
Investigation of Anticholinergic and Non-steroidal Anti-
inflammatory Prodrugs which Reduce Chemically-induced Skin
Inflammation

Sherri C. Younga, Karine M. Fabioa, Mou-Tuan Huangb, Jaya Saxenaa, Meredith P.
Harmana, Christophe D. Guillona, Anna M. Vetranoc, Diane E. Heckd, Robert A. Flowers IIa,
Ned D. Heindela, and Jeffrey D. Laskine,*

aDepartment of Chemistry, Lehigh University, Bethlehem, PA 18015, USA
bDepartment of Chemical Biology, Rutgers University, Piscataway, NJ 08854, USA
cDepartment of Pharmacology and Toxicology, Rutgers University, Piscataway, NJ 08854, USA
dDepartment of Environmental Health Science, New York Medical College School of Public
Health, Valhalla, NY 10595, USA
eDepartment of Toxicology, UMDNJ – Robert Wood Johnson Medical School, Piscataway, NJ
08854, USA

Abstract
As part of a continuous effort to develop efficient countermeasures against sulfur mustard injuries,
several unique NSAID prodrugs have been developed and screened for anti-inflammatory
properties. Presented herein are three classes of prodrugs which dually target inflammation and
cholinergic dysfunction. Compounds 1–28 contain common NSAIDs linked either to choline
bioisosteres or to structural analogs of acetylcholinesterase (AChE) inhibitors. These agents have
shown utility as anti-vesicants and anti-inflammatory agents when screened in a mouse ear
vesicant model (MEVM) against both 2-chloroethyl ethyl sulfide (CEES), a blistering agent, and
12-O-tetradecanoylphorbol-13-acetate (TPA), a common topical irritant. Many of the prodrugs
have activity against CEES, with 5, 18, 22 and 27 reducing inflammation by more than 75 %
compared to a control. Compounds 12, 13, 15 and 22 show comparable activity against TPA.
Promising activity in the MEVM is related to half-lives of NSAID-release in plasma, moderate to
high lipophilicity, and some degree of inhibition of AChE, a potential contributor to sulfur
mustard-mediated tissue damage.

Introduction
Sulfur mustard (2,2′-dichloroethyl sulfide, SM) is a powerful chemical vesicant first used in
World War I. In the 1980s, SM use resulted in an estimated 100,000 casualties during the
Iraq-Iran conflict (Kehe and Szinicz, 2005). Known for its onion/garlic smell, SM primarily
affects the skin, eyes, mucous membranes, and airways. Severe blistering from SM often
results in weeks or months of hospital treatment and chronic symptoms such as bronchitis,
pulmonary fibrosis, eye lesions, and hypo- and hyperpigmentation can occur (Kehe and
Szinicz, 2005).

*Correspondence to: Dr. Jeffrey Laskin, Environmental & Occupational Health Sciences Institute, UMDNJ - Robert Wood Johnson
Medical School, 170 Frelinghuysen Rd, Piscataway, NJ 08854. jlaskin@eohsi.rutgers.edu.

Supplementary data
Synthetic procedures and physical characterization of compounds 20–28 can be found under the Supplementary data for this journal.
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Tissue damage and other pathological effects of mustard poisoning are often observed after
a latency period of 2 to 24 hours, depending on the degree of exposure. One of the most
widely accepted theories is that SM-mediated DNA-alkylation initiates toxicity
(Papirmeister et al., 1985 and Berger et al., 1986). However, SM can also alkylate other
nucleophile-containing macromolecules, including RNA, membrane lipids, and proteins
(Papirmeister et al., 1985). These modifications can result in the release of proteases, which
attack and degrade major structural proteins including collagen and proteoglycans.
Activation of proteolytic enzymes has been linked to the vesication following SM-exposure
(Kam et al., 1997 and Powers et al., 2000). Activation of proteases can also initiate and
promote inflammation, a well characterized response to SM-induced vesication (Cowan et
al., 2003 and Rikimaru et al., 1991).

Although questions remain as to the specific role of inflammation in mustard pathogenesis,
anti-inflammatory agents such as non-steroidal anti-inflammatory drugs (NSAIDs) have
been extensively investigated as potential mustard treatments. Topical and systemic
administration of anti-inflammatory drugs such as indomethacin, olvanil, and hydrocortisone
have shown a protective effect against sulfur mustard lesions when screened in a mouse ear
vesicant model (MEVM) (Casillas et al., 2000 and Babin et al., 2000). Mixtures of the
steroid Adexone and the topical NSAID formulation Voltaren (diclofenac) showed
promising results by reducing SM-induced edema by 60–70 % in the MEVM and seemed to
promote faster healing when administered post-exposure (Dachir et al., 2004).

Recent evidence suggests that non-neuronal cholinergic activity also plays a role in
regulating skin function (Kurzen et al., 2007). The neurotransmitter acetylcholine is
produced by keratinocytes and infiltrating leukocytes during inflammation and may regulate
epidermal cell proliferation and differentiation (Grando et al., 1997). Up-regulation of
choline and use of cholinergic agonists such as inhibitors of acetylcholinesterase (AChE), an
enzyme that degrades acetylcholine, have been shown to suppress proinflammatory cytokine
release (Saeed et al., 2002 and Pavlov et al., 2009). Steinritz and co-workers (2007) also
observed elevated AChE levels during the apoptotic pathway of SM-exposed pulmonary
cells. Although AChE levels have not been directly correlated with in vivo cutaneous SM
injury, the enzyme plays a crucial and often overlooked role in systemic inflammation
(Tracey, 2007). The anti-Alzheimer’s drug and potent AChE inhibitor (AChEI),
galantamine, when administered peripherally, significantly reduces circulating levels of
various pro-inflammatory cytokines (Pavlov et al., 2009). In this regard, Amitai et al. (2006)
demonstrated that an NSAID linked via a hydrocarbon chain to an AChEI provides more
potent anti-inflammatory and anti-vesicant effects against SM injury than commercial
NSAID preparations. The advantage of using such a drug is to target multiple mechanisms
of dermal SM lesions by regulating acetylcholine levels and gradually inhibiting
cyclooxygenases (COX).

Our group has previously reported the synthesis and biochemical evaluation of two classes
of anticholinergic NSAID prodrugs (Young et al., 2010 and Laskin et al., 2010). The
prodrugs contain NSAIDs such as ibuprofen, naproxen, indomethacin, and diclofenac linked
to choline mimics either directly or indirectly via a hydrophobic linker. An additional class
is presented herein containing NSAIDs conjugated directly via ester linkages to known
AChEIs such as galantamine. Partially modified neostigmine and pyridostigmine analogs
were employed when a direct combination was not possible without structural modification.
Considering the role of inflammation and enhanced AChE levels in SM pathogenesis, the
use of these novel molecules as anti-vesicants and anti-inflammatory agents was explored by
screening them in a mouse ear inflammation model against both 2-chloroethyl ethyl sulfide
(CEES), a blistering agent often used as a model for SM skin injury (Tewari-Singh et al.,
2009), and 12-O-tetradecanoylphorbol-13-acetate (TPA), a common topical irritant (Akihisa
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et al., 2010 and Yasukawa et al., 2010). The results reported herein include in vitro and in
vivo data on our previously synthesized NSAID derivatives as well as on the
aforementioned class of novel compounds.

Materials and Methods
Synthesis

Generic structures of bifunctionals 1–28 are shown in Figure 1. Class 1 and 2 compounds 1–
19 were synthesized via previously reported methods (Young et al., 2010). Class 3
compounds 20–28 were easily accessible using the same coupling method as that described
previously for Class 2 (Young et al., 2010). Direct coupling of the NSAID to an AChEI or a
derivative thereof using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC·HCl) and 4-dimethylaminopyridine (DMAP) was employed. For galantamine esters
21, 24, and 27, the free base alkaloid was coupled to each NSAID to form the final products
in moderate to high yields (81–95 %). In the same manner, the pyridostigmine conjugates
were formed by EDC·HCl/DMAP coupling of commercially available 3-hydroxypyridine to
the desired NSAID followed by quaternization using excess methyl iodide. The neostigmine
conjugates (22, 25, and 28) were also accessed by EDC·HCl/DMAP coupling of an NSAID
to 3-(dimethylamino)phenol, which was synthesized using the method of Grove et al.
(2002), followed by quaternization.

Detailed physical characterization and synthetic procedures for compounds 1 through 19
have been published previously (Young et al., 2010). Synthesis and physical
characterization of novel compounds 20–28 are included under Supplementary data.

Assay of Acetylcholinesterase Inhibition
Acetylcholinesterase (Type V-S from electrophorus electricus), acetylthiocholine iodide
(ATChI), 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) and tacrine hydrochloride were
obtained from Sigma-Aldrich (Saint Louis, MO). Methanol was obtained from EMD
Chemicals (Gibbstown, NJ). Cholinesterase inhibition was assayed spectrophotometrically
at 412 nm according to Ellman’s method (Ellman, 1959). Assays were performed in
polystyrene 96-well plates (Corning 96-well flat transparent) and a conventional micro-plate
reader was employed for kinetic readings (Tecan’s Infinite 200 multimode). The following
reagents were added to the wells: 200 μL of 0.5 mM DTNB in sodium phosphate buffer
(100 mM, pH 8), 30 μL of inhibitor stock solution in methanol, 20 μL of 1.25 units/mL of
AChE in sodium phosphate buffer (20 mM, pH 7), and 50 μL of 3 mM ATChI in buffer
(100 mM, pH 8). Immediately after the substrate was added, the absorption signal was
measured at 30 s intervals over 5 min at 25 °C. Percentage inhibition was calculated relative
to a control (methanol). The background signal was measured in control wells containing
every reagent except for the substrate. IC50 values were obtained from a minimum of eight
concentrations in duplicate and by fitting the experimental data with a dose-response curve
using Prism software (Version 5.00, GraphPad Software, San Diego, CA).

Plasma Hydrolysis
The rates of hydrolysis of prodrugs 20, 23–25, and 27 were determined at 37 °C in fresh
human plasma (80 % plasma in PBS, pH 7.4). Human plasma was obtained from the pooled,
heparinized blood of healthy donors and was stored at −80 °C prior to use. Prodrugs (20 μL
of a 6 mM solution in DMSO) were added to pre-heated plasma (980 μL) and mixed gently
(300 rpm) at 37 °C. Solutions of the same concentration of inhibitor in PBS:DMSO (98:2)
were kept as a control for non-enzymatic hydrolysis. At suitable intervals, aliquots of 100
μL were withdrawn and 200 μL of cold precipitation buffer (90/10 acetonitrile/water with
0.1 % formic acid) were added to precipitate proteins. The resulting mixture was filtered
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through a Mini-Uniprep™ filter (Whatman, PVDF membrane, 0.45 μm) and the filtrate was
analyzed by HPLC (vide infra). The remaining prodrug and NSAID released were
monitored by single determination at 230, 277 or 289 nm. HPLC method - Agilent high
resolution XDB-C18 column (1.8 μm, 4.6 × 50mm); mobile phase: water (A) and methanol
(B), both containing 0.1 % formic acid; flow rate: 0.8 mL/min; gradient increase from A/B:
85/15 to 15/85 over 8 min, 15/85 to 10/90 over 4 min, 10/90 to 5/95 over 4 min, 5/95 to
85/15 over 4 min, post-time 5 min; injection volume: 30 μL.

Animals
Animal studies were approved by the Rutgers University Institutional Animal Care and Use
Committee and received human care in compliance with the institution’s guidelines, as
outlined in the Guide for the Care and Use of Laboratory Animals prepared by the National
Academy of Sciences.

Mouse Ear Vesicant Model
Compounds were assessed as inhibitors of inflammation using the MEVM as previously
described (Casillas et al., 2000), except that female CD-1 mice (4–6 weeks old) were used.
Either CEES (65 μmoles) or TPA (1.5 nmol) was used to induce inflammation. To evaluate
each compound, ears (3–4 mice per group) were treated with 20 μL of vehicle control
(methylene chloride or acetone) or the test compound (1.5 μmol) in 20 μL 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). Data were analyzed using a one-way
ANOVA to evaluate statistical significance (P < 0.05). One of the compounds with a high
degree of activity against CEES (5) was then dosed at different levels (from 0.25 to 1.5
μmol/ear) to determine the effective dosage.

Results
Plasma Hydrolysis

In our previously described anticholinergic NSAID class (1–19), the parent NSAIDs were
released at the same rate as the rate of hydrolysis of the prodrug (t1/2 of 5–458 min) (Young
et al., 2010). Direct combination of the two therapeutic components via an ester linkage led
to faster NSAID release in Class 2 agents (5–111 min) compared to Class 1. Both the
neostigmine- and pyridostigmine-like conjugates released the parent NSAIDs with half-lives
of less than 5 min. Galantamine esters 24 and 27 showed exceptionally long half-lives with
no significant hydrolysis over 12 h (Table 1).

Assay of Acetylcholinesterase Inhibition
Activities of Class 1 and 2 compounds against AChE have been presented previously and
will be discussed only briefly (Young et al., 2010). The IC50 values of compounds 1–8 range
from 0.51 to 2.29 μM, with 7 showing the highest degree of inhibition. Class 2 compounds
(9–19) are at least five-fold less potent than their Class 1 counterparts, with IC50s ranging
from 2.66 μM to 2 mM. Anticholinesterase activities of novel compounds 20–28 are
presented in Table 1. As a control, the original or modified AChEIs were screened for
activity and compared to the corresponding NSAID conjugates. For the pyridostigmine-like
molecules (20, 23, and 26), 23 showed the most potent yet modest inhibitory activity, while
all other agents, including the pyridostigmine mimic itself (Figure 2), showed little to no
activity. Of the galantamine ester series, 21 and 27 were moderately active in the range of
35–40 μM, while indomethacin conjugate 24 showed no in vitro inhibition. Finally, within
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the neostigmine class, 22 and 25 showed good activity with IC50s ranging from 5–15 μM. In
most cases, only a modest decrease in activity was observed as a result of linking the
AChEIs or analogs thereof to NSAIDs.

Mouse Ear Vesicant Model (CEES)
A MEVM was used as a screen to select effective anti-vesicants for further study. Listed in
Table 2 are percentages of inhibition of edema and inflammation relative to a positive
control (exposure to CEES only) for candidate compounds. Many of the novel agents
reduced vesication between 60 and 80 %, values greater than those of the parent NSAIDs
alone. It should be noted that ibuprofen, when screened against CEES, enhanced
inflammation and edema by 15 %. Interestingly, most of the ibuprofen prodrugs in these sets
were active in the MEVM from 20–76 %. Furthermore, diclofenac suppressed CEES-
induced inflammation at a mere 17 % while prodrugs 7 and 18 showed activity to a much
greater extent (90 and 113%, respectively).

Significant levels of inflammation suppression were observed for several compound of Class
1, the prodrugs containing the hydrophobic linker. In general, the simple esters were found
less active than their Class 1 counterparts except for the high level of activity observed with
18 (113 %). Prodrugs 5 and 7 exhibited the most potent effect against CEES in their class
(91 and 90 %, respectively). Prodrugs 5 and 18 are also potent reversible inhibitors of AChE
(< 3 μM). Very high levels of suppression were also observed with the combinations of
NSAIDs with AChE inhibitors or mimic inhibitors. Galantamine derivatives 24 and 27
exhibited significant inhibition of vesication, with levels exceeding 70 %.

We have observed that prodrug lipophilicity also affects activity in the MEVM screen. Out
of the three sets, the bifunctional ester-carbonates containing the alkyl-aryl linker are the
most lipophilic by an average of one log unit compared to the simple esters in Class 2
(Young et al., 2010) and approximately five log units compared to the AChE inhibitor
conjugates in Class 3 (Table 1). A general trend exists in that derivatives of the lipophilic
NSAIDs (indomethacin, diclofenac, and ibuprofen) show a more pronounced effect against
CEES than the more polar naproxen conjugates.

Mouse Ear Inflammation Model (TPA)
Presented in Table 2 are percent reductions of edema and inflammation relative to a positive
control (exposure to TPA only). Several novel agents reduced TPA-induced inflammation
by more than 70 %. Overall, compounds from Class 2 were more potent against TPA.
Compounds 12, 13, and 20 had the highest degree of an anti-inflammatory effect.

As with the CEES data, a slight dependence on lipophilicity was observed in the TPA
results. In this case, however, the slightly more hydrophilic esters of Classes 2 and 3 were
more active against TPA than CEES. This trend is especially evident when comparing the
activity of 11, 12, and 15 in the TPA versus CEES models. These agents were either inactive
or had moderate activity against CEES, yet were especially effective against TPA (60–75
%).

Dose-Response of 5
To further investigate the dosage needed for optimal activity, lead 5 was tested against
CEES and TPA at varying concentrations (Table 3). The minimum amount of drug needed
for the desired anti-CEES effect is below the level used for screening (1.5 μmol/ear).
Significant inflammation and edema suppression (up to 100 % compared to the positive
control) were observed at doses between 0.5 and 0.75 μmol/ear. A similar range of doses
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applied after TPA-exposure did not result in a significant degree of inflammation
suppression (24 % or less, Table 3).

Discussion
The search for effective mustard therapeutics is moving towards the development of
multifunctional drugs to target the various pathways of SM toxicity. Dachir et al. (2004)
mechanically combined a steroid with an NSAID to optimize anti-inflammatory activity and
deplete tissues of prostaglandin E. In this study, the combined drugs were more effective
than either drug alone. Similarly, Wormser and co-workers (2000 and 2004) combined
topical iodine with steroidal and nonsteroidal anti-inflammatory drugs to suppress SM-
induced necrosis and hemorrhage while enhancing biomarkers of healing. Little work has
been done to explore controlled-release SM therapeutics containing individual drugs such as
anti-inflammatory agents and anticholinergics covalently linked in one molecule. An earlier
study reported that conjugates formed by a covalent linkage of pyridostigmine with an
NSAID via a decyl hydrocarbon spacer were as active as commercial NSAID preparations
in ameliorating SM-induced toxicity in a mouse ear model (Amitai et al., 2006). The concept
of linking an AChE inhibitor to common NSAIDs was innovative and effective; however,
no in vitro or in vivo release of the individual pharmacologic components was shown. In the
present work, integration of NSAIDs and anticholinergics into a novel scaffold to facilitate
gradual drug-release has allowed us to target multiple mechanisms of SM-induced injury in
a way that is unique to the field and will expand the current library of anti-mustard
candidates.

A great deal of work has gone into the exploration of anticholinergics as potential anti-
inflammatory agents. For example, the anticholinergic, galantamine, when administered
peripherally, ameliorates systemic inflammation (Pavlov et al., 2009). Furthermore,
maintaining cholinergic balance with these drugs has been reported to alleviate severe
inflammation from sepsis, endotoxemia, and arthritis (Hofer et al., 2008, Pavlov et al., 2009,
and van Maanen et al., 2009). Regarding the specific effects that SM has on AChE levels,
enzyme synthesis has been reported to be increased in neuroblastoma cells following a SM
treatment (Lanks et al., 1975). Steinritz and co-workers (2007) also observed elevated AChE
levels during apoptosis of SM-exposed pulmonary epithelial cells. Our compounds were
synthesized based on the emerging role of AChE in inflammation and the work of Amitai et
al. (2006) demonstrating their potential as anti-mustard agents.

In our MEVM screen, high levels of activity against CEES were observed for several of our
Class 1 and 2 bifunctionals containing lipophilic choline analogs linked to NSAIDs (Table
2). Several of the most promising prodrugs reduced inflammation and edema up to and
greater than 90 % (compounds 5, 7, and 18). The anti-inflammatory effects observed were
directly associated with potent inhibition of AChE, high lipophilicity, and long half-lives in
plasma. We have shown previously that all compounds in these classes release their parent
NSAIDs in plasma (Young et al., 2010). It is not yet established whether the therapeutic
effect observed is from the intact compounds or from the in vivo release of both the NSAID
and the anticholinergic.

Class 3 compounds structurally designed around potent AChE inhibitors like galantamine,
neostigmine, and pyridostigmine also showed very promising results against CEES.
Significant suppression of CEES-induced inflammation was observed, with levels exceeding
75 % reduction in some cases (compounds 22 and 27). Most of these compounds are potent
anticholinergics and/or release an NSAID in plasma. The stability of Class 3 compounds in
human plasma, however, could limit the in vivo application of these agents as prodrugs. In
particular, the rapid release of the NSAID (t1/2 < 5 min) for some agents could be
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detrimental. Galantamine derivatives showed exceptionally long biological half-lives for
enzymatic release of the NSAID and the AChEI. Further in vivo investigation is needed to
determine the rate of release of the parent drugs following transdermal absorption.

To study the biological activity of the selected agents in-depth, the inhibitory activity against
butyrylcholinesterase (BuChE) was also determined. BuChE is a less selective esterase that
is highly homologous with AChE and is found principally in the circulation (Glick et al.,
2003). Inhibitory activity against equine serum BuChE (eBuChE) was observed for our
compounds with IC50s ranging from 3.8–55 μM and potencies lower than those observed for
AChE (Young et al., unpublished work, 2010). Thus, our compounds are able to inhibit both
AChE and BuChE, paralleling the known cholinesterase inhibitors, tacrine and galantamine
(de los Ríos et al., 2010). Existing literature does not suggest that attenuation of BuChE
levels will have an effect on SM dermal injury.

Several compounds of the set were also screened in the mouse ear model against the phorbol
ester TPA, a common proinflammatory agent used in this case to assay the dual-action
prodrugs for a wider range of anti-inflammatory properties (Akihisa et al., 2010 and
Yasukawa et al., 2010). Many of our compounds in all three classes reduced TPA-induced
inflammation and edema by at least 50–75 %. The potent anti-TPA effects of the simple
esters suggest that activity is linked to both the rate of NSAID release and skin penetrability.
It is important to note that both anti-CEES and anti-TPA activity likely depend upon both
the parent NSAIDs and the prodrugs themselves as previous results have shown that
NSAIDs have different rates of transdermal absorption (Singh et al., 1994 and Beetge et al.,
2000).

In general, the simple ester series was found to be more active against TPA while Class 1
agents were more effective against CEES. TPA is a highly potent inflammatory agent which
activates protein kinase C and induces the release of histamine, proteases, and
proinflammatory mediators (Nakadate, 1989 and Goel et al., 2007). The rapid rate of
NSAID release may explain the effectiveness that Class 2 agents have against TPA. On the
other hand, the CEES or SM-induced blister is a slow-developing lesion resulting from
DNA-alkylation, protease activation and an inflammatory response (Cowan et al., 2003).
Considering the gradual development of SM lesions (Kehe and Szinicz, 2005), Class 1
agents seem more appropriate as SM therapeutics because of their slow-release of the parent
NSAID and high lipophilicity allowing enhanced skin penetration.

Directly preventing SM-induced DNA modifications has been used as a strategy for
decontaminating the skin following exposure to vesicants. Sulfur species such as sodium
thiosulfate are commonly explored as decontaminats (Baskin et al., 2000). It is proposed that
these SM scavengers intervene in macromolecular-alkylation either by interacting with
nucleic acids or by directly reacting with the highly electrophilic sulfonium ion formed by
SM (Baskin et al., 2000). Therapeutic intervention of DNA-alkylation has not been explored
likely because SM penetrates the skin within 30–60 min after exposure (Wormser et al.,
2002). Various groups have instead taken the approach of designing treatments which target
the detrimental effects resulting from SM-induced DNA damage. For example, DNA
damaging agents activate poly (ADP-ribose) polymerase (PARP) as well as proteases and
inhibitors of these enzymes have been reported to reduce epidermal necrosis following SM
exposure (Cowan et al., 2003). Antioxidants such as melatonin have also been explored as
potential treatments because of their ability to reduce cellular damage from oxidative and
nitrosative stress (Korkmaz et al., 2008, Laskin et al., 2010). Considering the structure of
our novel bifunctional agents, which are not alkylating, antioxidant or intercalating agents, it
is unlikely that they function by directly modulating SM-induced DNA modifications.
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In summary, we have synthesized bifunctional compounds that combine an NSAID with an
anticholinergic moiety. This combination results in a novel class of lipophilic NSAID
prodrugs that possesses considerable anti-inflammatory activity against CEES and/or TPA
in the MEVM. In most cases, the edema and inflammation suppression observed for these
compounds is higher than that of the NSAIDs alone. Further studies are needed to more
precisely understand their mechanism of action and to determine if they mitigate SM-
induced skin injury.
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Figure 1.
Figure 1a. Generic Structures of Anticholinergic NSAID Prodrugs.
Figure 1b. Structures of Types of Class 3 Prodrugs.
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Figure 2.
Structures of Pyridostigmine Mimic (left) and Neostigmine Mimic (right).
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Table 1

In vitro data for novel NSAID-AChEI Conjugates.*

Compound # IC50 (μM) Plasma t1/2 (min−1) Clog P**

20 77.3 ± 9.43 <5 −0.09

21 40.4 ± 3.91 nd 5.87

22 5–15*** nd 1.37

23 51.8 ±16.9 <5 0.41

24 NA >12 h 6.38

25 10.6 ±2.2 <5 1.87

26 NA nd −0.95

27 35–40*** >12 h 5.01

28 nd*** nd 0.50

Galantamine HBr 1.12±0.31 −0.33

Pyridostigmine Mimic (Fig. 2) NA −3.49

Neostigmine Mimic (Fig. 2) 4.75 ±0.41 −2.76

*
NA – not active; nd – not determined.

**
Clog P calculated using ChemBioDraw Ultra 12.0.

***
Precise IC50 values could not be obtained due to limits in compound solubility.
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Table 3

Dose-response of indomethacin prodrug 5.

Dose of 5 (μmol/ear) % Reduction (CEES) % Reduction (TPA)

0.25 34* 9*

0.50 31* 24**

0.75 100** nd

1.0 96** 12*

1.5 91** nd

*
Reduction not statistically significant.

**
Value differs from positive control based on one-way ANOVA, with P < 0.05.
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