Unsaturated lipids
possessing two or more double bonds interspersed with methylene (-CH,-) units are
subject to lipid peroxidation by vesicant-generated free radicals. Oxidated lipids are
known to be potent PPARa activators. Upregulated PPARa has been reported to
activate catalase activity, which would provide protection against the increased hydrogen
peroxide generated by vesicants and may play a role in the observed upregulation of
catalase post-vesicant exposure. Given that the effects of vesicant induced-injury at the
dermal/epidermal junction are not immediate but occur over time, the persistent,
elevated expression of PPARa observed in the basal and lower suprabasal regions may
be a protective response resulting from the prolonged oxidative effects of vesicant
exposure. Unlike AEA or 2-AG, which have unsaturated lipid chains vulnerable to lipid
peroxidation, PEA possesses a saturated side chain. Since saturated lipids are less
likely to oxidize than polyunsaturated lipids (Hogg and Kalyanaraman, 1999), PEA may
be less vulnerable to peroxidation, and could play a greater role in suppressing vesicant-

induced inflammation than AEA or 2-AG.
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Sebocytes from control and mustard-treated mouse skin were found to express
FAAH, cannabinoid receptors and PPARa. These data are consistent with earlier
studies showing constitutive endocannabinoid protein expression in sebaceous glands of
dogs, mice and humans (Stander et al., 2005; Campora et al., 2012; Zheng et al., 2012).
These findings indicate that, as in other skin cell types, endocannabinoid proteins
function in maintaining homeostasis (Dobrosi et al., 2008; Toth et al., 2011e). Mature,
differentiated sebocytes produce sebum, while proliferating cells replenish terminally
differentiated cells that have undergone apoptosis (Zouboulis, 2004; Schneider and
Paus, 2010). Following NM- or SM-induced injury, FAAH and CB2 were homogeneously
distributed in the sebaceous glands, while CB1 and PPARa were most upregulated in
flattened, proliferating cells near the distal end of the sebaceous gland and in nucleated
sebocytes. These data suggest that FAAH and CB2 are important in controlling
sebocyte growth and differentiation, while CB1 and PPARa signaling regulates
proliferation. As observed in keratinocytes, 1-3 days post NM or SM, there was a
marked increase in expression of these proteins. As endocannabinoids control sebocyte
function, regulating growth, differentiation and sebum biosynthesis, these changes may
be important in protecting the skin following injury (Dobrosi et al., 2008). Conversely,
excessive sebum production may contribute to cytotoxicity. Sebocyte lipids and lipid-
derived products can undergo peroxidation reactions which generate cytotoxic mediators
(Zouboulis, 2004; Tochio et al., 2009). These lipid peroxides can also stimulate
keratinocytes to produce pro-inflammatory mediators including prostaglandins, IL-1a and
IL-6, as well as antioxidants such as heme oxygenase-1, catalase and glutathione S-
transferase (Ottaviani et al., 2006; Zhou et al., 2013; Zouboulis et al., 2014). PPARa
ligands have been reported to inhibit sebaceous gland lipogenesis (Downie et al., 2004)

and this may be important in regulating sebocyte function following injury.
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Of interest were our findings that NM- and SM-induced tissue injury and repair
as well as changes in the endocannabinoids were generally similar on days 1-5, despite
the fact that two different strains of mice and different model exposure systems were
used. For example, in both NM- and SM-treated groups, FAAH was upregulated in the
epidermis and pilosebaceous units to a similar degree within 24 hours. By day 3,
hyperplastic epidermis and degrading pilosebaceous units at the wound edge in both
models expressed FAAH. On day 5, FAAH was predominantly expressed in the upper
suprabasal epidermal layers of both groups. Similarly, CB receptor expression in both
models was observed in similar regions of the skin and at comparable levels at each
time point. PPARa showed some differences; at day 5 in the SM-treated skin the level
of expression was lower and more uniform, however this may be due to differences in
wound severity. The SM-induced wound appears less severe and the epidermal
hyperplasia less than we observed in the NM-treated animal.

We also noted that inflammatory cells accumulating at the wound site following
NM- or SM-induced injury upregulate CB1. Innate immune cells in the skin have been
reported to express various endocannabinoid proteins (Stander et al., 2005; Sugawara
et al., 2012; Chiurchiu et al., 2014). Both pro- and anti-inflammatory effects of
endocannabinoids have been described in neutrophils and macrophages (Lenglet et al.,
2013; Tomar et al., 2015). It is likely that the early appearance of these cells in the
wound site (1-3 days) following injury contributes to inflammation and tissue damage,
whereas at later stages they contribute to the resolution of inflammation, tissue
remodeling and wound healing (Daley et al., 2010). Expression of the endocannabinoid
system in these cells suggests that endocannabinoid signaling may contribute to the

functional activity of these immune cells.
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Figure 3. Structural changes in mouse skin following NM exposure. Histological
sections, prepared after exposure to control (CTL) or 1, 2, 3, 4, and 5 days after
exposure to NM, were stained with H&E. One representative section from 3
mice/treatment group is shown (original magnification, x400; Bar, 50 ym). Epidermis (E),
dermis (D), eschar (ES), hair follicles (H), areas of parakeratosis (PK), sebaceous
glands (S). Solid arrow indicates basal layer with pyknotic nuclei. Asterisk indicates
inflammatory infiltrate within eschar.



61



62

Figure 4. Effects of nitrogen mustard on CB1 receptor expression. Histological
sections, prepared after exposure to control (CTL) or 1, 2, 3, 4, and 5 days after
exposure to NM, were stained with an antibody to CB1 receptor. One representative
section from 3 mice/treatment group is shown. Antibody binding was visualized using a
Vectastain Elite ABC kit (original magnification, x 400; Bar, 50 ym). Epidermis (E),
dermis (D), hair follicles (H), sebaceous glands (S), eschar (ES). Solid arrow indicates
epidermal expression of CB1 receptor; open arrow indicates CB1 expression in hair
follicle; arrowhead indicates CB1 expression in sebaceous glands; asterisk indicates
inflammatory infiltrate within the eschar.
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Figure 5. Effects of nitrogen mustard on CB2 receptor expression. Histological
sections, prepared after exposure of mice to control (CTL) or 1, 2, 3, 4, and 5 days after
exposure to NM, were stained with an antibody to CB2 receptor. One representative
section from 3 mice/treatment group is shown. Antibody binding was visualized using a
Vectastain Elite ABC kit (original magnification, x 400; Bar, 50 ym). Epidermis (E),
dermis (D), hair follicles (H), sebaceous glands (S), eschar (ES). Solid arrow indicates
epidermal expression of CB2 receptor; open arrow indicates CB2 expression in hair
follicle; arrowhead indicates CB2 expression in sebaceous glands.
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Figure 6. Effects of blocking peptides on FAAH, CB1, CB2, and PPARa antibody
binding to tissue sections. Left panels: histological sections prepared 3 days after
exposure to NM were stained with antibodies to CB1 (a), CB2 (c), PPARa (e), or FAAH
(9). Right panels: histological sections treated with antibodies and respective blocking
peptides to CB1 (b), CB2 (d), PPARa (f), and FAAH (h). One representative section from
3 mice/treatment group is shown. Antibody binding was visualized using a Vectastain
Elite ABC kit (original magnification, x 400; Bar, 50 pm).
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Figure 7. Effects of nitrogen mustard on PPARa expression. Histological sections,
prepared after exposure of mice to control (CTL) or 1, 2, 3, 4, and 5 days after exposure
of mice to NM, were stained with antibody to peroxisome proliferator receptor alpha
(PPARaQ). One representative section from 3 mice/treatment group is shown. Antibody
binding was visualized using a Vectastain Elite ABC kit (original magnification, x 400;
Bar, 50 um). Epidermis (E), dermis (D), hair follicles (H), sebaceous glands (S), eschar
(ES), parakeratosis (PK). Solid arrow indicates epidermal expression of PPARaq; open
arrow indicates PPARa expression in hair follicle; arrowhead indicates PPARa
expression in sebaceous glands; asterisk indicates inflammatory infiltrate within the
eschar.
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Figure 8. Effects of nitrogen mustard on FAAH expression. Histological sections,
prepared after exposure of mice to control (CTL) or 1, 2, 3, 4, and 5 days after exposure
of mice to NM, were stained with antibody to fatty acid amide hydrolase (FAAH).
Antibody binding was visualized using a Vectastain Elite ABC kit. One representative
section from 3 mice/treatment group is shown (original magnification, x 400; Bar, 50 ym).
Epidermis (E), dermis (D), hair follicles (H), sebaceous glands (S), eschar (ES). Solid
arrow indicates epidermal expression of FAAH; open arrow indicates FAAH expression
in hair follicle; arrowhead indicates FAAH expression in sebaceous glands.
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Figure 9. Structural changes in mouse skin following SM exposure. Histological
sections, prepared after exposure to control (CTL) or 1, 3, 7, 14 and 21 days after
exposure of mice to SM, were stained with H&E. One representative section from 3
mice/treatment group is shown (original magnification, x400; Bar, 50 ym). Epidermis (E),
dermis (D), eschar (ES), hair follicles (H), parakeratosis (PK), sebaceous glands (S).
Solid arrow indicates basal layer with pyknotic nuclei. Asterisk indicates inflammatory
infiltrate within eschar.
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Figure 10. Effects of sulfur mustard on CB1 receptor expression. Histological
sections, prepared after exposure to control (CTL) or 1, 3, 7, 14 and 21 days after
exposure of mice SM, were stained with antibody to CB1 receptor. One representative
section from 3 mice/treatment group is shown. Antibody binding was visualized using a
Vectastain Elite ABC kit (original magnification, x 400; Bar, 50 ym). Epidermis (E),
dermis (D), hair follicles (H), sebaceous glands (S), eschar (ES). Solid arrow indicates
epidermal expression of CB1 receptor; open arrow indicates CB1 expression in hair
follicle; arrowhead indicates CB1 expression in sebaceous glands; asterisk indicates
inflammatory infiltrate within the eschar.
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Figure 11. Effects of sulfur mustard on CB2 receptor expression. Histological
sections, prepared after exposure to control (CTL) or 1, 3, 7, 14 and 21 days after
exposure of mice to SM, were stained with an antibody to CB2 receptor. One
representative section from 3 mice/treatment group is shown. Antibody binding was

visualized using a Vectastain Elite ABC kit (original magnification, x 400; Bar, 50 ym).

Epidermis (E), dermis (D), hair follicles (H), sebaceous glands (S), eschar (ES). Solid
arrow indicates epidermal expression of CB2 receptor; open arrow indicates CB2
expression in hair follicle; arrowhead indicates CB2 expression in sebaceous glands.
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Figure 12. Effects of sulfur mustard on PPARa expression. Histological sections,
prepared after exposure to control (CTL) or 1, 3, 7, 14 and 21 days after exposure of
mice to SM, were stained with antibody to PPARa. One representative section from 3
mice/treatment group is shown. Antibody binding was visualized using a Vectastain Elite
ABC kit (original magnification, x 400; Bar, 50 ym). Epidermis (E), dermis (D), hair
follicles (H), sebaceous glands (S), eschar (ES), parakeratosis (PK). Solid arrow
indicates epidermal expression of PPARa; open arrow indicates PPARa expression in
hair follicle; arrowhead indicates PPARa expression in sebaceous glands.
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Figure 13. Effects of sulfur mustard on FAAH expression. Histological sections,
prepared after exposure to control (CTL) or 1, 3, 7, 14 and 21 days after exposure of
mice to SM, were stained with antibody to fatty acid amide hydrolase (FAAH). Antibody
binding was visualized using a Vectastain Elite ABC kit. One representative section from
3 mice/treatment group is shown (original magnification, x 400; Bar, 50 ym). Epidermis
(E), dermis (D), hair follicles (H), sebaceous glands (S), eschar (ES). Solid arrow
indicates epidermal expression of FAAH; open arrow indicates FAAH expression in hair
follicle; arrowhead indicates FAAH expression in sebaceous glands.
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PART 2: Specific Aim 3.

The third aim was to determine whether inhibition of FAAH suppresses the
inflammatory response to CEES or TPA exposure in mouse skin, and which classes of
inhibitors were most effective. Our group synthesized several classes of candidate
therapeutics by combining vanillyl alcohols and amides to various alkyl and aryl/ring
groups or NSAIDs using a carbamate linker (Classes I-1V). Carbamates are derivatives
of carbamic acid, effective as FAAH inhibitors with anti-inflammatory and anti-
nociceptive properties in vivo (Kathuria et al., 2003; Alexander and Cravatt, 2005).
Vanilloids, analogs of capsaicin that bind and block TRPV1 receptors, have also
successfully reduced pain and inflammation in animal models (Janusz et al., 1993;
Walpole et al., 1993; Szallasi et al., 2007). Combining both moieties as described above
generated pharmacologically active compounds that were effective as FAAH inhibitors
and potent suppressors of inflammation in the MEVM. Additional bifunctional
compounds were prepared by conjugating NSAIDs and AChEIs using carbamate or
carbamate ester linkers. Given that NSAIDs and AChElIs individually inhibit the serine
hydrolases FAAH and acetylcholinesterase, we assayed these bifunctional compounds

for FAAH inhibitory activity as well as inhibition of inflammation in the MEVM.
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1. EXPERIMENTS

a. FAAH Inhibitor Assays

The preparation of the candidate anti-inflammatories was done by the Heindel
lab and described elsewhere (Laskin, 2012; Laskin, 2013). A fluorescent FAAH Inhibitor
Screening Assay Kit (Cayman Chemical Co., Ann Arbor, MI) was used to evaluate the
ability of these compounds to inhibit FAAH activity (Ramarao et al., 2005; Wang et al.,
2006). Assays were run in triplicate according to the manufacturer’s instructions using
96-well plates (Greiner Bio-One, Monroe, NC). Changes in fluorescence were
monitored using a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale,
CA) with excitation and emission wavelengths set at 340nm and 450nm, respectively.
The calculated log n-octanol/water partition coefficient (cLogP), P= (amount of cpd.
dissolved in octanol/amount of cpd. dissolved in water) was used as a measure of
hydrophobicity; the greater the cLogP the more hydrophobic the compound. cLogP
values were determined using ChemBioDraw Ultra 12.0 (CambridgeSoft, Perkin Elmer
Informatics, Waltham, MA). The ICs, or half maximal inhibitory concentration of each
chemical was calculated GraphPad Prizm 6.0 (GraphPad Software, San Diego, CA) and

are n=1; means = S.E.M., n=3, where applicable.

b. COX-1 & COX-2 inhibitor assays

Compounds containing indomethacin, ibuprofen or naproxen, all well known COX
inhibitors, were also assayed for COX activity. Activities of COX-1(purified bovine) or
COX-2 (human recombinant) were determined using a COX Colorimetric Inhibitor
Screening Assay Kit (Cayman Chemical, Ann Arbor Michigan, USA). All test compounds
were dissolved in methanol. Assays were run in duplicate using 96-well plates as per

manufacturer’s instructions. Change in absorbance was measured in a Perkin-Elmer
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HTS 7000 Plus spectrophotometer set at a wavelength of 590 nm. ICs values were

calculated using GraphPad PRISM 6.0 (GraphPad Software, San Diego, CA).

c. Acetylcholinesterase inhibitor assay

Candidate anti-inflammatories containing AChEI moieties were assayed for
acetylcholinesterase inhibition activity. Cholinesterase inhibition was assayed
spectrophotometrically at 412 nm according to the method of Ellman (Ellman et al.,
1961). Assays were performed in duplicate using polystyrene 96-well plates (Corning
96-well flat transparent). A solution of 200 pL of 0.5 mM 5’5-dithio-bis-(2-nitrobenzoic
acid) (DTNB) in 100 mM sodium phosphate buffer (pH 8), 30 uL of inhibitor stock
solution prepared in methanol, 50 pL of 3 mM acetylthiocholine (ATChl), and 20 pL of
1.25 u/mL of AChE prepared in phosphate buffer 100 mM pH 8 and 20 mM pH 7 buffer,
respectively. Immediately after the enzyme was added, the absorption signal was
measured at 30 s intervals over 5 min at 25°C in a Tecan's Infinite 200 multimode micro-
plate reader. Percentage inhibition was calculated relative to a methanol control. The
background signal was measured in wells containing all of the reagents except for
AChE. ICs values were calculated using GraphPad Prism 6.0 (GraphPad Software,

San Diego, CA).
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2. RESULTS

Effects of FAAH Inhibitors on Skin Inflammation using the MEVM

Compounds are grouped by class and substituent type (Fig. 14), and are
listed in order of increasing activity as inhibitors of FAAH. Also included for each class
of compounds are type are the calculated log n-octanol/water partition coefficient
(cLogP), P = (amount of cpd. dissolved in octanol/amount of cpd. dissolved in water) as
a measure of a chemical’s hydrophilicity or hydrophobicity. Compound cLogP is
calculated by first breaking the neutral molecule into smaller chemical fragments, then
assessing the bonding environment of each individual fragment and summing the effects
of the relationships between each (Hansch et al., 2003). The higher the cLogP, the
more hydrophobic the chemical. Since chemical hydrophobicity has been correlated
with FAAH inhibitor potency, we included compound cLogP values in our comparison of
inhibitor effectiveness. For comparison, anandamide, the primary substrate for FAAH, is
highly lipophilic (cLogP=6.3) (Tian et al., 2005).

To assess in vivo anti-inflammatory activity, we used the mouse ear vesicant
model (MEVM) as described in the Experiments section. The skin inflammatory
response to vesicant exposure includes dermal edema, blood vessel congestion,
hemorrhage and inflammatory cell infiltration. Increases in ear weight due to
inflammation, primarily from edema and swelling, were observed in positive controls. To
quantify a compound’s ability to suppress inflammation, the weight of chemical-treated
ears was compared to the weight of CEES- or TPA-treated ears from positive controls.

Values are expressed as percent reduction in ear weight compared to controls (Y%oREW).

a. Class | -Vanillyl alcohol carbamates

The vanillyl alcohol carbamates are 3-methoxy-4-hydroxybenzyl alcohol (vanillyl

alcohol) derivatives with an amide conjugated to the alcohol oxygen (Fig. 15). During
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synthesis, a carboxylic acid is attached to the phenolic 4-hydroxyl forming an ester to
protect against condensation, provide stability, and direct the reaction to form the
carbonate. The protective moiety is subsequently hydrolyzed in polar solution. In these
studies, we examined the effects of two substituent subclasses conjugated to the
carbamate amide nitrogen: cyclic (aryl, cyclohexyl, or heterocyclic rings - Table 1) and
alkyl (linear, branched alkanes or alkene - Table 2).

In the cyclic subclass, the phenethyl 4453 was the most effective FAAH inhibitor
(14 pM), followed by 2-phenoxyethy 4452 (31 uM) and cyclohexylmethyl 4455 (93 uM)
(Fig. 16). 4464, a hydrophilic morpholinethyl derivative, had minimal effect as an FAAH
inhibitor (>800 uM). 4453 was the most active in suppressing CEES-induced increases
in ear weight (80%), followed by 4452 (51%) and 4455 (40%). 4464 had little effect in
the MEVM, only inhibiting ear swelling by 4%.

Alkyl compounds contained alkane substituents ranging from C. (butyl) to Ci2
(dodecyl) (Table 2). 4439, where R=C,, showed optimal FAAH inhibitory activity within
the subclass (9 uM). 4435 (R=Cio) was less effective (62 uM), followed by 4440
(R=Ca10), which inhibited FAAH with an ICso of 104 uM. The C4 compound 4405 was
least effective as an inhibitor of FAAH (338 uM) (Fig. 17, Table 2). FAAH inhibitory
potency for compounds within the alkyl subclass was correlated with increased
lipophilicity and chain length: 4439 (Cy2) > 4435 (C1o) > 4440 (Cy) > 4405 (Cy) (Table 2).
The alkyl R-group subclass was less effective overall in the MEVM, but more active
against TPA (20-77%) than CEES (7-47%). No obvious correlations were observed
between CEES- or TPA-induced inhibition of inflammation and FAAH inhibition, or alkyl
chain length. The butyl compound 4405, although the least potent against FAAH,

prevented TPA-induced edema by 77%.
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b. Class II-Hydroxamates

The hydroxamate class is comprised of two subclasses, N-hydroxylated vanilloid
fatty carbamates [(4-hydroxy-3methoxybenzyl) carbamate] and N-hydroxylated vanilloid
fatty amines [(4-hydroxy-3methoxybenzyl) amine] (Figure 18). As a class, the
hydroxamates moderately to weakly inhibited FAAH (IC50=10 pM-1.56 mM), but were
effective in the MEVM against CEES-and TPA-induced edema (mean inhibition of
edema: CEES 49 + 8.3%; TPA 34 + 4%) (Figure 19, Table 3).

The carbamate subclass showed greater efficacy as FAAH inhibitors, but FAAH
inhibitor effectiveness and hydrophobicity did not directly correlate with anti-inflammatory
effects (Table 3). 4493, the most effective FAAH inhibitor in this group (ICs0=10 uM),
was moderately hydrophobic (cLogP=2.27), and effective against CEES (42%). The
least effective compound, 4492 (ICso > 1mM) was the least hydrophobic (cLogP=0.97),
but was highly effective against CEES-induced inflammation (80%).

Two amines in this class were screened for FAAH inhibitory activity: 4474
(undecenoyl), an 11-carbon alkene with a double bond between C10-C11; and 4475 (2-
hexyldecanoyl), containing a branched alkyl group conjugated to the amide carbonyl
(Table 3). 4474 was a weak FAAH inhibitor (ICs50=163 puM); 4475 showed little inhibitory
activity (ICs0=1.56 mM) (Fig. 19). In the MEVM, 4474 was screened against both CEES
and TPA, reducing edema by 45% and 26%, respectively. 4475 was screened against
TPA, reducing inflammation by 26% compared to positive controls.

However, some correlation was noted between the hydroxamates ability to inhibit
FAAH and R-group structure and lipophilicity (Table 3). Incorporation of the O-phenoxy
R-group into the hydroxamate structure increased FAAH inhibitor potency. The C1;
compound containing a C10-C11 double bond was less effective than compounds with

saturated Ci» and Cg R-substituents. Shortening the chain length to Ce or increasing the
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length to Ci6 further diminished inhibitor effectiveness. Finally, addition of a branched
alkyl R-group to the vanillyl amide greatly reduced potency, as did shortening the alkyl
chain below Cs. Interestingly, hydroxamates at the upper and lower extremes of cLogP

values were moderate to poor FAAH inhibitors.

c. Class llI-Vanillyl fatty amides and carbamates

Class lll agents are analogs of the hydroxamates lacking an N-hydroxyl group
(Figure 20). Vanillyl amide and amide carbamate R-substituents are analogous to those
used in Class Il compounds. Class Ill compounds were slightly less hydrophobic than
their hydroxamate congeners (i.e. cLogP 4369=2.16 vs. cLogP 4493=2.27), but were
effective both as FAAH inhibitors and in the MEVM (IC50=3.5 £ 1.8 pM-300 uM; mean
inhibition of edema for CEES: 76 + 4%; TPA: 67 + 8.0%) (Table 4). Interestingly, 4360,
the most hydrophobic (cLogP=8.73) compound in the class, was the least effective as
both an FAAH inhibitor (NA), and anti-inflammatory against CEES induced-inflammation
(0%), but was active against TPA-induced inflammation (56%).

Two vanillyl amides were assayed for FAAH inhibition activity: 4380 (undecenoyl)
and 4379 (2-hexyldecanoyl) (Table 4). Both R-groups are analogous to those presented
in their Class Il counterparts. The straight-chain undecenoyl substituent was a
moderately potent FAAH inhibitor (IC50=65 puM); addition of the branched R-substituent
reduced FAAH inhibitory potency to an ICsg of 300 uM. 4380 was very effective in the
MEVM against both CEES- (75%) and TPA- (91%) induced edema. The 2-
hexyldecanoyl inhibitor was ineffective against CEES, but showed good activity against
TPA (76%).

Compounds with carbamate linkage were more effective FAAH inhibitors (Table

4). The O-phenoxy group enhanced FAAH inhibitor potency, resulting in the lowest ICso
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of the class (3.5 uM). Addition of an octyl R-group to the carbamate oxygen slightly
reduced inhibitory activity (ICs0=17 uM). Lauryl, hexyl, and methoxyethyl substituents
resulted in compounds that were very similar in potency (ICso=43-66uM), while the
hydrophobic Ci6 cetyl compound was inactive against FAAH. As with the Class Il
agents, no direct correlations were observed between FAAH inhibition, suppression of
inflammation in the MEVM and hydrophobicity.

Interesting comparisons between the Class Il and Class Il compounds with
analogous R-groups were observed. Varying compound R-substituents affected FAAH
inhibitor potency less in Class Il than in Class Il compounds. Only one Class Il
compound showed an ICso in FAAH assays as greater than 300 uM while three Class IlI
inhibitor 1Cses that were greater than 300 uM, two were over 1 mM. Both the Class Il
and Class Ill compounds with an O-phenoxy group on the amide carbonyl were the most
effective FAAH inhibitors (Tables 3 and 4). The vanillyl amide 4369 was a slightly more
effective FAAH inhibitor than the hydroxamate 4493 (Table 5), but much more effective
against CEES in the MEVM. Interestingly, in both classes, compounds at the extremes
of hydrophilicity and hydrophobicity were less effective FAAH inhibitors, and less
effective in the MEVM against both CEES and TPA with the exception of 4492. FAAH
ICso values for alkyl Class Il and Class Ill agents were greater than ICsos in the O-

phenoxy compounds, but less than the 2-hexyldecanoyl compounds.

d. Class IV-Olvanil-NSAID

NSAIDs including ibuprofen and indomethacin (Fig. 21), and olvanil, a structural
analog of capsaicin, have been reported to inhibit FAAH (Holt et al., 2007; Bertolacci et
al., 2013). Increased COX-2 metabolism of AEA in FAAH (-/-) mice has been observed,

and given that COX-2 is upregulated during inflammation, a dual-action inhibitor
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containing an FAAH inhibitor and an NSAID would be a desirable candidate to treat
inflammatory conditions (Weber et al., 2004; Jhaveri et al., 2008). The olvanil-NSAIDs
are a combination of these two groups, comprised of an NSAID conjugated to a vanillyl
amide carbamate and an O-phenoxy attached to the amide carbonyl (Figs. 22 and 23).
Compounds were screened for FAAH, COX-1, COX-2 and AChE inhibition in vitro, and
against CEES- and TPA-induced inflammation in the MEVM (Table 6). The olvanil-
NSAIDs were potent FAAH inhibitors, and effective against CEES- and TPA-induced
inflammation in the MEVM. Class IV compounds inhibited FAAH with a similar potency
to URB597, a well-studied FAAH inhibitor with carbamate linkage (Table 6, Fig. 24).
Compound 4369, the vanilloid without an NSAID group and the most hydrophilic, was
less potent as an FAAH inhibitor and less effective at inhibiting TPA-induced
inflammation (46%). All three Class IV compounds were effective against CEES-induced
inflammation; 4369 > (76%) > 4495 (58%) >4496 (23%) (Table 6). 4495 and 4496 were
exceptionally potent against TPA (82% and 97%, respectively). 4369 and 4495 were
inactive against COX-1, while 4496 showed weak inhibitory activity (ICso=170£2.2 uM).
The three compounds differed in COX-2 inhibitory effectiveness (4369, NA; 4495
IC50=238+0.16 uM; 4496 1C50=0.11+0.01uM). Pharmacological characterization has
shown URB597 has no significant inhibitory activity against either COX isoform or AChE
(Piomelli et al., 2006). 4495 and 4496 were effective against AChE (4.5+1.04 uM and
0.63+0.03 uM, respectively), 4369 did not inhibit AChE.

Ibuprofen and indomethacin were weakly effective against FAAH in our assay;
the indomethacin ICso for FAAH inhibition was greater than 500 uM, while ibuprofen had
little inhibitory effect below an ICso of 1.0 mM (Table 7, Fig. 25). Previous studies have
reported modest FAAH inhibitory activity for these chemicals at lower pH levels (6.0 -

7.5) (Holt et al., 2001; Fowler et al., 2003; Bertolacci et al., 2013), so the alkaline pH
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conditions of our assay (pH 9.0) may have affected NSAID potency. NSAID ICs values
for COX-1 and COX-2 inhibition were: ibuprofen, NA and 0.11+0.25uM; indomethacin,
0.415+ 0.02 uM, 6.49+ 0.07 uM, respectively. Indomethacin was inactive in the AChE
assay and ibuprofen was not tested.

The O-phenoxy leaving group increased both FAAH inhibitor potency and
inflammation suppression in the MEVM (Table 8). Compound 4497, a vanillyl amide
with an O-phenoxy group on the amide carbonyl actively inhibited FAAH (ICso= 0.64+0.3
uM), and was effective in suppressing both CEES- and TPA-induced inflammation (63%
and 97%, respectively). 4500, a compound of similar structure to 4497 but with the
phenyl bound directly to the amide carbonyl and no oxygen atom, was ineffective as a
FAAH inhibitor (ICso > 1mM) and against CEES-induced inflammation, and only
moderately effective against TPA (Table 8, Fig. 26). Further structural comparisons
between the O-phenoxy compounds revealed that addition of a second amide carbonyl
group to the vanillyl amide structure of 4369 greatly reduced inhibitor effectiveness
(FAAH ICso>1mM), but did not affect its anti-inflammatory activity in the MEVM against

CEES or TPA (Table 8, Fig. 27).

e. Class V(a) and V(b) - NSAID-AChEI conjugates

Anti-inflammatories combining an NSAID and a reversible acetylcholinesterase
inhibitor have proved effective in treating vesicant-induced inflammation (Amitai et al.,
2006). BChE, AChE and FAAH are serine hydrolases targeted by organophosphate
agents, and recent studies indicate AEA, PEA and OEA are either uncompetitive or
noncompetitive inhibitors of BChE (Quistad et al., 2001; Romani et al., 2011). Given the
interactions between endocannabinoids and the cholinergic system and the effects of
both on inflammation, we screened the NSAID-AChEI compounds for FAAH inhibition.

Compounds were chosen from two subclasses (Fig. 28): one comprised of a choline
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bioisostere (X=C) linked to indomethacin by an ester carbonate (4338) (Figure 29); and
two comprised of galantamine directly linked to an NSAID by an ester, the NSAID
conjugate either (4461) naproxen or (4462) indomethacin (Fig. 30) (Laskin, 2012).
Compounds were also screened for AChE, COX-1, COX-2 inhibition, and for
suppression of inflammation in the MEVM. Results are presented in Table 9, and
Figures 31 and 32.

Results varied for the carbonate-ester 4338. Initial assays showed it was the
most effective against FAAH (IC50=0.82 uM), however due to solubility difficulties
subsequent assays were inconclusive (Table 9, Fig. 31). The two galantamine esters
were moderately active against FAAH, 4461 more potent than 4462 (Table 9). FAAH
inhibitory effectiveness was negatively correlated with COX-1 inhibition; no obvious
correlations between FAAH inhibition and the other endpoints were observed.
Interestingly, the indomethacin-choline bioisostere conjugate 4338 was more active
against COX-2 than COX-1, while 4462, comprised of indomethacin and galantamine,
showed more activity against COX-1. Compound AChEI activity from greatest to least
was 4462 > 4338 > 4461; the two indomethacin conjugates more effective than
naproxen-galantamine. All three effectively reduced CEES- and TPA-induced edema

and inflammation by between 58% and 97% (Table 9).
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3. DISCUSSION

The third aim of these studies was to assay FAAH inhibitors as suppressants
of vesicant-induced injury in the MEVM. FAAH is inhibited by classical serine hydrolase
inhibitors including various amides, ketones, and carbamate derivatives possessing
lipophilic components and highly electrophilic carbonyls (Lodola et al., 2011; Otrubova et
al., 2011). Itis also inactivated by organophosphate pesticides, some of which are
AChE and BuChE inhibitors, for example chlorpyrifos oxon, paraoxon; oleyl-, dodecyl-
and octyl-benzodioxaphosphorin (BDPO) oxides; and the phosphonofluoridates — methyl
arachidonoyl phosphonofluoridate (MAPF) and ethyl octylphosphonofluoridate (EOPF)
(Quistad et al., 2001). Using pharmaceutical agents from the classes described below,
our group designed and synthesized bifunctional compounds as topical anti-
inflammatories to suppress vesicant-induced edema.

Various pharmacological agents have been efficacious in protecting against or
reducing SM-induced skin injury in animal models (Sabourin et al., 2000). Some of the
agents decreasing the inflammatory response to SM include vanilloids (octyl
homovanillamide or olvanil derivatives), NSAIDs (indomethacin, celecoxib), antioxidants
(N-acetyl cysteine, vitamin E, sulforaphane) and anticholinesterase inhibitors
(galantamine, diclofenac) (Casillas et al., 2000; Sabourin et al., 2000; Han et al., 2004;
Paromov et al., 2007; Black et al., 2010b). Several of these agents were studied by our
group in the MEVM for effectiveness against CEES.

Pretreatment with vanilloids prior to SM exposure significantly reduced edema,
inhibited leukocyte migration and downregulated mRNA expression of the
proinflammatory cytokines IL-1p and IL-6 (Babin et al., 2000; Sabourin et al., 2000).
Vanilloids modulate skin inflammation by disrupting release of neuropeptides (Substance

P and neurokinin A) from skin sensory fibers, blocking their vasodilative activity, possibly
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by binding to TRPV-1 receptors (Szallasi et al., 2007). They are analogs of capsaicin, a
compound originally isolated from hot chili peppers.

NSAIDs celecoxib and indomethacin were assayed in the MEVM against CEES,
and found to reduce inflammation and edema (Casillas et al., 2000; Wormser et al.,
2004). Arachidonic acid and its proinflammatory COX-2 and LOX metabolites are
reported to play a role in vesicant-induced edema, possibly by increasing capillary
permeability to allow influx of kinins, complement and fibrin into the dermis (Rikimaru et

al., 1991; Black et al., 2010b).

a. Class | — Vanillyl alcohol carbamates

Several of the vanillyl alcohol carbamates (4439, 4452 and 4453) were effective
inhibitors of FAAH activity, and also inhibited inflammation in the MEVM. Vanillyl amine
(i.e., 3-hydroxy-4-methoxybenzylamine or vanillyl amine) and vanillyl alcohol (i.e., 3-
hydroxy-4-methoxybenzyl alcohol or vanillyl alcohol) are well-known elements in anti-
inflammatory compounds (Pal et al., 2009c; Tomohiro et al., 2013). Vanillyl alcohol itself
is a natural anti-inflammatory found in ginger and in a wide variety of other botanicals
used as an additive in foods, pharmaceuticals, and cosmetics (Jung et al., 2008;
Khallouki et al., 2011; Tai et al., 2011; Raffai et al., 2015). Most of the reported
candidate FAAH inhibitors have been carbamates and amides of vanillyl amine; few
studies have been performed using vanillyl alcohols in conjugate systems (Costa et al.,
2010; Malek et al., 2015). The vanillyl alcohol carbamates (4452, 4453, 4455, and 4464)
were all synthesized from vanillyl alcohol with the lipophilic (fatty amine) side chain
derived from phenethyl, phenoxyethyl, cyclohexylmethyl, and morpholinylethyl (Laskin,
2013). Varying the hydrocarbon amine side chain allows manipulation of overall

molecular lipophilicity. In addition, acetylating the para-phenol hydroxyl on the vanilloid
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greatly increases shelf life of these inhibitors while having no effect on their biological
activity.

Three channels connecting the catalytic site of FAAH to the enzyme’s periphery
have been reported: a membrane access channel (MAC), leading to a protein surface
opening at the membrane bilayer; an acyl-chain binding pocket (ABP); and a cytosolic
port (CP) (Mor et al., 2004; Min et al., 2011). The CP is theorized allow entry of water
molecules leading to the catalytic center and exit of polar reaction products while the
MAC and ABP create a wide channel that is mainly hydrophobic on one side and
somewhat polar on the other (Min et al., 2011). The carbamates evaluated in our study
clearly show the importance of the hydrophobic-hydrophilic balance for inhibitor activity.

Of the vanillyl alcohol derivatives, compound 4439 was not only the most
lipophilic, but also the best FAAH inhibitor and an effective inflammation suppressant in
the MEVM, while the water soluble 4464 was ineffective. Other groups have reported
that an aryl moiety proximal to the carbonyl site contributes to FAAH inhibitory activity
and in one study, inhibitor activity was related experimentally to electron density in the
aryl ring, further supporting its importance in site-binding (Keith et al., 2012; Keith et al.,
2014). The weak activity against FAAH found in our non-arylated compounds (4455 and
4464) may be due to the lack of an essential planar phenyl ring in their molecular
structures.

Another factor influencing the potency of FAAH inhibitors and their anti-
inflammatory effects is the length of the alkane R-group. Previous studies using
vanillylamine amides showed that the anti-inflammatory potency of these compounds
increased with increasing chain length, with an optimum of 8-12 carbons (Janusz et al.,
1993; Walpole et al., 1993). Overall size and hydrophobicity contributed more to efficacy
than addition of unsaturation or branched-chain elements. Increasing the side chains to

greater than 12 carbons showed a progressive reduction in activity, while increasing the
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number of carbons from C,-Cg improved efficacy (Janusz et al., 1993; Walpole et al.,
1993). FAAH inhibitory activity appears to follow a similar trend; Boger et al. reported an
optimum fatty acid chain length of 8-12 carbons (Boger et al., 2000; Otrubova et al.,
2011). Our results for the class | inhibitors were similar as shown in Table 2, in order of

increasing 1Cso: dodecyl>decyl>heptyl>butyl.

b. Class Il — Hydroxamates and Class Il — Vanillyl Amides

The Class Il compounds are vanillyl amides and with a hydroxyl group on the
amide nitrogen, and R-substituents conjugated to the amide carbonyl carbon. The
analogous Class Il compounds differ only by lack of the hydroxyl group. O-conjugation
creates a carbamate compound. Because these two classes are similar, we compared
FAAH inhibitory and inflammation suppression ability between compounds with the
same substituents.

A few trends were immediately visible, one, that the vanillyl amide inhibitors were
more effective as a class than the hydroxamates against FAAH. If the proposed
mechanism of catalysis is correct, the vanillyl amide portion of the molecule would
remain bound in the active site, and the substituents would act as leaving groups. Itis
possible that the nucleophilic hydroxyl oxygen interferes with catalysis, perhaps slightly
destabilizing the acyl enzyme intermediate by bridging to the proton on the hydroxyl, and
affecting donation of electrons to the leaving group. It may also react with water
molecules positioned in the active site as “guides” to position the reactive nucleophile to
approach at an optimal angle, then the nucleophile to attack the reactive carbonyl at an
optimal angle for catalytic efficiency (Mileni et al., 2010). The Class lll compounds are
only slightly more hydrophobic than their Class Il counterparts, so hydrophobicity or

“fattiness” would not play a significant role in differences in FAAH activity.
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The first three compounds in each class were comparable; the O-phenoxy
substituent compounds the most potent in both classes, followed by the octyl and
dodecyl/lauryl compounds, which were moderately effective. All three are carbamates
with 1Cses in the low micromolar range, all below 75 micromolar. The R-groups
conferred slightly different potencies depending on class: in Class Il the dodecyl
substituent compound was slightly more effective, in Class Il the octyl. The linear
dodecyl/lauryl and octyl substituents fell within the optimal 8-12 carbon range for
inhibitory effectiveness.

Interestingly, R-groups on the next two inhibitors in each class are similar, one an
undecanoyl and the other a hexyl. Again, the R-groups conferred different potencies
depending on class; in Class Il the undecanoyl was more effective, while in Class Ill the
hexyl. A notable increase in ICsos occurred within this group of Class Il compounds
compared to the previous group of three inhibitors, 1Csos for both the undecanoyl and
hexyl increased to over 100 micromolar. This increase was not apparent in the Class Il
chemicals, whose ICsos remained below 75 micromolar. In these classes of compounds,
the substituent is the leaving group. Since the effect of substituent type on FAAH
inhibition is following a general trend in both compound classes, it's possible the
hydroxyl may have an effect on formation and release of the leaving group.
Hydrophobicity as measured by cLogP may only play a small role in inhibitory activity
here, given the wide range of cLogP values calculated for all compounds from both
classes discussed thus far. The effects are more likely due to how the molecular regions
of the compound interact with residues inside the active site to position and then react
with the molecule.

Hydrophobicity may play a greater role in the potency of the last three
compounds listed in both groups. All are at the extremes of

hydrophobicity/hydrophilicity: the hydrophilic Met substituent compounds below 1.0, then
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the hydrophobic 2-hexyldecanoyl at 7.32 and 7.59; and cetyl at 8.73 and 8.77. Too
much “fattiness” would interfere with binding to hydrophilic residues within the active site,
too little would have the opposite effect, both greatly reducing potency. Surprisingly, the
Met compound in the Class Ill group showed moderate inhibitory activity, while the Class
Il compound with this substituent was practically inactive as an FAAH inhibitor. Activity
of the Class lll 2-hexyldecanoyl substituent compound was low compared to the other
members of its class, but was much greater than its Class Il analog. Although these
compounds are amides instead of carbamates, removing the hydroxyl group again
improved FAAH inhibitory potency.

We found no obvious correlations in our study between FAAH inhibition, anti-
inflammatory activity and lipophilicity in the hydroxamate compounds. However, these
hydroxamates are potent chelating agents which form tight, colored complexes with iron,
zinc, and other metal ions. A correlation between our hydroxamates and inhibition of
ADAM17 (MMP-linked enzyme with a metal ion) has been observed in the healing of
mustard induced injury in the rabbit cornea (Gordon, 2013). Some metal ions such as
Hg?*, Cu?*, and Co?" were reported to potently inhibit an amide hydrolase while others
(Mg?* and Mn?*) greatly increased enzymatic activity (Shen et al., 2012). The enzyme
was inhibited by up to 20-30% by chelating agents such as EDTA and 1,10-
phenanthroline. Thus, the lack of an obvious correlation between anti-inflammatory
activity and FAAH inhibition may be partially due to the activities of chelating agents and
exogenous metal ions involved in amidase hydrolysis, and the fact that these
hydroxamates may act on other targets (ADAM17 and/or MMPSs) to inhibit CEES-

induced inflammation in vivo.
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c. Class IV — Olvanil-NSAID

Dual inhibition of COX-2 and FAAH has been suggested to suppress
inflammation by preventing the cyclooxygenation of both AEA and AA and the
subsequent formation of prostamides and prostaglandins, as well as allowing the
increase of anti-inflammatory endocannabinoids such as AEA (Favia et al., 2012; Grim
et al., 2014). Additional benefits might include reduction of NSAID-produced gastric
damage and other unwanted side effects characteristic of NSAIDs (Cipriano et al.,
2013). Compounds 4369 and 4495 showed low inhibitory activity toward COX-2 (238+
0.16 pM and NA), but 4496 inhibited COX-2 with an ICso of 110+ 0.01 nM, suggesting
this molecule could function as a dual FAAH-COX-2 inhibitor. Although 4496 was
slightly less effective against FAAH than 4495, the combined effect of inhibiting both
enzymes may make it a more desirable candidate as an anti-inflammatory drug. Both
4495 and 4496 inhibited AChE (4.5+1.04 uM and 0.63+0.03 uM, respectively). AChE is
produced by keratinocytes during inflammation, and may modulate epidermal
differentiation, proliferation and apoptosis (Grando, 1997). AChE inhibition has
previously been proven effective in suppressing vesicant-induced inflammation and may
play a role in the potency of these compounds in the MEVM.

The NSAID-olvanils were our most potent FAAH inhibitors, and among the most
effective in the MEVM in protecting from chemical-induced inflammation. The vanillyl
alcohol compound 4369 possessed moderate FAAH inhibitory activity (in the low
micromolar range), and some effectiveness in the MEVM. Attaching the NSAID moiety
to the vanillyl alcohol resulted in a compound with increased hydrophobicity, a property
correlated with effective FAAH inhibition. An additional benefit of conjugating the two
molecules is the addition of an amide to the NSAID providing not only an amide bond,

the preferred substrate of FAAH, but also a carbonyl for nucleophilic attack and
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carbamoylation by S241, an important hydrolysis step. In addition, the vanillyl alcohol
phenoxy is a stable leaving group, increasing efficiency of hydrolysis.

Additional structural modifications were performed to the vanillyl amide to
enhance inhibitor potency. Compound 4497, consisting of the vanillyl amide with the O-
phenoxy and an additional carbonyl, but no NSAID substituent, potently inhibited FAAH
and was effective against both CEES and TPA in the MEVM (Table 8). The importance
of the O-phenoxy leaving group is evident when 4497 is compared to 4500, the same
compound without the O-phenoxy. Not only was 4500 inactive as an FAAH inhibitor, but
was also inactive against CEES. It was 56% active against TPA.

4369, the olvanil portion of the olvanil-NSAIDs, effectively both inhibited FAAH
and suppressed CEES- and TPA-induced inflammation. Adding an amide resulted in an
increase in I1Csp to over 1.0 mM, but in this case the compound retained its anti-

inflammatory effectiveness against both CEES- and TPA-induced edema (Table 8).

d. Class V(a) and V(b) — Ester carbonates and Galantamine esters

Although most of the FAAH inhibitors studied to date are analogs of AEA,
amides, ureas and carbamates, an amide moiety is not always necessary for inhibition
(Seierstad and Breitenbucher, 2008). In addition, FAAH is inactivated by
organophosphate pesticides, serine hydrolase inhibitors which also inhibit
acetylcholinesterase and butrylcholinesterase (Quistad et al., 2001).

Keratinocytes possess a functional cholinergic system and produce acetylcholine
(AChE) during inflammation (Grando, 1997; Amitai et al., 2006). Nicotinic AChRs are
coupled to regulation of Ca?* flux and intracellular metabolism, controlling adhesion and
motility (Nguyen et al., 2000). Both muscarinic and nicotinic agonists were reported to
protect keratinocytes against acantholysis (loss of intracellular connections, i.e.

desmosomes) induced by the autoimmune blistering disease phemphigus vulgaris (PV).
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Treatment with and AChEI and NSAID conjugate (DICLO-PD) was reported to decrease
SM-induced vacuoles, edema and epidermal necrosis (Amitai et al., 2006). Taken
together, these results suggest a role for AChE inhibition in the treatment of vesicant-
induced injury.

Recent studies by our group agree with earlier work by Amatai et al, who
reported that conjugates of NSAID-acetylcholinesterase inhibitor could suppress SM-
induced inflammation (Young et al., 2010; Young et al., 2012). Bifunctional compounds
tested by the Amitai group consisted of either ibuprofen or diclofenac conjugated to the
AChEI pyridostigmine by an octyl or decyl hydrocarbon chain spacer. Prodrug
compounds developed by our group are comprised of either a choline bioisostere and
NSAID conjugated by an ester-carbonate linker; a choline bioisostere conjugated to an
NSAID by an ester; or an AChEI conjugated to an NSAID by an ester (Young et al.,
2012). Serine hydrolases typically metabolize esters at greater rates than amides, but
the unusual catalytic triad of FAAH allows for hydrolysis of both amides and esters at
similar rates (McKinney and Cravatt, 2003). Given that FAAH has esterase activity
which could activate these prodrugs, and that some organophosphate pesticides and
related compounds which inhibit AChE also inhibit FAAH, we assayed these chemicals
for FAAH inhibitory activity.

Compounds from all three groups were highly potent suppressers of CEES-
induced inflammation in mouse skin. 4462, a conjugate of indomethacin and the anti-
cholinergic galantamine, displayed significant inhibition against CEES and TPA, >75%
suppression observed in both assays. The compound was moderately effective against
FAAH; although galantamine is not known to inhibit FAAH, indomethacin has moderate
FAAH inhibitory activity. The anti-cholinergic activity observed was expected in 4462
due to the galantamine component. 4462 potently inhibited COX-1 versus COX-2,

possibly due to the indomethacin conjugate, which although is classified as a non-
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selective COX inhibitor is generally more effective against COX-1 (Mitchell et al., 1993;
Blanco et al., 1999). 4461, a conjugate of S-naproxen and galantamine, significantly
inhibited CEES- and TPA-induced inflammation, > 88% suppression of inflammation for
both agents. This compound was moderately effective against FAAH and AChE, but
potent against COX-2, suggesting COX-2 inhibition plays a major role in its anti-
inflammatory activity. 4338, a conjugate of indomethacin and the anti-cholinergic 3,3-
dimethyl butyl carbonate, potently suppressed inflammation and injury in the MEVM.
Low micromolar ICses for both COX-2 and AChE indicates that dual inhibition of these
enzymes could be responsible for its effectiveness.

FAAH inhibition may be in part responsible for the demonstrated pharmacological
anti-inflammatory activity of these esters. The galantamine conjugates retained some
inhibitory effect for FAAH, but were much more effective against AChE or COX-2. FAAH
inhibition is not their primary mechanism of inflammation suppression, but may play a
role. Although the ICso results indicated 4338 was a potent FAAH inhibitor, it is very
hydrophobic (cLogP=7.87) and was difficult to solubilize. A manual curve fit indicated an
ICso Of approximately 500 uM versus the 0.82 uM calculated by GraphPad. The higher
value may be more representative given the results obtained from similarly hydrophobic
compounds in our FAAH assay. In addition, the compound’s relative insolubility may
have affected assay performance. Additional assays using an alternate solvent or a
lower stock concentration may improve results.

These data show that FAAH inhibitors are effect suppressants of inflammation in
vivo. Further experiments on these compounds would be necessary to confirm and
statistically strengthen the data. Since some of these agents were effective against
more than one target, confirmation of their mechanism(s) of action would be crucial,
especially for activity against AChE. Irreversible AChE inhibitors are associated with

toxic effects and would not be useful as a pharmaceutical treatment for vesicant
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exposure (Colovic et al., 2013). Few irreversible AChEIls are used as therapeutic
agents, for example, two organophosphate compounds are used to treat glaucoma
(diisopropyl fluorphosphate, echothiophate), one for Alzheimer’s or Parkinson’s disease
(trichlorfon) (Cummings et al., 2001; Rhee et al., 2001). In the case of
organophosphate-derived compounds, the AChE/OP carbamate complex is stable, and
OPs phosphorylate the AChE active site serine irreversibly. Carbamates form a less
stable bond with the active site serine residue and the carbamyl moiety is readily
hydrolyzed, so they are considered reversible (Darvesh et al., 2008; Colovic et al.,
2013). Examples of carbamate therapeutic compounds are physostigmine (myasthenia
gravis), rivastigmine (Alzheimer’s Disease), pyridostigmine (Colovic et al., 2013).
Further characterization of the candidate FAAH inhibitors would also include
kinetics studies to identify compound mechanism of inhibition, for example, whether it is
competitive, non-competitive or un-competitive. Non-competitive results may indicate
slow-reversible or irreversible inhibition, desirable qualities for FAAH inhibitors since
FAAH hydrolysis quickly eliminates endocannabinoids in vivo, so should be confirmed.
These studies have only begun to characterize the effects of our large library of
candidate anti-inflammatories on the endocannabinoid system, and their suitability as
treatments for NM- or SM-induced inflammation. New compound classes remain to be
tested which may provide additional insights on endocannabinoid function in the skin
during the inflammatory response, and result in therapeutics for use against chemical-

induced skin injury.
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Figure 14. General structures of FAAH inhibitors. Four classes of FAAH inhibitors
are shown: Class I, vanillyl alcohol carbamates; Class I, hydroxamates; Class lll, vanillyl
amides and vanillyl amide carbamates; Class IV, olvanil-NSAIDs. Structures were
drawn using ChemDraw Professional, Version 15.0.
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Figure 15. Chemical components of vanillyl alcohol carbamates. Precursor
structures of vanillyl alcohol carbamates are shown. For synthesis, the 4-hydroxyl of the
vanillyl alcohol is first protected with a carboxylic acid to form an ester, preventing its
condensation during the addition of the carbamate to the vanillyl alcohol. The ester is
then hydrolyzed in polar solution. R-groups are conjugated to the amide nitrogen.
Structures were drawn using ChemDraw Professional, Version 15.0.
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Table 1. Ability of vanillyl alcohol carbamates with N-conjugated ring R-groups to
inhibit FAAH enzyme activity and suppress inflammation in the mouse ear
vesicant model (MEVM). In vitro compound activities are expressed as ICsps, the
inhibitor concentration necessary to reduce enzyme activity by half. FAAH hydrolyzes
AEA and other N-acylethanolamines; AEA to AA and ethanolamine. Compounds are
listed in order of increasing FAAH ICso. FAAH ICs, data were calculated using
GraphPad Prizm 6.0, n=1. CEES data are percent inhibition of inflammatory response
by each NDH compound compared to positive controls, n=3. The cLogP is the
calculated logarithm of the partition coefficient between n-octanol and water and is used
as a measure of compound hydrophilicity. A high cLogP indicates low hydrophilicity.
The cLogP for each compound was determined using ChemBioDraw Ultra 12.0
software.
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Figure 16. Activity of vanillyl alcohol carbamates with N-conjugated ring R-groups
as inhibitors of FAAH enzyme activity. Effects of increasing inhibitor concentrations
on FAAH activity. ICs, curves were drawn using GraphPad Prizm 6.0. Data are n = 1.
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Table 2. Ability of vanillyl alcohol carbamates with C4,-C,, alkane R-groups to
inhibit FAAH enzyme and suppress inflammation in the mouse ear vesicant model
(MEVM). In vitro compound activities are expressed as I1Csss, the inhibitor concentration
necessary to reduce enzyme activity by half. FAAH hydrolyzes AEA and other N-
acylethanolamines; AEA to AA and ethanolamine. Compounds are listed in order of
increasing FAAH ICso. FAAH ICs, data were calculated using GraphPad Prizm 6.0; n=1.
CEES and TPA data are percent inhibition of inflammatory response by each NDH
compound compared to positive controls treated with CEES or TPA alone, n=3. The
cLogP is the calculated logarithm of the partition coefficient between n-octanol and water
and is used as a measure of compound hydrophilicity. A high cLogP indicates low
hydrophilicity. The cLogP for each compound was determined using ChemBioDraw
Ultra 12.0 software.
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Figure 17. Ability of vanillyl alcohol carbamates with N-conjugated alkane R-
groups to inhibit FAAH. Effects of increasing chain length of alkane R-groups on
inhibition of FAAH enzyme activity. 1Csq curves were drawn using GraphPad Prizm 6.0.
Data are n=1.
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Figure 18. Chemical components of Class Il hydroxamate compounds. A
carbamate and a hydroxyl group are conjugated to the vanillyl amine nitrogen. R-groups
are conjugated to the amide carbonyl. Structures were drawn using ChemDraw
Professional, Version 15.0.
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Table 3. Ability of hydroxamates to inhibit FAAH and suppress inflammation in the
mouse ear vesicant model (MEVM). In vitro compound activities are expressed as
ICsgs, the inhibitor concentration necessary to reduce enzyme activity by half. FAAH
hydrolyzes AEA and other N-acylethanolamines; AEA to AA and ethanolamine.
Compounds are listed in order of increasing FAAH ICs,. FAAH IC5, data were calculated
using GraphPad Prizm 6.0, n=1. CEES and TPA data are percent inhibition of
inflammatory response by each compound compared to positive controls treated with
CEES and TPA alone, n=3. The cLogP is the calculated logarithm of the partition
coefficient between n-octanol and water and is used as a measure of compound
hydrophilicity. A high cLogP indicates low hydrophilicity. The cLogP for each compound
was determined using ChemBioDraw Ultra 12.0 software. n.d., not determined.
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Figure 19. Activity of the hydroxamate class of compounds as inhibitors of FAAH
enzyme activity. Effects of varying hydroxamate R-substituents on FAAH activity. ICs
curves were drawn using GraphPad Prizm 6.0. Data are n=1.
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Figure 20. Chemical components of Class Ill compounds. Class lll compounds are
vanillyl amines with a carbamate attached at the amine nitrogen, and R-substituents
conjugated to the amide carbonyl. This class lacks the N-hydroxyl group. Structures

were drawn using ChemDraw Professional, Version 15.0.
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Table 4. Activity of vanillyl amides and vanillyl amide carbamates as FAAH
enzyme inhibitors and suppressors of inflammation in the mouse ear vesicant
model (MEVM). In vitro compound activities are expressed as I1CsS, the inhibitor
concentration necessary to reduce enzyme activity by half. FAAH hydrolyzes AEA and
other N-acylethanolamines; AEA to AA and ethanolamine. Compounds are listed in
order of increasing FAAH ICs,. FAAH IC5, data were calculated using GraphPad Prizm
6.0, n=1; 4369 n=3; mean = S.E.M. CEES and TPA data are percent inhibition of
inflammatory response by each compound compared to positive controls treated with
CEES or TPA alone, n=3. The cLogP is the calculated logarithm of the partition
coefficient between n-octanol and water and is used as a measure of compound
hydrophilicity. A high cLogP indicates low hydrophilicity. The cLogP for each compound
was determined using ChemBioDraw Ultra 12.0 software. NA, not active; n.d., not
determined.



125

0]

MeQ )-I\

N R
H

HO

FAAH | CEES | TPA
Compound R ICso (M) | % Inh. | % Inh. | ©-°9P

2.2
4369 +0.4 76 87 2.16

4366 ~ 17 64 28 4.50
fio/\l\/lg\l\fle
4362 ?io/\[\%Me 43 89 84 6.61

-
4367 e e T 76 71 3.44
~
4380 sfi'/{/*/\CH 65 75 91 4.41
6 2

~ oM
4364 ;{O/\/ ¢ 66 4 a4 0.94

b
4379 300 NA 76 7.32

4360 ;io/\[\/]g\me NA NA 56 8.73




126

Table 5. Comparison of the activity of phenyl- and phenyl hydroxyl carbamates
(hydroxamates) as inhibitors of inflammation in the mouse ear vesicant model
(MEVM). In vitro compound activities are expressed as 1CsS, the inhibitor concentration
necessary to reduce enzyme activity by half. FAAH hydrolyzes AEA and other N-
acylethanolamines; AEA to AA and ethanolamine. Compounds are listed in order of
increasing FAAH ICso. FAAH ICs, data were calculated using GraphPad Prizm 6.0, n=1;
4369 n=3; mean = S.E.M. CEES and TPA data are percent inhibition of inflammatory
response by each compound compared to positive controls treated with CEES and TPA
alone, n=3. The cLogP is the calculated logarithm of the partition coefficient between n-
octanol and water and is used as a measure of compound hydrophilicity. A high cLogP
indicates low hydrophilicity. The cLogP for each compound was determined using
ChemBioDraw Ultra 12.0 software. n.d., not determined.
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Figure 21. Structures of conjugate NSAID substituents. lbuprofen and indomethacin
molecules are shown. Structures were drawn using ChemDraw Professional, Version
15.0.
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Figure 22. General structure of Olvanil-NSAIDs. Compound is broken into three
basic components, the vanillyl amide (black), carbamate linkage (blue) and O-phenoxy
leaving group (red). Structures were drawn using ChemDraw Professional, Version
15.0.
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Figure 23. Comparison of Olvanil-NSAID and URB597 structures. The Olvanil-
NSAID is broken into three components, vanillyl amide (black), carbamate linkage (blue)
and O-phenoxy leaving group (red). The carbamate linkage in URB597 is shown in
blue. Structures were drawn using ChemDraw Professional, Version 15.0.



133

Olvanil-NSAID URB597

0 NH,
MeO JI\
NSAID \ﬂ/

Ir=
O

carbamate linkage



134

Table 6. Activities of 4369, olvanil-NSAIDs and URB597 as FAAH, COX-1, COX-2
and AChE enzyme inhibitors and suppressors of inflammation in the mouse ear
vesicant model (MEVM). In vitro compound activities are expressed as ICsps, the
inhibitor concentration necessary to reduce enzyme activity by half. FAAH hydrolyzes
AEA and other N-acylethanolamines; AEA to AA and ethanolamine. COX-1
(constitutive) and COX-2 (inducible) convert AA to PGH,, which can be further
metabolized to pro-inflammatory prostaglandins. AChE is a serine hydrolase inhibited
by organophosphate compounds also reported to inhibit FAAH. Compounds are listed in
order of increasing FAAH ICs,. ICsos were calculated using GraphPad Prizm 6.0, n=3,
mean = S.E.M. COX and AChE: n=3, mean + S.E.M. CEES and TPA data are percent
inhibition of inflammatory response by each compound compared to positive controls,
n=3. The cLogP is the calculated logarithm of the partition coefficient between n-octanol
and water and is used as a measure of compound hydrophilicity. A high cLogP indicates
low hydrophilicity. The cLogP for each compound was determined using ChemBioDraw
Ultra 12.0 software. n.d., not determined; NA, not active; *NSI, no significant inhibition.
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Figure 24. Activities of the Olvanil-NSAID compounds and URB597 as inhibitors of
FAAH enzyme activity. Effects of varying NSAID substituents on FAAH activity, and
comparison to activity of URB597. ICs, curves were drawn using GraphPad Prizm 6.0.
Data are n=3; means = S.E.M.
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Table 7. Activities of indomethacin and ibuprofen as FAAH, COX-1, COX-2 enzyme
inhibitors, and suppressors of inflammation in the mouse ear vesicant model
(MEVM). In vitro compound activities are expressed as 1CsS, the inhibitor concentration
necessary to reduce enzyme activity by half. FAAH hydrolyzes AEA and other N-
acylethanolamines; AEA to AA and ethanolamine. Compounds are listed in order of
increasing FAAH ICs,. COX-1 (constitutive) and COX-2 (inducible) convert AA to PGH,,
which can be further metabolized to pro-inflammatory prostaglandins. AChE is a serine
hydrolase inhibited by organophosphate compounds also reported to inhibit FAAH. 1Cs,
data were calculated using GraphPad Prizm 6.0; FAAH: n=1; COX and AChE: n=3 +
S.E.M. CEES and TPA data are percent inhibition of inflammatory response by each
compound compared to positive controls, n=3. The cLogP is the calculated logarithm of
the partition coefficient between n-octanol and water and is used as a measure of
compound hydrophilicity. A high cLogP indicates low hydrophilicity. The cLogP for each
compound was determined using ChemBioDraw Ultra 12.0 software. n.d., not
determined; NA, not active.
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Figure 25. Activities of the NSAIDs ibuprofen and indomethacin as inhibitors of
FAAH enzyme activity. Effects increasing concentrations of ibuprofen and
indomethacin on FAAH activity. ICso curves were drawn using GraphPad Prizm 6.0. Data

are n=2.
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Table 8. Activities of the vanillyl amide compounds as FAAH enzyme inhibitors
and suppressors of inflammation in the mouse ear vesicant model (MEVM). In
vitro compound activities are expressed as ICseS, the inhibitor concentration necessary
to reduce enzyme activity by half. FAAH hydrolyzes AEA and other N-
acylethanolamines; AEA to AA and ethanolamine. Compounds are listed in order of
increasing FAAH ICso. FAAH ICs, data were calculated using GraphPad Prizm 6.0, n=3,
mean + S.E.M. CEES and TPA data are percent inhibition of inflammatory response by
each compound compared to positive controls, n=3. The cLogP is the calculated
logarithm of the partition coefficient between n-octanol and water and is used as a
measure of compound hydrophilicity. A high cLogP indicates low hydrophilicity. The
cLogP for each compound was determined using ChemBioDraw Ultra 12.0 software.
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Figure 26. Comparison of NDH Compound Structures with and without O-phenoxy
group. Structures of two vanilloid compounds are shown. The O-phenoxy group in 4497
is labeled in red, the phenyl without oxygen is labeled in blue. Structures were drawn
using ChemDraw Professional, Version 15.0.



145

4497 4500
0 0 o 0
o o)I\ N JI\Q 0 o).l\m
A A,
OMe OMe

O-phenoxy phenyl



146

Figure 27. Comparison of NDH Compound Structures with and without additional
amide group. Structures of two vanilloid compounds are shown. The extra amide group
in 4502 is labeled in red. Structures were drawn using ChemDraw Professional, Version
15.0.
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Figure 28. General structure of Ester-Carbonate and Ester series NSAIDs.
Compounds are divided into two classes: V(a) ester-carbonate linkage; V(b) ester
linkage. Structures were drawn using ChemDraw Professional, Version 15.0.
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Figure 29. General structure of Class V(a) Ester-Carbonate NSAID (4338). 4338 is
divided into three components: a choline bioisostere (blue) linked to an NSAID (black) by
an ester-carbonate (red). Structures were drawn using ChemDraw Professional,

Version 15.0.
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Figure 30. General structure of Class V(b) Galantamine-NSAID. Galantamine and
an NSAID are linked by an ester. Structures were drawn using ChemDraw Professional,
Version 15.0.
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Table 9. Activities of the Class V compounds as FAAH, COX-1, COX-2 and AChE
inhibitors, and suppressors of inflammation in the mouse ear vesicant model
(MEVM). In vitro compound activities are expressed as ICsgS, the inhibitor concentration
necessary to reduce enzyme activity by half. FAAH hydrolyzes AEA and other N-
acylethanolamines; AEA to AA and ethanolamine. Compounds are listed in order of
increasing FAAH ICs,. COX-1 (constitutive) and COX-2 (inducible) convert AA to PGH,,
which can be further metabolized to pro-inflammatory prostaglandins. NSAIDs linked to
AChE inhibitors have been reported to greatly reduce SM-induced damage and
inflammation in the MEVM (Amitai et al., 2006). 1Cs, data were calculated using
GraphPad Prizm 6.0; FAAH: n=2, Tn=1; COX: n=3 + S.E.M; AChE: n=3 + S.E.M. CEES
and TPA data are percent inhibition of inflammatory response by each compound
compared to positive controls, n=3. The cLogP is the calculated logarithm of the
partition coefficient between n-octanol and water and is used as a measure of compound
hydrophilicity. A high cLogP indicates low hydrophilicity. The cLogP for each compound
was determined using ChemBioDraw Ultra 12.0 software. *Class V(a) compound.



155

c0'0F 9'CF YA
8€'9 68 Sl 670 8.y F2€0°0 €Ll upeylswopul leD-opuj 29%¥
9107
L0'S 16 88 lE 8L'0 Ge't 2’99 usxoideN le-oideN Loty
¥6°0F €0F 8200
18°L 89 L6 iTAr4 LL'E F6V 280y J=X ‘uoeylawopuj ongopuj *8EEY
quyu| % | qyu % | () 0| () 0sg) () 0s3) (r) 059
Boo awe unodwo
dbo1 vdl $330 JYov Z-X02 L-X02 Hvv4d QivSN N P 2
02N
Q o/‘.j
alv¥SN (o) o] H
x
h -]
O
(q)A ssed LB ssed




156

Figure 31. Activity of the Ester-carbonate 4338 as an inhibitor of the FAAH
enzyme. Effects of increasing concentrations of 4338 on FAAH activity. ICs, curve was
drawn using GraphPad Prizm 6.0. Data are n=2.
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Figure 32. Activities of the Galantamine-NSAID compounds as inhibitors of FAAH
enzyme activity. Effects of varying NSAID substituents on FAAH activity. ICs, curves
were drawn using GraphPad Prizm 6.0. Data are n=2.
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CONCLUDING REMARKS

The first aim of this dissertation was to determine whether the endocannabinoid
system was present in mouse skin and dermal appendages. Previously published
reports were conflicting and used in vitro models with human skin-derived cells, for
example HaCaT keratinocytes and SZ95 sebocytes. Since both CD-1 and SHK1-Hr
mice are used by our group and others to study vesicant-induced skin injury, it was
important to characterize the ECS before and after vesicant treatment in these models.
Immunohistochemistry was used to provide a visual map of the location and expression
level of CB1, CB2 and PPARa in untreated animals. We also use immunohistochemistry
to characterize FAAH expression, which to our knowledge had not yet been this well-
visualized in skin. Our findings indicate that FAAH, a key catabolic enzyme important in
regulating levels of various fatty acid amides including AEA and many N-
acylethanolamines, as well as receptors for these mediators including CB1, CB2 and
PPARa, were present in mouse skin, particularly in the interfollicular epidermis and
dermal appendages.

Secondly, we attempted to characterize the endocannabinoid system response
to vesicant exposure in mouse skin. Using immunohistochemistry, we found that these
proteins were markedly upregulated following treatment with NM and SM, suggesting
that the endocannabinoid system plays a role in mustard-induced skin injury and/or
repair. In addition, we observed changes in endocannabinoid system protein expression
over a 21-day time course, indicating these proteins may also play a role in the healing
process.

The third aim was to study structure activity relationships for different classes of
FAAH inhibitors in vitro, then apply the most effective candidates to mouse skin to
determine if inhibition of FAAH would have an effect on TPA- and/or vesicant-induced

inflammation and injury. Our results showed that topical application of compounds found
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to inhibit FAAH in vitro decreased inflammation in both the MEVM and in dorsal-skin
application models for NM and SM. Of the five classes of compounds assayed, the
olvanil-NSAIDs were the most potent against FAAH, CEES- and TPA-induced edema.
Compound 4496, an indomethacin derivative also significantly inhibited COX-2, a known
pro-inflammatory enzyme, suggesting activity as a dual FAAH-COX-2 inhibitor. Dual
inhibition would not only play a role in preventing generation of arachidonic acid by
FAAH, but also its cyclooxygenation by COX-2 and subsequent metabolism to pro-
inflammatory prostaglandins, prostacyclins and leukotrienes. 4496 also was active
against AChE, possibly an additional mechanism anti-inflammatory activity.

In all compound classes, there were agents with different levels of effectiveness
against either CEES or TPA. Some potently suppressed edema induced by both
irritants, others were more effective against one or the other. Although both irritants
induce an inflammatory response, there are differences in structure and mechanism of
toxicity. CEES is a vesicant, similar to the mustards structurally, mechanistically and in
its effects on skin. CEES effects are similar to those observed post NM- or SM-
exposure, lesions are slow to develop, and toxicity results from alkylation of DNA, RNA
and proteins, activation of proteases, and an inflammatory response that can be delayed
as long as 24 hours. In contrast, TPA is a tetracyclic diterpenoid known for its tumor-
promoting activity and skin irritant effects (Goel et al., 2007). An amphiphilic molecule, it
binds phospholipid membrane receptors inducing arachidonic acid release,
prostaglandin synthesis, altered lipid synthesis and cell adhesion, and release of
histamine and IL-2 (Weinstein et al., 1979). TPA is structurally analogous to
diacylglycerol, which activates PKC by binding to its C1-domain. TPA potently activates
PKC, triggering cell proliferation and differentiation though activation of MAPK pathways
(Maccarrone et al., 2003; Goel et al., 2007). Interestingly, in HaCaT and NHEK cells,

TPA treatment increased FAAH expression and activity, reducing AEA, while exogenous
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AEA reduced PKC activity through CBL1 signaling (Maccarrone et al., 2003). This
suggests a role for reduction of TPA-induced inflammation through FAAH inhibition, and
supports our findings that our most effective FAAH inhibitors were more potent against
TPA. Possible future studies could address whether vesicant exposure also modulates
PKC activity through CB1, and if there are any reductions in vesicant-induced
genotoxicity by modulation of this pathway.

Taken together, the data support the hypothesis that the endocannabinoids
function in regulating skin homeostasis as well as responses to chemical inflammation
and injury. Further studies are needed to better understand the role of the
endocannabinoid system in mediating vesicant-induced injury as this will be important in
identifying therapeutic targets that may reduce or prevent vesicant-induced skin

damage.
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