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Abstract

The design and study of two classes of noncompetitive acetylcholinesterase inhibitors (AChEIs)
which also function as NSAID prodrugs are reported. The most potent AChEIs disclosed contain an
aromatic alkyl-aryl linker between an NSAID and a lipophilic choline mimic and they inhibit
acetylcholinesterase (AChE) in the submicromolar range. These agents have the therapeutic potential
to dually target inflammation by releasing an NSAID in vivo and activating the cholinergic anti-
inflammatory pathway via cholinergic up-regulation.

Pro-inflammatory cytokine up-regulation plays a role in the pathogenesis of a wide range of
disorders including osteoarthritis, psoriasis,2 multiple sclerosis,3 and other autoimmune
disorders.* Despite decades of research, non-steroidal anti-inflammatory drugs (NSAIDs) are
still one of the most commonly used, highly effective treatments for such disorders. However,
since chronic NSAID-use often leads to gastrointestinal (Gl) side effects, NSAID ester
prodrugs have been explored to mask the acidic Gl-irritating portion of the NSAID.® For
conditions such as arthritis, topical NSAID prodrugs are particularly useful as their therapeutic
action is localized, resulting in minimal systemic side effects.6

Alternately, acetylcholinesterase inhibitors (AChEIs) have implications in the treatment of
severe inflammation resulting from sepsis,’ endotoxemia,? and rheumatoid arthritis,® as well
as in the treatment of neuroinflammation associated with Alzheimer’s diseasel®~12 and
Myasthenia Gravis.1? The administration of CNS-active AChEIs such as galanthamine
depletes systemic pro-inflammatory cytokines and ameliorates both central and peripheral
inflammation.8 AChEIs seem to suppress inflammation via the cholinergic anti-inflammatory
pathway, a mechanism by which the vagus nerve of the CNS regulates the production and
release of tumor necrosis factor and other cytokines.14:15
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NSAID-AChEI conjugates have recently been explored in order to target
neuroinflammation® and vesicant-induced inflammation.1’ These novel agents contain the
AChEI, pyridostimine, linked via a hydrocarbon spacer to ibuprofen. When screened against
sulfur mustard, the bifunctional agents demonstrated longer and more effective prevention of
edema and inflammation than the AChEI alone with a post-treatment anti-inflammatory effect
comparable to that of the parent NSAID.1” Furthermore, the same conjugates down-regulated
nitric oxide and prostaglandin E, production and ameliorated autoimmune encephalomyelitis
more than either component alone.1® NSAID-AChEIs seem to prove dually effective against
inflammatory disorders by activating the cholinergic anti-inflammatory pathway and inhibiting
cyclooxygenase. Based on previous findings, two novel classes of noncompetitive AChEIs
containing common NSAIDs linked via an ester or an aromatic ester-carbonate backbone to
choline bioisosteres have been developed (Figure 1).18 The synthesis and evaluation of these
compounds as anti-inflammatory and anticholinesterase agents for topical or oral
administration are presented herein.

Class 1 molecules have recently been designed as both up-regulators of choline and NSAID
prodrugs.t® The cholinergic functions (-CO-O-CH,CH,X(CH3)3; X = C, Si, N*) are known
bioisosteres of choline which inhibit AChE in both a competitive (as with the silicon derivative)
and noncompetitive (as with the carbon derivative) manner.1? It is proposed that AChE binds
to the choline mimic and activates the cholinergic anti-inflammatory pathway. Additionally,
esterases in the plasma, skin and lipid membranes release the NSAID, thus targeting dual
mechanisms of inflammation. Molecules containing NSAIDs directly linked to choline mimics
via an ester bond (Figure 1, Class 2) have been included both as a control class as well as an
additional class for therapeutic exploration.

Class 1 compounds were obtained by coupling either 3,3-dimethylbutyl carbonochloridate
(12)20 or 2-(trimethylsilyl)ethyl carbonochloridate (1b)21 to the phenolic function of p-
hydroxybenzyl alcohol. Coupling of 11 to an NSAID activated with 4-dimethylaminopyridine
(DMAP) completed the synthesis (Scheme 1). Overall yields of this procedure ranged from 61
to 76 %, including synthesis of the chloroformate starting materials.

In the simple-ester series (Figure 1, Class 2), standard coupling conditions [1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC HCI)-DMAP] were employed for the
carbon and silicon derivatives in a one step, moderate- to high-yielding procedure (55-97 %).
Synthesis of the nitrogen-based NSAID-choline esters of Class 2 (11, 14, and 17) has been
previously described by J. Young et al.22 and will not be discussed further. Using Young’s
method, products were isolated in moderate yields over three steps (30-40 %). All Class 2
agents were purified using non-chromatographic methods such as crystallization and
extraction.

Following synthesis and characterization, all compounds were evaluated for anticholinesterase
activity using Ellman’s method?3 with tacrine,?4 one of the most potent commercial AChElIs,
as a reference (Table 1). AChE contains a 20 A deep gorge stretching from the enzyme surface
to the active-site serine residue.2® This structural moiety is often termed the aromatic or
hydrophobic gorge since it is lined with Trp, Tyr and Phe residues.2® A peripheral binding site
termed the peripheral anionic site (PAS) is located at the top of the gorge, near the surface of
the enzyme. Keeping in mind the nature of AChE, it was predicted that the highly lipophilic
and aromatic Class 1 and 2 agents would interact with the Trp, Tyr and Phe residues at and
near the PAS and inhibit enzyme activity.

Listed in Table 1 are ICsq values for each compound against AChE. As a control, the parent
NSAIDs were also screened for activity and were deemed inactive compared to most of the
test compounds (ICgg > 1000 pM, data not shown). A direct comparison of Class 1 and 2
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activities reveals that Class 1 compounds are more potent than Class 2 by at least a factor of
4, in all cases. The most potent Class 1 inhibitor (7, Figure 2) has an 1Csq comparable to that
of the AChEI, galanthamine, a natural alkaloid which has been approved for the treatment of
Alzheimer’s disease.24 Since Class 2 compounds were found less active than Class 1, itis likely
that the lipophilic aromatic linker is needed to maximize potential =-n stacking

interactions2® with the Trp, Tyr and Phe residues of the aromatic gorge.2° The ester-carbonates
(Class 1) are also at least 10 times more lipophilic than the corresponding simple esters, which
may also increase hydrophobic interactions with AChE (refer to Table 1 for Clog P values).
The more hydrophilic nitrogen derivatives of Class 2 (11, 14, and 17) were at least 20 times
less potent than their carbon and silicon derivatives, further enhancing the argument that
hydrophobic interactions at and near the active-site gorge may be responsible for the observed
activities.

Overall, the most active AChEIs in both classes (7, 18, and 19) are all derivatives of the NSAID,
diclofenac. This trend is likely due to the high lipophilicity of diclofenac which strengthens
interactions with the hydrophobic residues of AChE. Furthermore, the chlorine substituents on
one of the aromatic rings of diclofenac may enhance n-x stacking interactions with aromatic
residues lining the gorge (likely Trp84, Phe330, or Trp279 in Torpedo californica AChE), as
suggested by previous SAR and computational studies performed by Holzgrabe et al.2% and
Sussman et al.2’

The degree of reversibility of AChE-inhibitor interactions was investigated for all inhibitors.
Following an incubation period of AChE with the test agents, gel filtration resulted in near-
complete restoration of enzyme activity (80-100 %, see Table 1). It was important to
demonstrate the reversible nature of our compounds because many of the known irreversible
AChEIs are nerve agents, toxins, or pesticides and are not considered for therapeutic use.28

The mechanism of AChE inhibition was further investigated by generating Lineweaver-Burk
plots.2? Briefly, the reciprocal of the reaction velocity (v-1) was plotted against the reciprocal
of the substrate concentration ([acetylthiocholine, ATCh] 1) after assaying enzyme activity
for varying inhibitor and ATCh concentrations. All compounds exhibited reversible,
noncompetitive inhibition, with quadrant 111 interceptions (for detailed assay method and
example Lineweaver-Burk plots, see Supporting Information). These analyses support the
reversibility studies previously discussed. More in depth investigations which address whether
compounds 1-19 are interacting with the PAS of AChE or an alternate site are ongoing.

To evaluate Class 1 and 2 agents as oral or topical prodrugs, hydrolytic release of the NSAID
was followed by HPLC under various conditions. Gradual release of the parent NSAID was
observed for both Class 1 and 2 agents in human plasma (80 % plasma in PBS), with half-lives
not exceeding 8 h (Table 2). Negligible hydrolysis was observed in the PBS control during the
time of the half-life determination. The ester-carbonate prodrugs released the parent drug more
slowly (tq/> of 2-8 h) compared with the ester prodrugs (t;/, of 5-100 min). Compound 14 was
completely hydrolyzed after 10 min, suggesting that the choline esters (11, 14, and 17) would
not make suitable prodrugs.

Hydrolysis in acetate buffer was also determined at the pH on the surface of the skin (pH 5).
No significant hydrolysis was observed for up to seven days under acidic conditions, suggesting
that the ester and ester-carbonate linkages should be resistant to cleavage on the surface of the
skin. Preliminary hydrolysis data suggest that Class 1 and 2 agents will act as NSAID prodrugs
in vivo. Class 1 compounds demonstrate a more gradual NSAID-release when compared to
Class 2. Additionally, they are more lipophilic than their Class 2 counterparts, making them
more suitable as topical prodrugs.
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Novel AChEIs have been developed with the potential to dually target inflammation by
activating the cholinergic anti-inflammatory pathway and releasing an NSAID, in vivo.
Lineweaver-Burk plots indicate that all test compounds are reversible, noncompetitive
inhibitors of AChE. The most potent inhibitors (Class 1) contain a lipophilic aromatic spacer
and are 4 times more active than those with solely an ester linkage between the anticholinergic
and anti-inflammatory functionalities (Class 2). Of the compounds screened, diclofenac
derivative 7 was most active likely due to its high lipophilicity, aromaticity and the chlorine-
substituted ring.26:27 Hydrolysis data suggest that these agents should be effective as either
oral or topical NSAID prodrugs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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0
- \/’\o)L NSAID
Class 1 (Ester-Carbonate Series) Class 2 (Ester Series)
Compound NSAID X  Compound  NSAID X
1 Ibuprofen C 9 Ibuprofen C
2 Ibuprofen Si 10 Ibuprofen Si
3 Naproxen C 11 Ibuprofen N*
4 Naproxen Si 12 Naproxen C
5 Indomethacin C 13 Naproxen Si
6 Indomethacin  Si 14 Naproxen N’
7 Diclofenac C 15 Indomethacin C
8 Diclofenac Si 16 Indomethacin Si
17 Indomethacin N’
18 Diclofenac C
19 Diclofenac Si
Figure 1.

Generic Structures of Class 1 (top) and Class 2 (bottom) agents.
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Figure 2.
Structure of 7, the most potent AChEI discussed herein (IC5g = 0.51 uM).
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Scheme 1.
Synthesis of Class 1 agents. a) EtsN, THF, —10 to 25°C; b) NSAID, EDC HCI, DMAP,
CH,Cl,, 0 to 25°C.
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Table 2

Hydrolysis of Class 1 and 2 Compounds in Human Plasma.?

Class 1 (Ester-Carbonate Series) Class 2 (Ester Series)

Compound ty), (min)P Compound  ty2 (min)P
1 204 12 38
3 135 13 63
4 253 14 <5
5 468 18 111
7 357

aHydrolysis measured in 80 % human plasma in PBS at 37 °C.

bHaIf-Iives determined by plotting the semi-log of prodrug disappearance.
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