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ABSTRACT

N-Acylethanolamine acid amidase (NAAA) is an N-terminal cysteine hydrolase primarily found
in the endosomal-lysosomal compartment of innate and adaptive immune cells. NAAA catalyzes
the hydrolytic deactivation of palmitoylethanolamide (PEA), a lipid-derived peroxisome
proliferator-activated receptor-o. (PPAR-a) agonist that exerts profound anti-inflammatory effects
in animal models. Emerging evidence points to NAAA-regulated PEA signaling at PPAR-o as a
critical control point for the induction and the resolution of inflammation, and to NAAA itself as
a target for anti-inflammatory medicines. The present perspective discusses three key aspects of
this hypothesis: the role of NAAA in controlling the signaling activity of PEA; the structural bases
for NAAA function and inhibition by covalent and non-covalent agents; and, finally, the potential

value of NAAA-targeting drugs in the treatment of human inflammatory disorders.

INTRODUCTION

Mammalian host-defense cells produce a diverse array of lipid-derived signaling molecules that
enable the initial escalation of the inflammatory response. For example, macrophages and
neutrophils release cyclooxygenase metabolites of arachidonic acid that cause local vasodilation
and sensitization of nociceptive nerve fibers, two key signs of acute inflammation (for review, see
ref. 1). The history of cyclooxygenase inhibitors proves that interrupting the formation of these
pro-inflammatory mediators can have remarkable therapeutic benefits. But host-defense cells also
generate signals that counter inflammation, either by heightening the intrinsic resistance of tissues

to injury and infection, or by facilitating the transition toward resolution and healing. Lipid



messengers involved in these defensive and reconstructive actions include products of oxidative
polyunsaturated fatty acid metabolism (e.g., lipoxins and resolvins; for review, see ref. 1, 2) as
well as amides of polyunsaturated and saturated fatty acids, such as anandamide and

palmitoylethanolamide (PEA) (Figure 1).
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Figure 1. Bioactive amides of long-chain fatty acids that are preferred substrates either for NAAA
(blue) or FAAH (red). Fatty acid ethanolamides (also known as N-fatty acyl ethanolamines, left)
include endogenous agonists for the ligand-operated transcription factor PPAR-a (e.g., PEA,
oleoylethanolamide) and for G protein-coupled cannabinoid-1 receptor (e.g., anandamide). In
animal models, N-fatty acyl taurines (center) accelerate skin wound healing® and modulate feeding
and glucose homeostasis,*> while N-fatty acyl glycines (right) exert analgesic and anti-
inflammatory effects.® The receptor mechanisms underpinning the latter effects are only partially

understood.



Anandamide and PEA are generated, either constitutively or upon demand, by various types of
host-defense cells.” They ligate cannabinoid receptors® and peroxisome proliferator-activated
receptor-o.  (PPAR-a),”!%!! respectively, to attenuate nociceptive responding,’ diminish
production of pro-inflammatory cytokines and eicosanoids,'? and stimulate macrophages to
remove invading bacteria and apoptotic neutrophils.'*!* The two intracellular enzymes responsible
for terminating these actions, N-acylethanolamine acid amidase (NAAA) and fatty acid amide
hydrolase (FAAH), share the ability to cleave lipid amides but differ in virtually every other respect
(Figure 2). FAAH uses the side chain of an internal serine as catalytic nucleophile to attack amide
bonds in a diverse set of fatty acid amides that can access its relatively spacious substrate-binding
cavity (for review, see ref. 15). An integral membrane protein, FAAH functions as a homodimer
and is found in the endoplasmic reticulum and mitochondria of most mammalian cells. NAAA, on
the other hand, utilizes as nucleophile an N-terminal cysteine exposed during protein maturation
and recognizes substrates that, like PEA, are able to fit into the narrow hydrophobic pocket that
lies at the core of its active site. It is a soluble heterodimeric protein and is primarily, albeit not
exclusively, localized to the lysosomal compartment of innate and adaptive immune cells (for

earlier reviews on NAAA, see ref. 16,17,18).
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Figure 2. Structural and functional differences between FAAH and NAAA. Left: structure of the
FAAH homodimer modeled from crystal coordinates (PDB: 1MT5),'” adding the membrane-
spanning helix and a model phospholipid bilayer (polar heads shown as spheres). The two
monomers (identified in cyan and red) are oriented in parallel, each with an a-helix spanning the
membrane and pointing their large substrate-binding cavities (green in the monomer to the right)
in the same direction, towards the membrane. The red circle marks the position of the catalytic
triad (Ser241, Lys142 and Ser217), which is magnified in the inset. Right: representation of NAAA
based on the crystal structure of its rabbit orthologue (PDB: 6DY1).2° The closely juxtaposed o
(orange) and P (grey) subunits shape a rectilinear and relatively narrow substrate-binding pocket
(green). Substrate recruitment may occur through an opening created by the interaction of o-
helices 3 and 6 with the lipid membrane. The N-terminal catalytic nucleophile (Cys127 for rabbit
NAAA; the residues are numbered following the primary sequence deposited in UniProt)?! and
Asp146, which interacts with the amine group of the N-terminal cysteine, are highlighted in the

inset.
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Since its characterization as an anandamide amide hydrolase in 19952%2%2% (for a review of
previous work see ref. 25), FAAH has been the object of intensive study and is now undergoing
clinical evaluation as target for social anxiety, post-traumatic stress disorder and painful peripheral
neuropathies. NAAA, which was first identified by Natsuo Ueda, Shozo Yamamoto and
collaborators in 1999,%6 has attracted comparatively less attention. Nevertheless, the discovery of
several classes of small-molecule inhibitors has revealed potentially important functions for
NAAA in the tissue response to injury. In particular, recent studies have shed new light on three
areas, which are the focus of the present review: first, the role of NAAA in the regulation of PEA-
mediated signaling at PPAR-a; second, the structural requirements for NAAA inhibition by
covalent and non-covalent agents; and, finally, the potential utility of NAAA-targeting drugs in

the treatment of human inflammatory disorders.

PEA-MEDIATED SIGNALING AND THE ROLE OF NAAA
PEA was identified in 1957 as an anti-inflammatory lipid constituent of egg yolk, soybeans and
peanuts.?”?® Preclinical and clinical studies in the 1960s and 1970s documented its ability to

dampen allergic and inflammatory responses in animal models?%-3%-31:32

and to alleviate symptoms
of viral respiratory tract infection in young and adult humans.>*** In the 1990s, after a hiatus of
more than ten years, renewed interest in PEA led to a further appraisal of its anti-inflammatory

effects,?>36:37:38:39 to the discovery of its neuroprotective*? and antinociceptive*!4?

properties, and
eventually to the identification of the ligand-operated transcription factor PPAR-a as its primary

molecular target.”!%!! The last decade of preclinical research has firmly established PEA as an

analgesic and anti-inflammatory agent, and has confirmed that the majority of its actions are rooted



in the ability to engage PPAR-a (for review, see ref. 43). Strengthening the translational
significance of these findings, preliminary clinical evidence indicates that PEA — which is now
commercially available in many countries as cream for topical use (Mimyx®) and dietary
supplement — may be beneficial in inflammatory pathologies such as atopic dermatitis** and
irritable bowel syndrome* as well as in painful disorders such as fibromyalgia,*¢ chemotherapy-
induced neuropathy,*’ chronic prostatitis*® and the side effects of interferon-y treatment in persons
with multiple sclerosis* (for a systematic review and meta-analysis, see ref. 50).

Shortly after its isolation from food sources?’ PEA was also discovered in mammalian tissues®
and efforts were soon undertaken to elucidate the mechanisms responsible for its formation and
degradation. Early studies suggested (for review, see ref. 25) and subsequent work confirmed (for
review, see ref. 52), that PEA and its fatty acid ethanolamide congeners are produced through a
pathway consisting of two enzyme-catalyzed steps (Figure 3). First, the calcium-dependent
phospholipase A> PLA2GA4E catalyzes the transfer of a fatty acyl group (e.g. palmitate) from the
sn-1 position of phosphatidylcholine to the free amine of phosphatidylethanolamine (PE).>* This
reaction produces a set of N-acyl PE species with varying N-, sn-1, sn-2 substituents, which are
then cleaved by the zinc-containing hydrolase N-acyl PE-selective phospholipase D (NAPE-
PLD)>*3%:3¢ to generate PEA and other fatty acid ethanolamides (also known as N-acyl
ethanolamines). This NAPE-PLD-dependent (or ‘canonical’) pathway is critical for PEA
mobilization in mouse macrophages®’ but, as illustrated in Figure 3, other multi-step mechanisms
of N-acyl PE cleavage may exist (for review, see ref. 52). Like its formation, PEA degradation
involves more than one enzyme since, as mentioned earlier, both NAAA and FAAH can degrade
the compound in intact cells.’® Even though the biological significance of this catabolic

redundancy is unclear, the different subcellular and cellular distributions of the two enzymes —



along with the lack of compensation by FAAH after genetic deletion of NAAA>® — imply that they

might act on topologically and functionally distinct pools of PEA.
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Figure 3. Formation and degradation of PEA. The ‘canonical” pathway of PEA production, shown
in the middle, proceeds through two steps: first, the transfer of palmitate from the sn-1 position of
phosphatidylcholine (PC) to the free amine group of phosphatidylethanolamine (PE), catalyzed by
PLA2G4E, yields N-palmitoyl PE;* second, NAPE-PLD-mediated cleavage of N-palmitoyl PEs
generates PEA.3*356 The acyl chain giving rise to PEA is highlighted in red. Multi-step ‘non-
canonical’ routes also transit through N-palmitoyl PE, but involve different enzymes and metabolic
intermediates.>? The hydrolytic deactivation of PEA may be catalyzed either by NAAA or FAAH,

which have broadly different subcellular and cellular distributions.



What controls PEA mobilization? Unlike anandamide, which is primarily generated upon
demand via activity- or receptor-dependent mechanisms, PEA appears to be constitutively
produced in macrophages and other peripheral cells.” This process is suppressed in inflammatory
states, when the formation and degradation of PEA are altered in opposite directions. NAPE-PLD
expression is lowered whereas NAAA activity and/or expression is heightened in mouse
macrophages incubated with gram-negative bacterial endotoxin (lipopolysaccharide),’” paws and

t, 60

dorsal root ganglia of rats challenged with complete Freund’s adjuvant,”” synovial membrane and

61

lumbar spinal cord of rats treated with mono-iodoacetate,” and intestinal biopsies of persons

suffering from ulcerative colitis.®? Furthermore, marked decreases in PEA content have been

63,64,65 gkin of mice

observed in inflammatory exudates of endotoxin- or carrageenan-exposed mice,
challenged with a phorbol ester’ and small intestine of mice treated with croton o0il.®%®7 Strikingly
low PEA levels were also found in synovial fluid of patients with rheumatoid arthritis or
osteoarthritis, compared to healthy subjects.®®

The possibility, raised by these findings, that NAAA might contribute to the induction and
maintenance of inflammation is supported by three additional lines of evidence. First, the enzyme
is primarily expressed in cell lineages that mediate innate and adaptive immune reactions —
including tissue-resident macrophages, circulating monocytes, B-lymphocytes and CD8+
cytotoxic T cells.®*’%7! Second, mice in which the Naaa gene is deleted by homologous
recombination fail to develop allergic contact dermatitis when challenged with the sensitizing
hapten 1-fluoro-2,4-dinitrobenzene.”” Lastly, as discussed in a subsequent section of this review,
small-molecule NAAA inhibitors exert beneficial effects in animal models used to investigate

acute and chronic inflammation. The fact that such effects depend, in a majority of cases, on the

activation of PPAR-a by endogenously produced PEAS!6370.72.73 prompted the suggestion that



NAAA activity might promote inflammation and delay resolution by suppressing PEA-dependent
PPAR-a activation (Figure 4). It should be noted that palmitic acid, one of the two products of
PEA hydrolysis, disables the obligatory PPAR-o co-activator PGC-10.747° and heightens the
ability of macrophages to respond to inflammatory triggers.’® It is thus possible, though remains
to be demonstrated, that NAAA could serve as a ‘rheostat’ to balance the availability of these
metabolically linked but functionally antagonistic lipid substances.
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Figure 4. Hypothetical model of the role of NAAA in inflammation. NAAA catalyzes the
hydrolytic cleavage of PEA into palmitic acid and ethanolamine. PEA is an endogenous agonist
of the anti-inflammatory nuclear receptor PPAR-a.. Conversely, palmitic acid may promote
inflammation, at least in part, by suppressing expression of the transcription co-activator PGC1-
a,”*7 which enables PPAR-o (dashed arrow) and other transcriptional regulators of inflammation
(e.g., PPAR-y).”” The model posits that NAAA activity might promote and sustain inflammation
(i.e., slow down or prevent resolution) by removing the protective influence of PEA while

concomitantly accelerating the generation of palmitic acid.

STRUCTURE AND FUNCTION OF NAAA
NAAA belongs to the N-terminal nucleophile (Ntn) superfamily of enzymes but shares
significant sequence homology (35% identity) with only one other member of that group, acid

ceramidase (4SAH1), a lysosomal cysteine hydrolase that converts various ceramide species into
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fatty acid and sphingosine.”® Ntn enzymes owe their name to a shared catalytic mechanism in
which the nucleophilic side chain of the protein’s amino terminal — cysteine, serine or threonine —
attacks susceptible carbonyl groups in a variety of structurally diverse substrates.’”-% Translated
as inactive precursors, Ntn proteins are activated by removal of the initiator methionine or by self-
catalyzed cleavage of an internal peptide bond. The latter reaction involves the same amino acid
residue responsible for catalysis proper, and yields a mature protein whose two subunits
(conventionally termed o and B) remain physically attached.”®-%°

The sequence alignment of NAAA across three mammalian species is reported in Figure 5. Its
signal peptide is removed during translation and self-proteolysis gives rise to a heterodimer in
which a relatively small a-subunit is closely associated with a larger B-subunit that starts with the

catalytic nucleophile — Cys126 for human NAAA, Cys131 for mouse and rat, Cys127 for rabbit

and Cys123 for guinea pig (Figure 6).2%-%!

10 20 30 40 50 60

| | | | | |

human MRTADREARPGLPSL--LL-LLLAG-AGLSAASPPAAPRFNVSLDSVPELRWLPVLRHYDLDLYV
rabbit MQGTGHPVRPVLELL--LLLLLLAGVGGSTTASTPGPPLFNVSLDVAPE-RWLPVLRHYDVELYV 61
guineapg - - - - - - MRSPGIVLLLLLLLLLPPGAAPCPADLCPAPPRVNVSLDAAPAARWLPVLRLFDPGLL 58

70 80 90 100 110 120

| | | | | |

human RAAMAQVIGDRVPKWVHVLIGKVVLELERFLPQPFTGEIRGMCDFMNLSLADCLLVNLAY
rabbit RAAVAQVIGDRVPKWVLALIEKGALKLERLLPPPFTAEIRGMCDFLNLSLADGLLVNLAY 121
guinea pig RAAVARIVGDRVPKWRD-VIGKLVAEMESFLPQPYTKEIRGISDFLNLSLADGFIVNLAY 117

130 140 150 160 170 180

| | | | | |

human ESSVFCTSIVAQDSRGHIYHGRNLDYPFGNVLRKLTVDVQFLKNGQIAFTGTTFIGYVGL
rabbit EYSAFCTSIVAQDSRGHVYHGRNLDYPYGSILRKLTVDVQFLKNGQIAFTGTTFIGYVGL 181
guinea pig EASAFCTSVVAQDSRGHIYHGRNLDYPFGDLLRKMTVDVQFLKNGQIAFTGTTFIGYVGL 177

190 200 210 220 230 240

| | | | | |

human WTGQSPHKFTVSGDERDKGWWWENAIAALFRRHIPVSWLIRATLSESENFEAAVGKLAKT
rabbit WTGQSPHKFTVSGDERDRGWWWENLVAALFLRHSPISWLLRTTLSEAESFEAAVYRLAKT 241
guinea pig WTGQSPYKFTVSGDERDKGWWWENMIAALFQGHSPVSWLIRTTLSESEDFEASVYKLAKT 237

250 260 270 280 290 300

| | | | | |

human PLIADVYYIVGGTSPREGVVITRNRDGPAD IWPLDPLNGAWFRVETNYDHWKPAPKEDDR
rabbit PLIADVYYI|VGGTNPREGVVITRNRDGPAD IWPLDPLKGYWFLVETNYDHWKPAPEEDDR 301
quinea pig PLIADVYYI|VGGTAPGEGVVVTRNRGGPAD IWPLDPLNGAWFRVETNYDHWKPVPKSDDR 297

310 320 330 340 350
| | | | |

human RTSAIKALNATGQANLSLEALFQILSVVPVYNNFTIYTTVMSAGSPDKYMTRIRNPSRK
rabbit RTPAIKALNATGQAKLSLETLFQVLSVVPVYNNYTIYTTVMSAASPDKYMTRIRNPS- - 358
guinea pig RTPAIKALNATGQANLSLEALFQVLSVVPVCNKITVYTTVMSAATPDKYMTRIRNLS- - 354

Figure 5. Sequence alignment of crystallized NAAA orthologues discussed in this review.
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Numbers on the top of the graph refer to human NAAA, numbers on the right refer to rabbit or
guinea-pig NAAA. The catalytic cysteine residues (Cys126 for human NAAA, corresponding to
Cys127 in rabbit and Cys123 in guinea pig) are highlighted in yellow. Other residues involved in

catalysis are highlighted in cyan.

Consistent with its postulated (but not yet fully proven) subcellular localization to

5869 which maintain an internal pH of 4.6 to 5,2 NAAA undergoes self-cleavage only

lysosomes,
in an acidic environment.®! This presumably involves the attack by Cys126 to the carbonyl group
in the preceding peptide bond (with Phel25) to generate a catalytically competent dimer.?® It is
possible, but remains to be tested, that self-proteolysis might enable the recruitment of NAAA by
specific cellular signals (e.g., inflammatory triggers) and/or within appropriate subcellular
compartments in which signaling-competent PEA might also be found (e.g., in acidic late-stage
endosomes and lysosomes versus pH-neutral early-stage endosomes). Before self-cleavage,

NAAA undergoes N-glycosylation. 2%8!83 This modification occurs at four highly conserved sites,

two in each subunit of the mature protein,® and may contribute to its subcellular targeting and

83,84

structural stabilization.




Figure 6. Structures of (A) human NAAA precursor (PDB: 6DXW)?° and (B) mature rabbit NAAA
(PDB: 6DY1).2° (A) Maturation occurs via self-catalyzed cleavage of the peptide bond between
Phel25 and Cys126 (mutated to alanine in the crystallized protein and labelled as C126A).
Residues Phel25, Alal26 and Aspl45 are represented as balls and sticks. The backbone of
residues 123-128 is colored in magenta. (B) Mature rabbit NAAA in complex with myristic acid
(green), which occupies the binding pocket shaped by subunits a (orange) and B (grey). The
catalytic nucleophile Cys127 (corresponding to Cys126 in the human orthologue; residues are
numbered following the primary sequence deposited in UniProt)?! is located at the N-terminal end
of the B subunit, within a calix-shaped cavity exposed to the solvent. Several amino acids are
involved in the catalytic process: Aspl46 interacts with the amine group of the N-terminal
cysteine, while Asn288 and Glul96 form the oxyanion hole with their side-chain amide and
backbone NH group, respectively. Self-catalyzed cleavage may cause a conformational change in
the C-terminal a-helix 5 of NAAA a-subunit, as well as in a-helices 3 (a-subunit) and 6 (B-
subunit), which are presumed to interact with the membrane. A molecule of the detergent TritonX-

100 is co-crystallized between a-helices 3 and 6 (light cyan carbons).

Structural studies have provided important insights into the association of NAAA with the lipid
bilayer as well as into the topography of its substrate-binding site?* (Figure 6). NAAA is a soluble
protein? but its a-helices 3 and 6 shape a largely hydrophobic and positively charged surface that
may enable binding to the specialized anionic lipids that compose lysosomal luminal vesicles [e.g.,
bis(monoacylglycero)phosphate].®> Once embedded in the membrane, NAAA might undergo a
conformational change that exposes its previously hidden substrate-binding site and thus allows

catalysis to occur at an optimal velocity. Partial support for this hypothetical model comes from

13



structural data® as well as from experiments showing that certain phospholipid species (e.g., PE
and sphingomyelin) are able to stimulate NAAA activity in vitro.>

The crystal structure of rabbit NAAA in complex with myristic acid suggests that PEA may
position its 16-carbon saturated tail in the site’s narrow hydrophobic pocket, at the interface
between the a- and B-subunits, and its polar ethanolamine head in a calyx-shaped cavity open to
the solvent (Figure 6B).?° It is currently unknown whether this arrangement permits naturally
occurring lipid amides with polar heads bulkier than ethanolamine, such as taurine and glycine
(Figure 1), to serve as substrates for NAAA.

How does NAAA effect catalysis? Structural considerations?® and comparison with acid

ceramidase and other Ntn enzymes2%7%-80

point to four probable steps: (i) transfer of a proton from
the thiol group of Cys126 (for human NAAA) to the a-amino group of the same residue, resulting
in the formation of a reactive thiolate anion; (ii) nucleophilic attack by the thiolate on the carbonyl
carbon of PEA and stabilization of the resulting oxyanion by a network of hydrogen bonds with
Glul95 and Asn287; (iii) protonation and exit of PEA’s ethanolamine moiety with concomitant
formation of the acyl-enzyme intermediate; and, finally, (iv) regeneration of the initial enzyme.
This scenario is plausible, but significant details are still missing. For example, we do not know
whether catalysis might be influenced by the protonation state of critical amino acid residues, -

which is not revealed by current structural data. Given the role played by ambient pH in NAAA

activation, filling this gap appears to be especially important.

DISCOVERY OF NAAA INHIBITORS
The resolution of NAAA’s structure in various activation states and in complex with different

ligands® has offered invaluable insights into the enzyme’s inner working, and will undoubtedly

14



accelerate the discovery of new inhibitors. But efforts to identify potent and selective NAAA-
targeting agents began well before structural information had become available. Early studies
adopted one of two strategies: they either utilized PEA as a starting point for chemical modulation
or searched for covalent modifiers of the catalytic cysteine.

As illustrated in Figure 7, systematic changes to the polar head of PEA (1) led to the
identification of N-pentadecyl-cyclohexanecarboxamide (2), which was initially reported to inhibit
rat NAAA with a median effective concentration (ICso) of 4.5 uM.® This effect was not readily
reproducible, however,®® and subsequent work suggested that it may have been caused by the
synthetic intermediate pentadecylamine (3; ICso = 5.7 uM on rat NAAA).?” Consistent with this
possibility, another lipophilic amine, tridecyl 2-aminoacetate (4), was also found to inhibit rat
NAAA with micromolar potency (ICso = 11.8 uM).}” Comparable pharmacological activities were
reported for cyclopentyl palmitate (5) (ICso = 10 uM on human NAAA)® and, more recently, for
N-pentadecyl-3-hydroxypropanamide (6) (ICso = 34 uM on human NAAA)® and 2-pentadecyl-2-
oxazoline (ICso not determined, but probably > 30 uM on human NAAA).?° All these compounds
retain the two most salient structural features of PEA — its long-chain carbon tail and small polar
head — and possibly compete with it for binding to NAAA’s hydrophobic pocket. However, their
weak potencies are suggestive of minimal productive interactions with other components of the

substrate-binding site.

15



H
2 3

0 0
HoN \)J\o O/ \g/\/\/\/\/\/\/\/
4 5
0
HO/\)J\H

Figure 7. First-generation NAAA inhibitors designed to mimic the two salient structural features
of PEA, namely, its long-chain carbon tail and small polar head. The micromolar activity initially
reported for compound 2 is now attributed to its synthetic intermediate 3. The lipophilic amine 4,

the ester 5 and the retroamide 6 inhibit NAAA with double-digit micromolar potencies.

The search for covalent modifiers proved to be more fruitful. Guided by a homology model of
NAAA built using the crystallographic coordinates of the Ntn enzyme, conjugated bile acid
hydrolase (CBAH),”! Solorzano and collaborators screened a library of cysteine-reactive probes
and identified the B-lactone 7 (Figure 8A) as a single-digit micromolar NAAA inhibitor (ICso= 3
1M on rat NAAA).%* The compound had been previously shown to react with the catalytic cysteine
of hepatitis A virus proteinase 3C via its B-lactone ring,”> whose essential role in NAAA inhibition
was confirmed by demonstrating that analogs in which the ring was opened or replaced with a
cyclobutanone or cyclobutane were inactive. Importantly, isosteric substitution of the N-benzyl-
carbamate with an amide and separation of the two enantiomers led to N-[(35)-2-oxo0-3-oxetanyl]-
3-phenylpropanamide (S-OOPP; 8), which inhibited rat NAAA with submicromolar potency (ICso

= 420 nM) through a partially reversible and noncompetitive mechanism.®
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Figure 8. First-generation NAAA inhibitors designed to interact with the catalytic cysteine via a
B-lactone warhead. (A) Structures of the hepatitis A virus proteinase 3C inhibitor 7,%% a single-digit
micromolar NAAA inhibitor; 8, the first sub-micromolar NAAA inhibitor;** 9, weakly active
enantiomer of 8; and 10, inactive derivative of 8 that lacks the side chain amide-like fragment. (B)
Theoretical mechanisms for the covalent inhibition of NAAA by B-lactones: (top) attack on the 4-
methylene carbon produces a hydrolysis-resistant thioether, whereas (bottom) attack on the 2-
carbonyl carbon yields a hydrolysable thioester. Kinetic and mass spectrometry studies’ support

the latter mechanism.

Despite its propensity for hydrolytic deactivation (due to opening of the B-lactone ring),
compound 8 had two properties that encouraged its use as a tool for biological studies. First, it was
selective for NAAA over other structurally (acid ceramidase) or functionally (FAAH) related
enzymes.®® Second, it was substantially more potent at inhibiting NAAA than its R-enantiomer 9
(ICso = 6 uM on rat NAAA), which could thus be used as a negative control in pharmacological
experiments. Indeed, when incubated with RAW264.7 macrophages stimulated with bacterial

endotoxin, compound 8 normalized PEA levels, which were reduced by exposure to the toxin,
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whereas its enantiomer 9 had no such effect.®® Furthermore, subdermal application of compound
8, but not 9, prevented carrageenan-induced neutrophil infiltration and plasma extravasation in
mice, two effects that were abrogated by targeted PPAR-a deletion and were mimicked by

administration of PEA or a synthetic PPAR-a. agonist.®

These findings pointed for the first time
to NAAA as a druggable anti-inflammatory target, and identified its N-terminal nucleophile as an

accessible site for intervention. Efforts were soon undertaken to test these ideas further.

INHIBITORS TARGETING THE CATALYTIC CYSTEINE

In theory, NAAA’s catalytic nucleophile could attack the -lactone ring of compound 8 at two
distinct positions: the 2-carbonyl carbon, producing a hydrolysable thioester, and the 4-methylene
carbon, yielding a hydrolysis-resistant thioether (Figure 8B). The literature offers support to both
scenarios,” >4 but the finding that overnight dialysis of the enzyme-inhibitor complex reversed
in part the effect of 8 tentatively implicated cysteine acylation rather than alkylation.®* Guided by
this hypothesis, which was later confirmed in mass spectrometry experiments,” Solorzano and
collaborators carried out a systematic structure-activity relationship (SAR) exploration aimed at
elucidating the roles played by the B-lactone ring and by the shape and size of'its side chain (Figure
9). Computational studies with the CBAH homology model mentioned above suggested that the
B-lactone and amide moieties engage in favorable polar interactions with amino acid residues
critical for enzyme function.”® The importance of the side chain amide was confirmed by the
potency loss caused by its removal, as in the phenylbutyl lactone 10 (ICso=11 uM on rat NAAA).
The model also offered a tentative explanation for the stereoselectivity observed with syn-B-methyl
lactones, which were either completely inactive (aR,fS enantiomer 11) or weakly active (aS,5R

enantiomer 12; ICso = 3.2 uM on rat NAAA). Exploration of SARs with lipophilic substituents,
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including rigid scaffolds with various substitution patterns, showed higher inhibitory potencies for
straight hydrophobic chains and highlighted, among aromatic amides, the good performance of 2-
naphthamide, (1,1'-biphenyl)-4-carboxamide and 4-(benzyloxy)benzamide derivatives (13-
15)(ICs0 = 160, 115 and 90 nM, respectively, on rat NAAA).

The propensity to undergo hydrolytic deactivation hindered broad experimental use of the first
B-lactone NAAA inhibitors. Searching for more stable molecules, Duranti and collaborators
investigated further the N-(2-oxo-3oxetanyl)amide core (Figure 9) and found that replacing the
amide group with a carbamate or introducing a syn-methyl group at the B position of the ring
improved stability without affecting potency.’” Among these threonine-p-lactones, compound 16
(URB913, ARNO077) stood out for its improved chemical stability and strong inhibitory potency
(ICso = 50 nM and 7 nM on rat and human NAAA, respectively). Further SAR investigations of
its side chain led to the biphenyl derivative 17,”® whose strong activity (ICso = 7 nM on both rat
and human enzymes) was the starting point for a 3D-QSAR analysis, which confirmed that
aromatic or aliphatic structures designed to rigidify the flexible carbon tail of PEA enhance target
recognition.”® As discussed below, the presence of a rigid and straight lipophilic chain turned out
to be a critical feature also for the design of other covalent and non-covalent inhibitors. Local

100,101 i1, mouse and rat

application of 16 alleviated skin inflammation’? and pain-related responses
models. Furthermore, the compound was found to be selective for NAAA when assessed in a broad
panel of potential off-targets, and to be safe in preclinical toxicology studies. Advanced to clinical

testing, 16 was shown to be safe in healthy volunteers and in persons with eczematous skin lesions.

However, as discussed in a later section, its clinical development was prematurely terminated.
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Figure 9. Second-generation p-lactone NAAA inhibitors with enhanced NAAA inhibitory potency
and improved chemical and metabolic stability. The high inhibitory potency demonstrated by

compounds 13-14 and 17 reveals that replacement of the flexible carbon chain of PEA with straight

and rigid structures leads to increased activity.

Despite the significant steps forward made with compounds 16 and 17, the inherently low
stability of the B-lactone ring posed an unresolved challenge to the systemic use of this class of
inhibitors. In an effort to overcome this problem, Fiasella and colleagues adopted a core-hopping
strategy and substituted the p-lactone with a B-lactam.!?? Their SAR studies showed that, similarly
to B-lactones, opening the four-term B-lactam ring or modifying its endocyclic nitrogen by
substitution or methylation was detrimental to activity. The S configuration of the a-acylamino
group was strongly favored over the R configuration, and the amide could be replaced by a
carbamic acid ester, resulting in accrued potency. Once again, the shape and length of the lipophilic

side chain proved to be a critical determinant for activity. More importantly, B-lactam derivatives
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such as 18 (ARN726, Figure 10) were found to be potent at inhibiting human NAAA (ICso = 27

nM), relatively stable to chemical and enzymatic hydrolysis, and systemically active.”
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Figure 10. Structures of representative -lactam NAAA inhibitors. Compound 18 (ARN726) is a

potent and systemically active NAAA inhibitor.”

Subsequent structural studies showed that 18 forms a covalent adduct with NAAA’s N-terminal
cysteine and positions the carbonyl fragment of its carbamate group in close proximity of the
oxyanion hole formed by NH dipoles in the side chain of Asn288 and the backbone of Glu196 in
rabbit NAAA (Figure 11A).%° Superseding the CBAH homology model,*® the X-ray structure of
rabbit NAAA demonstrated that the open B-lactam ring of 18 is located in the solvent-exposed
cavity of the active site, and engages in stabilizing polar interactions with both the catalytic
cysteine and Asp146.2° Pharmacokinetic and pharmacodynamic studies further showed that,
despite its rapid elimination in vivo, compound 18 effectively inhibited NAAA in peripheral mouse
and rat tissues.®>’? (Its brain penetration was limited, however, see ref. 103) Additional SAR
investigation of the B-lactam side chain yielded compound 19, which maintained considerable

potency (ICso = 85 nM on human NAAA) while displaying improved stability compared to 18.'%
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Figure 11. Interaction of NAAA with covalent (A) and non-covalent (B) inhibitors. (A) Detail of
rabbit NAAA (PDB: 6DYO0) with the sulfur atom of the N-terminal cysteine acylated by the -
lactam 18 (ARN726)7° (light pink carbons). The amino-propionate portion of the B-lactam ring
points toward the solvent-accessible region lined by N-terminal Cys127 and the backbone of
Aspl46 (residues are numbered following the primary sequence deposited in UniProt). The
carbamate carbonyl points toward the oxyanion hole formed by the side-chain amide of Asn288
and the backbone of Glu196 while the cyclohexylbutyl group lies within the lipophilic pocket that
is likely occupied by the acyl chain of PEA (see Figure 2). (B) Detail of the substrate-binding site
of human NAAA (PDB: 6DXX)?° bound to the non-covalent inhibitor 37 (ARN19702)'%* (green
carbons). The sulfonyl group of 37 lies within the solvent-accessible cavity with an oxygen
positioned 3.9 A away from the sulfur atom of the catalytic cysteine (Cys126). The benzothiazole
nucleus is inserted within the lipophilic pocket. Other interactions that may stabilize the enzyme-
inhibitor complex (e.g. between the benzoyl carbonyl and Trp181, the fluorine atom and the

backbone of Met64) are not shown for clarity.
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More recently, Petracca and colleagues investigated the role of N-O-aryl and N-O-alkyl
substituents at the endocyclic nitrogen of the B-lactam nucleus as well as the impact of introducing
a methyl group at its C3 position.!? The researchers found that addition of a methyl, acetyl or
methylcarbamoyl group on the nitrogen attenuated or abolished activity, whereas insertion of a
methoxy group had an opposite effect. Interestingly, among the four stereoisomeric N-O-methyl
threonine derivatives, only the isomer with (25,3S) configuration (20) maintained adequate
potency and target selectivity (ICso = 69 nM on human NAAA). Focusing on this structure,
Petracca and collaborators examined the effects of bulkier N-O-alkyl and N-O-aryl groups, and
found that aryl moieties with polar substituents conferred greater potency, as shown by the
methylsulfonyl-containing inhibitor 21 (ICso = 6 nM on human NAAA) (Figure 10).

The progress outlined above laid the foundation for the discovery of chemical probes that should
facilitate the investigation of NAAA in broken cell preparations (e.g., in activity-based profiling
studies), intact cell cultures, and live animals (Figure 12). The first such probe, 22 (ARN14686),
combined key features of 18 with a terminal alkyne tag enabling the copper-catalyzed ‘click’
cycloaddition reaction with azide-bearing reporter molecules (e.g., biotin and rhodamine). %197
The compound’s nanomolar potency (ICso = 6 nM and 13 nM on human and rat NAAA,
respectively) and selectivity over other cysteine hydrolases!® prompted its use in vivo to quantify
catalytically active NAAA in inflamed paws of arthritic rats.®® The N-O-aryl B-lactam 21 provided
the starting point for the design of two fluorescent molecules that contained either a boron-
dipyrromethene (BODIPY; 23) or norbornene moiety (24).'% The latter’s ability to cross cell

membranes may allow its application to monitor, for example, the acid-catalyzed generation of

active NAAA in its natural setting.
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Figure 12. Chemical probes for the study of NAAA in vitro and in vivo. The figure shows three [3-
lactam-based molecules: 22 bears a terminal alkyne group that allows the ‘click’ reaction with an
appropriate azide-bearing reporter; 23 and 24, whose design is based on 21 (see Figure 10),
contain fluorescent moieties and may be used to tag NAAA in broken (23) or intact (24) cell

preparations.

The general strategy based on merging a mimic of PEA’s carbon tail with a cysteine modifier
was also exploited by the laboratory of Alexandros Makriyannis in a series of compounds bearing
an isothiocyanate warhead'” (Figure 13). Despite the known propensity of this moiety to form
covalent adducts with biological thiols,''? the pentadecyl isothiocyanate 25 (AM9023) was found
to inhibit NAAA in a reversible manner.!'! Introduction of a terminal phenyl ring on its carbon
chain yielded compound 26 (AM9053),'® which was reported in a published patent'® as being
potent (ICso =30 nM on the human enzyme) and selective for NAAA over acid ceramidase. Tested
in a mouse model of colitis, AM9053 was effective at restoring normal PEA levels (which were
reduced in inflamed colon) and alleviating inflammatory symptoms. '!?

Efforts aimed at modulating the reactivity of the isothiocyanate group led to the discovery of the

first class of NAAA-targeting agents containing a cyanamide functionality (Figure 13), whose
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chemical affinity toward thiols had been previously exploited to create reversible cathepsin K
inhibitors.!'® Building on this knowledge and on the pharmacophoric model emerged from the f-

109114 attached a biphenyl scaffold to an azetidine-

lactone experience, Malamas and colleagues
nitrile nucleus that incorporated the cyanamide function, obtaining the single-digit nanomolar
inhibitor 27 (ICso = 3 nM on human NAAA). Covalent and induced-fit docking simulations,
informed by structural data, confirmed that the cyanamide moiety can form an isothiourea adduct
with the cysteine nucleophile, while the lipophilic portion of the inhibitor can maintain the binding
pose assumed before formation of the covalent bond. To enhance selectivity for NAAA and reduce
cytochrome Psso-mediated oxidation of the benzylic fragment, bulky groups and conformational
restrictions were inserted in proximity of the cyanamide warhead. In particular, a cyclopropyl
substituent was aimed at filling an unoccupied pocket of the enzyme close to the azetidine ring.
The modification (28) produced a significant improvement in potency, but did not remove cross-
reactivity with FAAH (ICso = 0.3 nM and 1 nM on human NAAA on FAAH, respectively). By
contrast, adding a 3-methyl group on the azetidine nucleus and a methoxy group on the distal
phenyl ring, while replacing the flexible benzyloxy linker with a rigid benzamide fragment,
resulted in the potent NAAA-preferring inhibitor 29 (ICso = 1.6 nM; >100-fold selectivity for
human NAAA over FAAH and cathepsin K). Of note, addition of a sulfonamide linker fully
restored activity toward FAAH, yielding an interesting dual inhibitor (30) that targets both human
NAAA and FAAH with balanced high potency (ICso = 3 nM and 10 nM, respectively). Lastly,
cyanamide-based agents were found to be stable in rat and human plasma (t’2 > 120 min), but also
to undergo rapid metabolism when incubated with liver microsomal preparations (t'2 values

ranging from 5 to 15 min).!!*
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Figure 13. NAAA inhibitors containing isothiocyanate (25, 26) and cyanamide (27-30) warheads.
Compound 29 is potent and selective for NAAA, whereas compound 30 is a balanced high potency

dual inhibitor of NAAA and FAAH activities.

BEYOND THE CATALYTIC CYSTEINE

In addition to targeting the N-terminal nucleophile, the search for NAAA inhibitors continued
to focus on agents inspired by the scaffold of PEA or, alternatively, turned to the identification of
entirely novel scaffolds by chemical library screening. We have seen before that simple changes
to PEA’s structure — in analogs like cyclopentyl palmitate (5)%® and N-pentadecyl-3-
hydroxypropanamide (6)* — had led to an apparent dead end. In an effort to break this impasse, Li
and colleagues replaced the ethanolamine head of PEA with a pyrrolidine nucleus and rigidified

its hydrophobic tail by introducing a biphenyl group. This led to the micromolar inhibitor 31 (ICso

= 2.1 pM on human NAAA)''> (Figure 14), which was further modified to produce the 4-
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phenylcinnamoyl analog 32, which showed improved selectivity toward FAAH and anti-
inflammatory activity in the mouse lipopolysaccharide model of acute lung injury.!'® A similar
approach led to the potent and in vivo active oxazolidinone imide 33 (F96; ICso = 267 nM on
human NAAA).”® Further work on the alkyl-phenyl tail of this molecule and, more specifically,
addition of a chlorine atom in the meta position of its phenyl ring, yielded the potent (ICso =9 nM

on rat NAAA), reversible and in vivo active inhibitor 34 (F215).6:117

33 34

Figure 14. N-acyl pyrrolidine (31-32) and oxazolidinone imide (33-34) derivatives targeting

NAAA. Compounds 32 and 34 (F215) are potent, reversible and in vivo active NAAA inhibitors.

Advances in unexpected directions were made by screening chemical libraries, which was
combined in some cases with SAR-based optimization (Figure 15). Testing a collection of known
anti-inflammatory drugs, Petrosino and collaborators found that the anthraquinone derivative
diacerein (EPT4900, 35) inhibited human NAAA with moderate potency (ICso = 0.7 uM) via a
non-competitive and time-dependent mechanism.!'® Diacerein, which is approved in some

119,120

countries to treat osteoarthritis, also reduced paw inflammation and normalized paw skin
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PEA levels in rats that had received intraplantar injections of carrageenan.''® Another clinically
used drug, the antineoplastic agent carmofur (36), was shown to inhibit NAAA with nanomolar
potency, but also to display comparable activities toward FAAH and acid ceramidase. '?!:1??

A random screening campaign of a library comprising ~58,000 molecules identified 45 active
hits, including the benzothiazole derivative 37'% (Figure 15). Starting from this low-potency
inhibitor, Migliore and colleagues carried out an SAR investigation to evaluate the effects of
substituents at the benzamide and benzothiazole groups, and to determine the role of the piperazine
ring. Replacing the ortho methyl group of the benzamide with an ethylsulfonyl moiety was
sufficient to achieve a remarkable increase in potency, while other modifications at the same
position were either less favorable or not tolerated. Removal of the benzothiazole fluorine, or
insertion of halogen atoms at various positions of the benzothiazole nucleus had minor effects,
while substituting piperazine with piperidine was detrimental to the activity. Conversely,
introducing a methyl group at a strategic position of the piperazine ring produced compound 38
(ARN19702), which inhibited human NAAA in a reversible manner and with an ICso of 230 nM.'%3
Structural analysis of the enzyme-inhibitor complex?’ revealed that the ethylsulfonyl group of the
inhibitor protrudes toward the solvent-accessible portion of the catalytic site, with the closest
sulfonyl oxygen located at a distance of approximately 4 A from the cysteine sulfur atom and the
benzene ring accommodated in a nearby pocket. The benzothiazole and the piperazine, with its
methyl group in an axial arrangement, are lodged within the lipophilic pocket and participate in a
number of weak interactions that likely concur to the compound’s overall potency (Figure 11B).
Metabolically stable, selective in a broad panel of potential off-targets and orally active, 38 was
also found to partially cross the blood-brain barrier (brain-to-plasma ratio = 0.2) and to elevate the

levels of PEA and oleoylethanolamide (but not anandamide) in brain tissue. Pharmacological
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studies further showed that subchronic administration of 38 alleviated neural inflammation and
motor dysfunction in the experimental allergic encephalomyelitis model of multiple sclerosis.!®
Lastly, the same screening campaign that had led to the discovery of 38 yielded a second promising
hit, which was modified to produce the azabicyclo-octane derivative 39 (ARN16186). Data

reported in a published patent suggest that this inhibitor may be potent (ICso = 23 nM on human

123

NAAA), reversible and active in vivo.

Figure 15. NAAA inhibitors identified by testing compounds used in the clinic (diacerein, 35 and
carmofur 36) or by high-throughput screening of chemical libraries (37) followed by SAR-driven

optimization (38, 39).

SUMMARY OF LEAD DISCOVERY
The qualitative pharmacophore model illustrated in Figure 16 summarizes the SARs
documented thus far for NAAA inhibitors. While early compounds (e.g. 4) closely mimicked the

structure of PEA, introduction of a cysteine-reacting group and replacement of the flexible carbon
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chain with more rigid and rectilinear hydrophobic fragments led to the identification of potent and
selective covalent inhibitors (e.g. 14, 16, 18, 27 and 29). Subsequent studies exploited additional
interactions at the binding site, such as the lipophilic pocket targeted by the cyclopropyl group of
28, and lead to the discovery of NAAA-targeting agents in which a balanced combination of
various pharmacophoric elements (e.g. in 38) results in potent inhibitory activity even in the

absence of a cysteine-reactive warhead.

Cys-
reacting
group

Straight lipophilic tail

Additional
lipophilic
group

Figure 16. Pharmacophore elements common to current NAAA inhibitors.

NAAA AS A TARGET FOR ANTI-INFLAMMATORY DRUGS

Translational evidence for a role of NAAA inhibition in the treatment of chronic inflammation
— an unmet medical need of gigantic proportions — remains sparse. As pointed out at the beginning
of this article, deficits in PEA availability have been documented for only two human
inflammatory disorders, arthritis (synovial fluid) and ulcerative colitis (active inflammatory
foci).%>%® Nevertheless, the fact that chemically diverse classes of NAAA-targeting agents display
clear anti-inflammatory efficacy in animal models gives grounds for cautious optimism. Indeed,

while no animal model captures the complexity of human inflammation, the mechanistic diversity
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of the paradigms investigated thus far offers intriguing clues about possible applications of NAAA
inhibitors in therapy.

Topical application of the B-lactone 16 (ARNO077, URB913) (Figure 9) suppressed cutaneous
inflammatory reactions evoked by exposure to phorbol ester in mice and to ultraviolet B-radiation
in rats.!%! The inhibitor also reversed redness and edema, attenuated pruritus and normalized
circulating levels of interleukin 4 and immunoglobulin E in sensitized mice challenged with the
hapten 1-fluoro-2,4-dinitrobenzene.”” In those studies, the effects of 16 were strictly dependent on
PPAR-a activation and were accompanied by restoration of normal PEA content in inflamed skin
tissue. ’>!1%! Because of its potency, target selectivity and soft-drug properties, 16 was advanced to
clinical development as topical treatment for atopic dermatitis (eczema). However, after a
successful Phase la safety trial, a subsequent Phase 1b study in patients with eczematous skin
lesions failed to provide initial indications of efficacy. It is unclear whether this failure was due to
true lack of activity, insufficient target engagement, acuity of the disease state or, possibly,
underpowering or bias in the design of the study, which included only ~ 10 subjects. Despite this
setback, the favorable selectivity and safety profile demonstrated by 16 in preclinical and clinical
tests, its striking effects on critical mediators of the allergic response (e.g., interleukin 4 and

immunoglobulin E),”

and the preliminary efficacy demonstrated by PEA as an adjuvant treatment
for eczema,* encourage further evaluation of NAAA as a target for either ‘soft drugs’'** (i.e.,
drugs that undergo predictable metabolic deactivation after exerting their effects) or systemically
active drugs to treat disorders of the atopic diathesis — a broad rubric that encompasses eczema,
bronchial asthma, hay fever and allergic rhinitis.

The improved metabolic stability of the B-lactam NAAA inhibitor 18 (ARN726) (Figure 10)

provided the opportunity of examining the role of NAAA in models of lung or joint inflammation,
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which do not readily lend themselves to topical drug application. When administered orally to
mice, 18 prevented carrageenan- and endotoxin-induced pleural damage in a dose-dependent
manner, whereas its weakly active (R)-enantiomer had no such effect. Importantly, in vitro
experiments showed that 18 also suppressed inducible nitric oxide synthase (iNOS) expression
and tumor necrosis factor-a (TNF-a) release from CD68+ human macrophages stimulated with

endotoxin,’®

a critical translational finding that needs to be replicated and expanded. In a
subsequent study, Bonezzi and collaborators reported that compound 18 was as effective as the
potent steroid dexamethasone at attenuating edema and hyperalgesia evoked in rats by intraplantar
injection of complete Freund’s adjuvant.®® Other NAAA inhibitors that have been successfully
tested in rodent models used to study inflammation are the pyrrolidine amide 32 (mouse

lipopolysaccaride-induced acute lung injury),''

the oxazolidinone imide 34 (F215; rat mono-
iodoacetate model of osteoarthritis),®! the benzothiazole 38 (ARN19702, mouse model of multiple
sclerosis)'® and the isothiocyanate derivative 26 (AM9053, mouse models of colitis).!!?> The
available data are still limited in scope but, when weighed together with evidence from human
studies,®>%%7% they do point to osteoarthritis and inflammatory bowel disease as potential
therapeutic targets for systemic NAAA inhibition.

In addition to peripheral inflammation, evidence suggests that NAAA blockade might also
ameliorate neural inflammation and persistent pain states. As mentioned above, administration of
the reversible inhibitor 38 (ARN19702) alleviated symptoms of neuroinflammation in a mouse
model of multiple sclerosis.'®® Moreover, the B-lactone derivative 16 (ARN077) demonstrated
analgesic efficacy in mouse and rat models of inflammation and nerve damage,'* while the

oxazolidinone imide 33 (F96) attenuated acetic acid-induced writhing and tactile allodynia evoked

by sciatic nerve injury in mice. '?
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CONCLUSIONS

Building a strong case for NAAA as a viable target for anti-inflammatory (or pro-resolution)
medicines will largely depend on our ability to elucidate the precise functions served by this
enzyme — and the signaling complex it controls — in the induction and resolution of human
inflammation. With only a small number of studies published on this subject, we are still a long
way from achieving this goal. Critical aspects of NAAA’s basic biology remain unclear, including
the localization of precursor versus mature NAAA within the endosome/lysosomal compartment,
the mechanisms through which competing signals regulate its expression and activity in response
to tissue damage and infection, the role it may play in resolution and tissue healing, and its possible
function as a ‘rheostat switch’ to generate a signaling-competent pool of pro-inflammatory
palmitic acid. Our understanding of NAAA’s place in human pathology is also rudimentary and
worthy of additional study, especially considering the enzyme’s striking localization to cells of the
innate and adaptive immune systems. Informed by animal data, translational experiments should
probe the contributions of NAAA to inflammatory disorders such as eczema, osteoarthritis and
ulcerative colitis. In these pathologies, selective inhibition of intracellular NAAA activity might
offer greater efficacy than exogenously administered PEA — whose range of clinical applications
is restricted by poor solubility, rapid metabolism and limited bioavailability — and greater safety
than direct-acting high-affinity PPAR-o agonists — whose unfavorable side-effect profile has led
to multiple late-stage development failures.'?” The chemical tools already available to researchers

will facilitate these investigations, but efforts should also be made to expand our armamentarium
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of small-molecule NAAA inhibitors and to develop new agents with improved potency, target

selectivity and in vivo activity.
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CBAH, conjugated bile acid hydrolase; FAAH, fatty acid amide hydrolase; NAAA, N-
acylethanolamine acid amidase; NAPE-PLD, N-acylphosphatidylethanolamine phospholipase D;
Ntn, N-terminal nucleophile; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PEA,
palmitoylethanolamide; PLA2, phospholipase A2; PPAR, peroxisome proliferator-activated
receptor; PGC-1a, peroxisome proliferator-activated receptor y coactivator-la; SAR, structure-

activity relationship; TNF-o, tumor necrosis factor-a.
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