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a b s t r a c t

262-Phenylaminophenylacetic acid is a widely-exploited chemical scaffold whereby notable NSAIDs such as
27diclofenac and lumiracoxib were derived. Yet, their clinical usage has been associated with toxicities in
28the liver. While some studies have attributed toxicities to the bioactivation of both drugs to reactive
29intermediates, the structural predisposition for toxicity, as well as relationship between this toxicity
30and COX inhibitory activity has not been elucidated. In this study, we aimed to address their intricate link
31by synthesizing compounds that possess the 2-phenylaminophenylacetic acid backbone with varying
32alkyl and halogen substituents at three positions critical to the COX inhibitory pharmacophore. These
33compounds were subjected to cytotoxicity testing on two liver cell lines of contrasting metabolic compe-
34tencies. We observed higher toxicity in the more metabolically competent cell line, supporting the role of
35bioactivation as a prerequisite for toxicity. We have also shown that structural changes on the chemical
36scaffold exerted pronounced effect on liver cytotoxicity. The most lipophilic and brominated compound
37(24) was identified as the most cytotoxic of all the compounds. A concurrent determination of their phar-
38macological activity using COX inhibition assays allowed us to derive a safety profile, which showed that
39selectivity towards COX-2 negatively affected activity and toxicity.
40� 2014 Published by Elsevier Ltd.
41
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45 1. Introduction

46 2-Phenylaminophenylacetic acid is a simple but robust scaffold
47 that has been explored widely over the years, producing two
48 non-steroidal inflammatory drugs (NSAIDs), namely diclofenac
49 (Voltaren�, {2-[(2,6-dichlorophenyl)amino]phenyl}acetic acid)
50 and lumiracoxib (Prexige�, {2-[(2-chloro-6-fluorophenyl)amino]-
51 5-methylphenyl}acetic acid). Despite their structural similarity,
52 diclofenac and lumiracoxib are associated with vastly different
53 pharmacological and toxicological profiles. Lumiracoxib specifi-
54 cally inhibits the cyclooxygenase-2 (COX-2) enzyme whereas
55 diclofenac inhibits both isoforms (COX-1, COX-2) of the enzyme.
56 In addition, both drugs are known to cause liver injury, albeit to

57different degrees. Nearly one-third of reported NSAID-induced
58hepatotoxicities were attributed to diclofenac (Agundez et al.,
592011). In spite of its prevalence, diclofenac is still widely used
60because only a very small percentage of the liver toxicities are
61fatal, requiring hospitalization or liver transplants (Bessone,
622010). On the other hand, several cases of life threatening hepato-
63toxicities have been reported for lumiracoxib shortly after its
64approval and this has resulted in its withdrawal from clinical use
65in several countries (United-Nations, 2009). Therefore, even
66though 2-phenylaminophenylacetic acid analogs continue to pres-
67ent opportunities as an important scaffold for the development of
68other potent anti-inflammatory agents, their corresponding toxico-
69logical effects would need to be mitigated.
70Collective efforts by independent groups have provided
71important structural insights into the pharmacological activity of
722-phenylaminophenylacetic acids. It has been shown that the
73methyl group at R1 on ring A (Fig. 1) conferred selectivity to
74COX-2 for lumiracoxib (Blobaum and Marnett, 2007). The substit-
75uents at R2 and R3 on ring B (Fig. 1) were shown to influence effi-
76cacy of the compound through affecting the angle of twist between
77the two rings which determines affinity for the active site of the
78COX enzyme (Moser et al., 1990). Larger ortho substituents such

http://dx.doi.org/10.1016/j.fct.2014.06.013
0278-6915/� 2014 Published by Elsevier Ltd.
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79 as chlorine and methyl were shown to affect the angle of twist
80 more favorably. While the impact of these substituents on COX
81 inhibition has been extensively characterized, much less is known
82 about their effects on toxicity. To date, the toxicities of diclofenac
83 and lumiracoxib have been linked to the formation of reactive
84 metabolites in the liver via Phase I and Phase II metabolism. The
85 bioactivation of diclofenac to reactive quinone imines, arene oxides
86 and 1-b-O-acyl glucuronides were at least in part, responsible for
87 the observed hepatotoxicity (Kretzrommel and Boelsterli, 1993,
88 1994; Leemann et al., 1993; Shen et al., 1999; Tang et al., 1999;
89 Poon et al., 2001). In vitro bioactivation studies on lumiracoxib
90 suggested a similar bioactivation process as that of diclofenac.
91 40-Hydroxy-lumiracoxib was detected and was shown to further
92 oxidize to a quinone imine (Li et al., 2008). Formation of an imine
93 methide trapped as 5-methyl-glutathione-lumiracoxib was also
94 detected (Kang et al., 2009). While these earlier studies postulated
95 some plausible bioactivation pathways related to the toxicities of
96 the two drugs, the question remains as to how subtle changes in
97 the functional groups (methyl vs. hydrogen and chloro vs. fluoro)
98 of diclofenac and lumiracoxib could have resulted in such disparate
99 levels of toxicities. More importantly, there is limited understand-

100 ing of the structural trends influencing toxicity within this scaffold,
101 in the absence of which, effective approaches to achieve an optimal
102 activity-toxicity balance would be difficult.
103 Therefore, in this study, we systematically synthesized analogs
104 of diclofenac and lumiracoxib with the objective of deriving a qual-
105 itative structure–toxicity relationship. Test compounds were
106 tested for their cytotoxicities in liver cell lines of differing meta-
107 bolic competencies in order to expose any bioactivation-dependent
108 toxicity. Accordingly, we have shown that structural changes at R1

109 of ring A and R2 and R3 on ring B affected liver cytotoxicity, with
110 the brominated compound 24 being the most toxic compound.
111 Toxicity was shown to increase with increasing size of the alkyl
112 and halogen substituents. Comparison of lipophilicity and toxicity
113 data allowed us to propose that lipophilicity played a plausible role
114 in the cytotoxicity results obtained. A safety profile was generated
115 for the compounds using both in vitro toxicity and activity data,
116 which showed that selectivity towards COX-2 negatively affected
117 activity and toxicity.

118 2. Materials and methods

119 2.1. Materials

120 Dulbecco’s modified Eagle’s medium/Ham’s F12 (DMEM/F12) and soybean tryp-
121 sin inhibitor were obtained from Gibco� (Life Technologies, Carlsbad, CA). ITS
122 Universal Culture Supplement Premix containing 5 mg/mL insulin, 5 mg/mL trans-
123 ferrin, 5 ng/mL selenium was obtained from BD Bioscience (Belford, MA). Fetal
124 bovine serum (FBS) was obtained from Hyclone (Thermo Scientific, Waltharm,
125 MA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was
126 obtained from Duchefa Biochemie (Haarlem, Netherlands). Luciferin-H and
127 Luciferin-PFBE P450-Glo assay kits were obtained from Promega (Fitchburg, WI).
128 Thromboxane-B2 (TXB2) and prostaglandin-E2 (PGE2) enzyme-linked immunosor-
129 bent assay (ELISA) kits were purchased from Cayman Chemical Company (Ann

130Arbor, MI). HPLC/spectro grade acetonitrile and methanol were purchased from
131Tedia (Fairfield, OH). All other chemicals and reagents were obtained from Sigma
132Aldrich (St. Louis, MO) or Alfa Aesar (Ward Hill, MA) unless otherwise mentioned.

1332.2. Synthesis

134Compounds 1, 2 and 4 were synthesized via Scheme 1. Compounds 5–8 were
135synethsized via Scheme 2. The remaining compounds 9–24 were synthesized via
136Scheme 3. Merck silica 60 F254 sheets and Merck silica gel (0.040–0.063 mm)
137(Merck KGaA, Darmstadt, Germany) were used for thin layer chromatography
138(TLC) and flash chromatography respectively. Final compounds characterized by
1391H and 13C nuclear magnetic resonance (NMR) spectra were recorded on a Bruker
140DPX 300 or Bruker ADVIII 400 spectrometer (Billerica, MA). Chemical shifts were
141reported in parts per million (ppm, d) and referenced to residual solvents, deuter-
142ated chloroform (CDCl3) (d 7.260) or deuterated dimethyl sulfoxide (DMSO-d6) (d
1432.500) for 1H spectra and DMSO-d6 (d 39.43) for proton decoupled 13C NMR. Cou-
144pling constants (J) were reported in Hertz (Hz). Proton coupling patterns were
145described as singlet (s), doublet (d), triplet (t), quartet (q), sextet (sext), septet
146(sept), doublet of doublets (dd), doublet of doublet of doublets (ddd), doublet of
147triplets (dt), triplet of doublets (td), triplet of triplets (tt) and multiplet (m). Mass
148spectra were captured on a Sciex API 3000 Qtrap (AB Sciex, Framingham, MA)
149equipped with an electrospray ionization (ESI) probe. Masses of the compounds
150were reported in m/z values for the molecular ion detected. Melting point was
151acquired on a Gallenkamp melting point apparatus (Weiss Technik UK, United King-
152dom). All characterization data of intermediates and final compounds are listed in
153the Supplementary information.

1542.2.1. Extraction of diclofenac (3) from Voltaren tablets
155The enteric coating of six Voltaren� tablets (50 mg diclofenac per tablet, Norva-
156tis, Switzerland) was removed. The tablets were then powdered with a pestle and
157mortar. To the powdered tablets (1.66 g), methanol (30 mL) and glacial acetic acid
158(1 mL) were added and the mixture sonicated for 5 min. The mixture was then sha-
159ken gently for 1 min and filtered. Water (30 mL) was added to the filtrate and the
160residue was removed by filtration under reduced pressure, after which it was
161washed with cold water (5 mL � 4). The residue (A3) was allowed to dry in an oven
162(50 �C) overnight.

1632.2.2. Synthesis of compounds 1, 2 and 4 (Scheme 1)
1642.2.2.1. Synthesis of 2-iodophenyl-N, N-dimethylacetamide (25). The method reported
165by Kenny et al. (2004) was followed with some modifications. 2-Iodophenylacetic
166acid (0.53 g, 1.98 mmol) was dissolved in 12 mL of dichloromethane (DCM). To this
167solution, thionyl chloride (0.5 mL, 6.88 mmol) was added drop-wise with stirring at
1680 �C. DMF (1 drop) was added and the solution stirred at room temperature for 2 h,
169then evaporated to dryness. DCM was added, the mixture evaporated and the evap-
170orating procedure was repeated again. The product was re-dissolved in DCM (5 mL)
171and added drop-wise to a two-phase system of 40% w/w aqueous dimethylamine
172(12 mL) in water (35 mL) and DCM (50 mL), which was stirred vigorously at 0 �C.
173After 1 h, the organic layer was separated, washed with 1 M HCl, 10% aqueous
174Na2CO3, and water, and dried over anhydrous Na2SO4 before evaporating to
175dryness. Purification by chromatography (eluting with ethyl acetate (EtOAc):
176hexane, 1:3) afforded 25 as a colorless oil.

1772.2.2.2. General procedure for the synthesis of 2-[(2,6-disubstituted phenyl)amino)phe-
178nyl-N,N,-diethylacetamides (26–28). A mixture of 25 (0.24 g, 0.83 mmol), 2,6-disub-
179stituted aniline (1.90 mmol), anhydrous K2CO3 (0.11 g, 0.76 mmol), CuI (0.011 g,
1800.052 mmol) and freshly activated Cu (Vogel, 1989) (0.035 g) in toluene (5 mL) in
181a Dean–Stark apparatus filled with 4 Å molecular sieves was stirred and refluxed
182for 96 h. The mixture was filtered while still warm over celite, concentrated, and
183re-dissolved in EtOAc, then washed with water, dried over anhydrous Na2SO4 and
184evaporated. Purification by chromatography (eluting with EtOAc:hexane, 1:4
185followed by 2:3) afforded the product as crystals.

1862.2.2.3. General procedure for hydrolysis of acetamide to free acid (1, 2 and 4). The
1872-[(2,6-disubstituted phenyl)amino)phenyl-N,N,-diethylacetamide (26–28) (0.16 M)
188was dissolved in ethanolic KOH (0.67 M) and refluxed overnight in an inert N2

189atmosphere. The solution was cooled to room temperature, concentrated and then
190re-dissolved in water (10 mL). The aqueous solution was extracted with EtOAc
191(2 � 30 mL) and the organic layer discarded. The aqueous solution was acidified with
1921 M HCl to pH 3 and extracted with EtOAc (2 � 30 mL), washed with water, dried
193over Na2SO4 and evaporated to dryness. Purification by chromatography (eluting
194with EtOAc:hexane/1% acetic acid, 1:4 to 2:3), followed by recrystallization from
195EtOAc/hexane afforded the product as powder.

1962.2.3. Synthesis of compounds 5–8 (Scheme 2)
1972.2.3.1. General procedure for the syntheses of 2,6-disubstituted-N-(p-alkyl)anilines
198(29–48). The reaction was carried out as previously reported (Wolfe and Buchwald,
1992000). Toluene (2 mL) and (±)-2,20-bis(diphenylphosphino)-1,10-binaphthalene
200((±)-BINAP) (9.3 mg, 1.5 mol%) were stirred under argon at 80 �C for 1 min.
201Pd(OAc)2 (2.2 mg, 1 mol%) was added to the mixture, purged with argon for

Fig. 1. Structures of diclofenac and lumiracoxib. Lumiracoxib differs from diclofe-
nac by a methyl substituent at R1 on ring A and a fluorine substituent at R2 on ring
B.
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