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ABSTRACT Bromfenac is a nonsteroidal anti-inflammatory drug which was approved in the
United States in 1997. It was withdrawn from clinical use less than one year later, in 1998, due
to hepatotoxicity. We investigate the potential of bromfenac to be metabolized to reactive
intermediates to further the current understanding of bromfenac bioactivation. Incubations were
conducted with hepatocytes and human, rat and cynomolgus liver microsomes fortified with
cofactors and N-acetylcysteine. One thioether adduct of hydroxylated bromfenac and three
thioether adducts of hydroxylated bromfenac indolinone were detected in extracts following
incubations in liver microsomes fortified with NADPH and UDPGA. These findings
demonstrate a bioactivation pathway for bromfenac and contribute to the body of evidence which

could advance the understanding of the toxicity associated with bromfenac.

Introduction Bromfenac (Duract) is a nonsteroidal anti-inflammatory drug (NSAID) used for
the treatment of osteoarthritis, rheumatoid arthritis, ankylosing spondylitis, and acute muscle
pain. Bromfenac (1) was approved in the United States in 1997 for a duration of use of less than
10 days. The drug was voluntarily withdrawn in 1998 due to adverse reactions to 1 including
hepatic necrosis, cholestasis and fatal liver failure.'” In many cases of bromfenac associated
hepatotoxicity there was a significant increase in liver alanine aminotransferase (ALT), aspartate
aminotransferase (AST) and alkaline phosphatase (AP) levels. Patients taking the drug for more

than 10 days had a higher risk of developing liver injury or failure.’
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Scheme 1. Proposed bioactivation pathway for bromfenac. NAC = N-acetylcysteine

In mass balance studies, healthy volunteers were dosed with '*C-labeled 1 and bromfenac
indolinone (2) (Scheme 1) was found to be the major metabolite in urine. No evidence was found

for the formation of thioether—linked metabolites.* In preclinical toxicology studies with rats, 1
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was found to cause vacuolar changes, necrosis and cytological alterations to hepatocytes, and
glutathione depletion in the liver and kidney. The compound was also found to cause papillary
necrosis of the kidney and caused cytological alterations of hepatocytes in mouse carcinogenicity
studies.” In vitro evidence suggests that in the presence of NADPH and UDPGA, the amount of
covalent binding of 1 to human liver microsomal protein is increased when compared with
NADPH alone.® The in vitro covalent binding result suggests that bioactivation could proceed
through a glucuronidation pathway, although an acyl glucuronide metabolite was never detected

in human radiolabeled studies and could not be synthesized.”*

Chemical structural motifs in drug-like molecules that are known to cause drug induced liver
injury (DILI) are known as structural alerts or toxicophores.® Bromfenac contains three different
known structural alerts; an aniline, a bromobenzene ring, and a phenylacetic acid.”'*'' Many of
the adverse events associated with bromfenac affect the liver, therefore it is possible that
formation of reactive metabolites are involved in observed adverse events. However, such

reactive metabolites have not yet been reported to the authors’ knowledge.

The purpose of this work is to investigate the metabolism of 1 to determine if these
toxicophores play a role in the formation of reactive metabolites. Incubations were performed
with 1 in human hepatocytes and human, rat and monkey liver microsomes supplemented with
UDPGA, NADPH and thiols, such as glutathione and N-acetylcysteine. During our
investigations, we found evidence for the formation of novel thioether adducts of hydroxylated
bromfenac (3) and the hydroxylated indolinone metabolite (4). We also found that the formation

of 2 is likely catalyzed by uridine 5'-diphospho-glucuronosyltransferase (UGT).
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Materials and Methods

Materials. N-acetylcysteine (cat number A7250-50G), Bromfenac Sodium (cat number
SML0289-50MG), Carbamazepine (cat number 94496-100MG), Glutathione (cat number
G6529-25G), L-Glutamine (cat number G6392-1VL), and Williams’ Medium E (cat number
W1878-500ml) were purchased from Sigma (St Louis, MO). All solvents used for LC/MS
analysis were of chromatographic grade and purchased from Fisher Scientific. Stock solutions of
bromfenac and bromfenac indolinone were prepared as solutions in dimethyl sulfoxide (20 mM).
Human hepatocytes (20 donor pool), human (pooled), rat and cynomolygus monkey liver
microsomes were purchased from BioreclamationIVT (Baltimore, MA). Potassium Phosphate
buffer (Cat No J62397) was purchased from Alfa Aesar (Ward Hill, MA)

Bromfenac Indolinone Synthesis. The bromfenac indolinone standard was synthesized from
bromfenac sodium obtained from Sigma. 21 mg of bromfenac was dissolved in 5 ml of water. 2
ml of 6N hydrochloric acid was added and a white precipitate immediately formed. The
resulting saturated solution was vacuum filtered and the filtride was dried under vacuum for 24
hours. A 1 mg sample was dissolved in DMSO-d6 (D, 99.8%, Cambridge Isotope) containing
0.05% V/V TMS as an internal chemical-shift reference standard, and transferred to a 3 mm
NMR tube, purged with nitrogen, and sealed. The '"H NMR of the synthesized material is

consistent with the structure of the indolinone (Figure 1).
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Figure 1. '"H NMR of 2. Collected on a Bruker Ascend™ (400 MHz in DMSO-dg) &: 10.29 (s,

1H), 7.72 (d, J=8.44 Hz, 2H), 7.56-7.64 (m, 2H), 7.93-7.45 (m, 1H), 7.24-7.30 (m, 1H), 6.94-

7.02 (m, 1H), 3.52 (s, 2H).

Metabolite Identification Studies. Metabolite identification experiments were performed to
determine the fate of 1 (20 uM) and 2 (20 uM) in human, rat and cynomolygus monkey liver
microsomes (1 mg protein/ml). Incubations were conducted in potassium phosphate buffer (0.1
M, pH 7.4) in either the presence or absence of NADPH (I mM) and UDPGA (1 mM). All
incubations included NAC (5 mM), alamethicin (10 pg/ml), and MgCl, (5 mM). 10 ml total
volume reactions were performed in 20 ml glass scintillation vials in a shaking water bath (low

speed, 37°C). A metabolite identification study was performed as above with B-mercatoethanol
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(0.1 mM) as the nucleophilic thiol. Since B-mercatoethanol has been shown to inhibit
cytochrome P450 at higher concentrations, the concentration was chosen to be three times lower
than the lowest IC50.12

Incubations with glutathione were performed with 1 (20 uM) in human hepatocytes (1 million
cells/ml) and human liver microsomes (1 mg protein/ml). Microsome incubations were
conducted in potassium phosphate buffer (0.1 M, pH 7.4) in the presence of NADPH (1 mM),
UDPGA (1 mM) and glutathione (5 mM). Hepatocyte incubations included glutathione (5 mM)
in William’s E media which was added to the cells to bring the concentration to 1 million
cells/ml. Microsome incubations were performed at 8§ ml volume reactions and hepatocyte
incubations were performed at 5 ml total volume in 20 ml glass scintillation vials in a shaking
water bath (low speed, 37°C).

All reactions were quenched after one hour with an equal volume of acetonitrile (ACN),
capped, and vortex-mixed (1 min) then were centrifuged (14,000 rpm, 5 min). Supernatants were
transferred to glass 13 x 100 mm tubes and evaporated in a Speed Vac® Plus SC210A Savant
system (Savant Instruments, Inc. Farmingdale, NY) under vacuum. Once dried, extracts were
reconstituted with a solution containing ACN and water (1 mL, 1/1, v/v). The reconstituted
mixtures then were transferred to microcentrifuge tubes and centrifuged (14,000 rpm, 5 min).
The resulting supernatants were transferred to high-performance liquid chromatography vials.
LC-MS/MS Conditions for Metabolite Identification Studies.

High resolution LC-MS/MS analyses was conducted using a Dionex Ultimat 3000 HPLC
(Thermo Fisher Scientific, Waltham, MA) equipped with a binary pump, degasser, ultraviolet
detector, CTC autosampler, and column heater kept at 25°C. The injection volume was 50 pl.

Chromatographic resolution was achieved with a ThermoScientific (Waltham, MA) BetaBasic
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C18 column (4.6 x 250 mm, 3um). Mobile phases consisted of 0.1% aqueous formic acid
(solvent A) and acetonitrile with 0.1% formic acid (solvent B) run at a constant flow rate of 0.7
ml/min. The solvent gradient was initially held at 0% solvent B for 0.1 min and increased
linearly to 100% solvent B over 53 min, kept at 95% solvent B for an additional one min, then
immediately dropped to 5% solvent B over 0.5 min, where it was held constant at 0% solvent B
for 5.5 min before the next sample injection (20 pl). A Thermo Fisher XL Orbitrap mass
spectrometer, with electrospray ionization was employed with the needle potential held at 4.5
kV. Tandem mass spectrometry conditions used were 2 mTorr helium collision gas and 25-35
eV collision potential. Ions of interest were put on a data dependent mass list and if encountered
were fragmented. Positive ion mode full scan (200—750 Da) was conducted with a scan time of
0.73 s. Ultraviolet data collection was performed over a scan range of 200 to 400 nM with 2 hz
data collection frequency. Xcalibur software (version 2.0) was used to acquire all data.
Metabolism of Bromfenac to Indolinone. The time-dependent degradation of 1 (I puM) in
HLM (1 mg total protein/ml) with alamethicin (10 pg/ml) and MgCl, (5§ mM) was performed to
quantify metabolism of 1 and the formation of 2. Incubations were conducted in Tris buffer."
Aliquots (50 pl) were taken from the incubation (300 pl total) at 0, 30, 60, 120 and 240 min in
the presence and absence of UDPGA (1 mM). The aliquots at each time point were added to
quench solution (100 pL) containing internal standard, carbamazepine (50 nM). Samples were
centrifuged and the supernatant was diluted 1:1 v:v with HPLC grade water and then analyzed by
LC-MS/MS. The concentration of 1 and the amounts of 2 formed were determined from
standard curves of peak area ratios (peak area of analyte/peak area of IS).

The LC-MS/MS conditions were as follows: Sciex API 4000 (Waltham, MA, USA) mass

spectrometer was run in positive ion mode with the Turbo Spray source with the following
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source conditions; Collision gas set to 6, Curtain gas set to 25, Ion source gas 1 and 2 set to 30,
IonSpray voltage set to 5000 and the temperature set to 600 °C with the interface heater on. The
declustering potential was set at 90 volts for all of the compounds and the dwell time for each ion
was set to 50 msec. The transition ions in the MRM method (Q1 = Q3) for 1 were m/z 334
—288 with the collision energy set to 25 volts, the MRM method for 2 were m/z 316> 183 with
the collision energy set to 30 volts and CBZ were m/z 237->194 with the collision energy set to
27 volts. The LC system included a CTC Pal autosampler and ThermoElectron (Waltham, MA)
Accela 1250 binary pump. The mobile phases were 0.1% aqueous formic acid (solvent A) and
acetonitrile with 0.1% formic acid (solvent B). The injection volume was 5 ul and the flow rate
was 900 pl/min with the step gradient starting at 95% A for 10 sec then stepping to 85% B
isocratic for 30 sec then stepping back to 95% A for another 30 sec. The column used was a

Phenomenex (Torrance, CA) Kinetex 5 pm C18 100A 30 x 2.1 mm.
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33 Figure 2. Chromatograms of 60 min incubations in HLM with 1 (rt = 36.8 min) with (A) no
cofactors, (B) NADPH, (C) is with UDPGA and (D) UDPGA and NADPH. (E) 2 standard
38 incubated with NADPH (rt = 35.9 min). (F) is the extracted ion chromatogram of exact m/z of
40 493.0063 (rt = 22.5, 32.2 and 32.6 min) and 511.0169 (rt = 23.4 min) of HLM incubations with 1

and UDPGA and NADPH and (G) is 2 with NADPH. All incubations include NAC at 5 mM.

48 Results
50 Metabolite Identification Experiments. Qualitative high resolution LC—MS/MS analysis
with ultraviolet (UV) detection of liver microsome incubations containing 1 with UDPGA and

55 alamethicin led to an increase in the formation of a large UV peak at retention time (rt) 35.9 min
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(Figure 2). The peak contained exact m/z of 315.9968 corresponding to a molecular formula of
C,sH;{BrNO," within 5 ppm. The mass spectrum and retention time of the synthetic standard of
the 2 matched the peak of the metabolite formed from the 1 incubations at rt 35.9 min (Figure
2C, 2D and 2E).

Liver microsome incubations with NADPH, UDPGA, alamethicin and NAC with 1 and 2 led
to the detection of the three thiol conjugates with an m/z equal to 493.0063 and one with an m/z
of 511.0169. The m/z of 493.0063 is consistent with that of 2 with one atom of oxygen and one
molecule of NAC added. This exact mass corresponds to the molecular formula
CooHsBrN,O¢S". The m/z of 511.0169 is consistent with that of 1 with one atom of oxygen and
one molecule of NAC added; corresponding to the molecular formula Ca0H20BrN,O-S".

The high resolution full scan of 1 at rt 36.7 min corresponds to a m/z 334.0073 which
corresponds to a molecular formula of C;sH; ;BrNO;". The product ion scan contains ions of m/z
315.9968, 288.0019 and 182.9440. The ion at 315.9968 is the neutral loss of water from 1, the
ion at 288.0019 is the loss of CO, with charge retention on the carbocation. The ion at m/z of
182.9440 corresponds to the 4-bromobenzyloxonium ion. This ion is conserved in the product
ion scan of the 2 (rt = 35.8 min). These spectrum are found in the supporting data in Figure S1
and S2.

The NAC adduct at retention time 22.5 min (6) had the CID spectrum shown in Figure 3A and
had ions at m/z 180.0114, 182.9440, 206.0270 and 293.0591. The fragment ion with m/z of
182.9440 corresponds to a 4-bromobenzyloxonium ion. The fragment ion at m/z 180.0114 was
assigned as the product of a neutral loss of 4-bromobenzylaldehyde and cleavage adjacent to the
cysteinyl thioether moiety, with charge retention on the indolinone moiety containing oxygen

and sulfur atoms attached; this corresponds to a molecular formula of CsHgNO,S". The presence

ACS Paragon Plus Environment
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of these two fragment ions is consistent with an aromatic thioether motif on the
hydroxyindolinone moiety.

The NAC adduct which corresponds to the hydroxylated bromfenac (5), m/z of 511.0169, had
the product ion spectra shown in Figure 3B and retention time of 23.4 min. The spectrum
contains the presence of the 4-bromobenzyloxonium ion with m/z 182.9440. The presence of this
ion indicates hydroxylation and NAC have been added to the 2-aminophenylacetic acid moiety
of the metabolite. The ion at m/z 293.0591 (Figure 3B) also contributes to the evidence of the
NAC and oxygen adding to the 2-aminophenylacetic acid.

The NAC adducts at retention time 32.2 min (7) and 32.6 min (8) had very similar product ion
spectra shown in Figure 3C and 3D. The NAC adducts contained the ions at m/z 182.9440 and
329.9760. The fragment ion with m/z of 182.9440 corresponds with a 4-bromobenzyloxonium
ion. The fragment ion at m/z 329.9760 was assigned as the homolytic cleavage product with a
neutral loss of the NAC; the charge is retained on the hydroxylated indolinone moiety
corresponding to a molecular formula of C,sHoBrNO;". The presence of these two fragment ions
is consistent with an aliphatic thioether motif on the hydroxyindolinone moiety."*

Rat and cynomologus monkey liver microsomes were incubated with 1 in the presence of
UDPGA, NADPH, NAC and alamethicin. The extracted ion chromatograms are found in Figure
4 with a comparison to HLM. Compared to HLM, 5 and 6 were formed in lesser proportion to 7
and 8 in RLM. Comparing CLM to HLM, 6 seemed to be formed in a greater proportion to 7 and
8 and 5 was not detected (Figure 4). All three of the 2 NAC adducts, 6, 7 and 8, were detected in
RLM and CLM. The retention times and spectra of the product ion scans of the NAC adducts

were consistent with those found in HLM.
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Figure 3. Product ion spectrum of (A) 6 with m/z 493.0063 at retention time 22.5 min (B) § with
m/z of 511.0169 at retention time of 23.4 min (C) 7 with m/z 493.0063 at retention time 32.3 min
(D) 8 with m/z 493.0063 at retention time 32.6 min. Incubations were conducted in HLM with 20
uM 1 for 60 minutes with UDPGA, NADPH, NAC and alamethicin.

1 was incubated with human hepatocytes to determine if reactive intermediates can form in a
whole cell system and be trapped by the endogenous nucleophile; glutathione (GSH). HLM with
NADPH, UDPGA, alamethicin and GSH were also incubated as a control experiment. The
results indicated that similar reactive intermediates are trapped with HLM with NAC. In the
HLM experiments, four GSH adducts were found. One adduct (rt 18.94 min) is consistent with 3

and the addition of GSH to the 2-aminophenylacetic acid moiety matching m/z of 655.0704. The
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product ion spectrum of the adduct contains the ions with m/z of 182.9440 and 379.9587, which
adds to the evidence. The other three adducts (rt 18.3, 25.2, and 25.4 min) are consistent with 4
with GSH added. The m/z is equal to 637.0598, and is similar to the adducts described above
with NAC as the trapping agent. All three product ion spectra include m/z of 182.9440 which
corresponds to the 4-bromobenzyloxonium ion. Interestingly, in the hepatocyte incubations only
three GSH adducts were found, two from 4 and one from 3. One of the adducts, which we
speculate to be formed from a quinone methide intermediate of 4, was not present in the human

hepatocyte experiment (Figure S4).

Bromfenac Stability and Formation of Indolinone Metabolite.
1 was incubated in HLM with UDPGA containing alamethicin and the loss of 1 and formation
of 2 was quantified using the synthetic standard. The incubation was monitored over the course

of 240 min and approximately 0.5 uM of 1 was metabolized to 0.5 pM of 2 (Figure 5).

ACS Paragon Plus Environment

15



oNOYTULT D WN =

Chemical Research in Toxicology

100
1(A
80_( ) 8 HLM

60
40
20

1001 fmy T
1(B
80:( ) 3 RLM

60,
40,
20/

Relative Abundance

80/ CLM

A
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39
Time (min)

Figure 4. Chromatograms of 60 min incubations of 1 with NAC, UDPGA, alamethicin and
NADPH in (A) human liver microsomes (B) rat liver microsomes, and (C) cynomolgus monkey
liver microsomes. Extracted ion chromatogram of 4+ NAC with exact mass m/z 493.0063 (6, 7,
and 8) and 5 with exact mass m/z 511.0169.

Discussion

1 bioactivation has been studied since the compound was withdrawn from the market in 1998
and has since been reviewed in the literature.*'> Working from the hypothesis that DILI can
arise from the formation of reactive metabolites and covalent binding to cellular
macromolecules, a few studies have been done to elucidate the mechanism of covalent binding
of bromfenac.’ Following up on Usiu et al 2009, we attempt to address the NADPH and

UDPGA dependence of bromfenac covalent binding to HLMs.
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We propose that an UDPGA-dependent acyl glucuronide intermediate forms. Acyl-
glucuronides and esters in general are susceptible to hydrolysis by free amines.'® This unstable
intermediate undergoes intramolecular nucleophilic substitution via addition-elimination to form
the bromfenac indolinone metabolite (Scheme 1). In this reaction, we propose the free amine
functions as the nucleophile, attacking the electrophilic carbonyl carbon of the acyl glucuronide
ester to form a tetrahedral intermediate. The tetrahedral intermediate collapses, eliminating the
glucuronic acid and reforming the carbonyl to provide the 2. This mechanism is also supported
by the acid catalyzed synthesis of 2. When the carboxylic acid is protonated with the addition of
acid, the alcohol makes for a better leaving group, thereby facilitating the formation of the
indolinone."’

For additional confirmation of this finding, 1 was incubated in HLM with UDPGA, and the
loss of 1 and formation of the 2 was quantified. Over a 240 min incubation, approximately 0.5
uM of 1 was metabolized to 0.5 uM of 2 (Figure 5). This result demonstrates the UDPGA- and
time dependent- formation of 2 from 1, since formation of 2 was not detected in HLM in the
absence of UDPGA.

It is unlikely the acyl glucuronide intermediate could be the cause of covalent binding to
proteins due to the equal loss of 1 and formation of 2; this leaves little room for binding to other
reactants. Literature evidence exists for intramolecular reactions occurring at very favorable
rates due to the effective high concentrations of reactants. Furthermore, intramolecular reactions
are entropically favored as opposed to intermolecular reactions which require bringing two

1819 1t should be noted that in Usui ef al’s work, there was a small

separate molecules together.
amount of covalent binding to the HLM proteins with NAPDH alone which could be attributed

to the reactive intermediate that leads to 5 with retention time of 23.4 min (Figure 2F and 3B).
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The metabolism of the 2 was investigated since it originates from a glucuronidation pathway
and is the largest metabolite found in human urine.* To see if the synthetically prepared standard
could undergo further P450 metabolism to a chemically-reactive intermediate, 2 was incubated
in liver microsomes. Three NAC adducts were found when 2 was incubated in HLM with NAC
and NADPH (Scheme 1 and Figure 2G). Each NAC adduct was confirmed to have the isotopic
distribution pattern of bromine with an m/z peak 1.9979 Dalton higher at approximately 98% of
the original m/z peak of interest in the full scan mass spectrum. No other major metabolites were
detected by UV traces in liver microsome incubations with 2 and the NAC adducts could only be
found by extracting the ions of interest (Figure 2F, 2G).

In order to ensure these NAC adducts were formed from 1 as the starting material, 1 was
incubated in LM with NADPH, UDPGA, NAC and alamethicin. The results indicate an increase
in the formation of 2 at rt 36.0 min (Figure 2D and 2E). There were also four NAC adducts
found by LC-MS/MS (Figure 2), three of which have consistent retention time and product ion
spectra with the NAC adducts detected in the incubation with 2 (Figure 3).

One proposed mechanism leading to 6 could be oxidation of the indolinone moiety para to the
amine, which can undergo a further two electron oxidation to an electrophilic quinone-imine
intermediate (Scheme 1). This intermediate can undergo adduction by NAC at the two open
aromatic carbons meta to the amine. While there is a possibility for thioether formation at each
of the two open meta positions, only one adduct was found. One explanation for this could be
the steric hindrance of one position over the other. Another possible mechanism is that the
hydroxylation and thioether formation could go through an epoxidation mechanism, although
this would be better supported with two peaks in the chromatogram. The structure is supported

by another fragment which has an m/z 180.0114 in the fragmentation of 6 (Figure 2F). This
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corresponds to the indolinone moiety with sulfur and oxygen attached, which we speculate is the
NAC and oxygen attached to the aromatic ring. There are literature examples that show when
quinone-imines are formed, the nucleophilic thiols can attach to the aromatic ring at the ortho or

meta position to the hydroxyl group.”*?

Thioether adducts that retain the sulfur atom upon
fragmentation are characteristically found to be attached to carbons in aromatic rings."

We hypothesize that the thioether adducts at retention times 32.2 min (7) and 32.6 min (8)
formed from 2 are due to hydroxylation ortho and para to the methylene carbon. After a further
two electron oxidation, the resulting intermediates are quinone methides (Scheme 1). In this
intermediate, the methide carbon would be the most electron deficient and susceptible to
nucleophilic addition of nucleophilic thiols.”? This is supported by the homolytic cleavage of the
sulfur and the hydroxylated indolinone ions in the product ion spectra of the peaks (Figure 3C
and 3D). Another possible explanation for the aromatic thioether adducts could be addition of
NAC on the aromatic ring from the quinone methide reactive intermediates, where there are
potentially reactive o, unsaturated ketones. However, thiols reacting with the aromatic ring in
quinone methides is not supported by the literature.>***

If the NAC adducts result from the formation of quinone methide intermediates and attach to
the aliphatic carbon of the indolinone moiety, there is a possibility of forming two diastereomers
on the prochiral benzylic position as opposed to the oxidative isomers we propose in Scheme 1.%°
With two chiral centers present it is possible to separate them on a reverse phase C18 column.
To test which hypothesis is correct, we incubated 2 with HLM and -mercaptoethanol, a thiol

with no chiral center. After extraction of the exact mass m/z 407.9900 from the LC-MS trace,

three peaks were found. The exact mass corresponds to 4 with the addition of 3-mercaptoethanol,
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matching the molecular formula of C7H;sBrNO,S". Finding three adduct peaks in this
experiment supports the hypothesis of oxidative isomers and not diastereomers (Figure S3).

Similar structures of thioether adducts were found when bromfenac was incubated in HLM and
human hepatocytes fortified with GSH (Figure S4). One of the proposed quinone methide
metabolites was not found. A major difference between GSH and NAC is the size of the
molecule; we speculate that since NAC is smaller it can potentially fit into active sites more
easily than GSH. Thus, GSH may not fit in the active site of the P450 where the reactive
intermediate is formed.

Complete structural analysis of the adducts could be difficult to fully assign unless synthetic
standards are made or enough material can be collected from liver microsome incubations and
analyzed by two dimensional NMR. Collecting sufficient sample from microsome incubations

has been challenging and is the focus of ongoing efforts of our lab.
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Figure 5. Disappearance of 1 with and without UDPGA and the formation of the 2 with and

without UDPGA in incubations in human liver microsomes.
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Since these thiol adducts could only be detected by extracting their exact masses, it brings into
question their relevance to 1 bioactivation. One possible explanation for the lack of sensitivity is
that these reactive intermediates are covalently bound to microsomal proteins, since the covalent
binding of 1 has been previously demonstrated.® Another possible explanation for the relevance
of these reactive intermediates is that 1 was approved for only a ten day duration of use, and
there may be some buildup of reactive intermediates. Potential evidence is found in a preclinical
toxicology study where glutathione depletion in rat liver was observed.’

In summary, we have found evidence for the formation of reactive metabolites of 1. One
pathway for the bioactivation requires oxidation of 1 followed by thioether adduct formation.
Another pathway of bioactivation requires a short-lived acyl glucuronide intermediate which
results in the formation of 2. 2 requires further oxidation by P450 on every open carbon on the
aromatic ring of the indolinone moiety. These hydroxylated metabolites require a further
oxidation to form the quinone-imine and quinone methide intermediates. This bioactivation
pathway contributes to the body of evidence which may help to understand the mechanisms of
toxicity resulting from 1 use in the clinic. Reactive metabolites are not the only cause of
hepatotoxicity and/or cholestasis; other potential sources include the inhibition of transporters

including bile salt excretory pump.27

Supporting Information.
MS/MS interpreted spectrum of bromfenac and bromfenac indolinone. Chromatograms of XIC
of glutathione adducts and B-mercaptoethanol adducts. Interpreted spectrum of GSH adducts

(PDF).
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