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Characterization of the Acyl-Adenylate Linked Metabolite of
Mefenamic Acid

Howard Horng and Leslie Z. Benet
Department of Bioengineering and Therapeutic Sciences, University of California, San Francisco

Abstract
Mefenamic acid, (MFA), a carboxylic acid-containing nonsteroidal anti-inflammatory drug
(NSAID), is metabolized into the chemically-reactive conjugates MFA-1-O-acyl-glucuronide
(MFA-1-O-G) and MFA-S-acyl-CoA (MFA-CoA), which are both implicated in the formation of
MFA-S-acyl-glutathione (MFA-GSH) conjugates, protein-adduct formation and thus the potential
toxicity of the drug. However, current studies suggest that an additional acyl-linked metabolite
may be implicated in the formation of MFA-GSH. In the present study, we investigated the ability
of MFA to become bioactivated into the acyl-linked metabolite, mefenamyl-adenylate (MFA-
AMP). In vitro incubations in rat hepatocytes with MFA (100 μM), followed by LC-MS/MS
analyses of extracts, led to the detection of MFA-AMP. In these incubations, the initial rate of
MFA-AMP formation was rapid, leveling off at a maximum concentration of 90.1 nM (20 sec),
while MFA-GSH formation increased linearly, reaching a concentration of 1.7 μM after 60 min
incubation. In comparison, MFA-CoA was undetectable in incubation extracts until the 4 min time
point, achieving a concentration of 45.6 nM at the 60 min time point, MFA-1-O-G formation was
linear attaining a concentration of 42.2 μM after 60 min incubation. In vitro incubation in buffer
with the model nucleophile glutathione (GSH) under physiological conditions showed MFA-AMP
to be reactive towards GSH, but 11-fold less reactive than MFA-CoA, while MFA-1-O-G
exhibited little reactivity. However, in the presence of glutathione-S-transferase (GST), MFA-
AMP mediated formation of MFA-GSH increased 6-fold, while MFA-CoA mediated formation of
MFA-GSH only increased 1.4-fold. Collectively, in addition to the MFA-1-O-G, these results
demonstrate that mefenamic acid does become bioactivated by acyl-CoA synthetase enzyme(s) in
vitro in rat hepatocytes into the reactive transacylating derivatives MFA-AMP and MFA-CoA,
both of which contribute to the transacylation of GSH and may be involved in the formation of
protein adducts and potentially elicit an idiosyncratic toxicity.

Keywords
mefenamic acid; acyl adenylates; S-acyl-CoA; acyl glucuronides; S-acyl-glutathione;
bioactivation

Introduction
Xenobiotic carboxylic acid drugs are a commonly encountered class of therapeutic agents
that are widely used for a number of different treatments. Although generally well tolerated,
carboxylic acid-containing drugs are associated with severe, sometimes fatal idiosyncratic
toxicities.1, 2 These toxicities are hypothesized to occur when carboxylic acid containing
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drugs undergo bioactivation into chemically reactive metabolites capable of transacylating
protein nucleophiles. This covalent modification of tissue proteins by reactive intermediates
is a possible mechanism for the idiosyncratic toxicity commonly associated with liver
damage, skin reaction, renal toxicity, fever, rash, and eosinophilia.3, 4 Although, the overall
incidence of acidic drug induced toxicity is low5–7, this phenomenon has become a major
concern clinically.

The nonsterodial anit-inflammatory drug (NSAID), mefenamic acid (MFA), 2-(2, 3-
dimethylphenylamino) benzoic acid, has been implicated with a rare, but sometimes serious
idiosyncratic hepato- and nephrotoxicity.8 A proposed mechanism for the development of
these toxicities suggests that MFA is metabolized to chemically-reactive metabolites that
become covalently bound to tissue proteins leading to adverse immunological responses
(Figure 1). In addition to the cytochrome P450 mediated formation of the 3-hydroxy-MFA9

and the 3-carboxy-MFA10, MFA is metabolized into the MFA-1-O-acyl-glucuornide
(MFA-1-O-G), an unstable and reactive acyl glucuronide metabolite8 capable of covalently
binding onto human serum albumin11 and thus may be implicated in MFA mediated
idiosyncratic toxicity. Acyl glucuronides of acidic drugs are proposed to bind covalently to
protein via two different mechanisms. The first involves a direct transacylation reaction in
which protein nucleophiles react with the carbonyl-carbon of the acyl glucuronide, resulting
in a drug-protein conjugate. The second mechanism requires prior acyl migration of the drug
moiety to permit the opening of the sugar ring, causing the resulting exposed reactive
aldehyde group to reversibly form an imine (Schiff’s base) with an amine group on proteins.
Subsequent Amadori rearrangement then yields a stable ketoamine derivative in which both
the drug and the glucuronic acid moiety become covalently bound onto the protein.12 It is
proposed that these drug-protein adducts act as immunogens and are recognized by the
immune system as foreign, illiciting an autoimmune type response resulting in the associated
idiosyncratic toxicity. Reactive species derived from carboxylic acid containing drugs can
also react with GSH, which is considered a detoxification process by preventing covalent
binding to intracellular macromolecules.13–19 In addition to the reactive acyl glucuronide,
MFA also forms thioester-linked acyl-coenzyme A (acyl-CoA) derivatives via the acyl-CoA
synthetase, which are proposed to possess an increased chemical electrophilicity of their
carbonyl-carbon upon their formation resulting in the transacylation of biological
nucleophiles.20 Prior to the formation of the acyl-CoAs, acyl-adenylate (AMP)-linked
intermediates are formed when the adenosine monophosphate (AMP) moiety of ATP is
covalently transferred to the carboxyl group of the substrate. The AMP moiety is then
subsequently displaced with CoA to form acyl-CoA thioesters.21, 22 Acyl-AMP are also
believed to possess an increased carbonyl-carbon electrophilicity resulting in their reaction
with protein nucleophiles.23, 24 Acyl-AMP derivatives of cholic acid have been shown to be
quantitatively important reactive intermediates.23, 25

In the present studies we characterized MFA-AMP and investigated its contribution to the
metabolic activation pathways of MFA and its ability to transacylate glutathione (GSH) in
vitro in rat hepatocytes in comparison to MFA-1-O-G and MFA-CoA. We propose that in
addition to MFA-1-O-G, MFA undergoes bioactivation into MFA-CoA via the MFA-AMP
intermediate, all of which contribute to the transacylation of GSH in vitro forming MFA-
GSH and conceivably the formation of drug-protein adducts. If this proposal is correct, these
reactive intermediates would indeed be predicted to be important in the formation of
potentially immunogenic protein adducts in vivo, possibly leading to the idiosyncratic
toxicity of MFA and other carboxylic acid-containing drugs.
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Materials and Methods
Materials

MFA, adenosine monophosphate (AMP), coenzyme A (CoA), anhydrous tetrahydrofuran
(THF), triethylamine (TEA), ethyl chloroformate (ECF), N,N′-dicyclohexylcarbodiimide,
pyridine, potassium phosphate, potassium carbonate, dimethyl sulfoxide (DMSO),
carbamazepine (CBZ), L-glutathione (GSH), and equine liver glutathione-S-transferase
(GST) were all purchased from Sigma-Aldrich Chemical Co (St. Louis, MO). Acetonitrile
(ACN), methanol, acetone, ammonium acetate, and ethyl acetate were all purchased from
Fisher Scientific (Pittsburgh, PA). MFA-1-O-G was purchased from Toronto Research
Chemicals (TRC) Inc. (North York, Ontario). All solvents used for HPLC and LC-MS/MS
analysis were of chromatographic grade. Williams Media E and L-glutamine were
purchased from Gibco (Grand Island, NY). Sprague-Dawley rats were purchased from
Charles River (Wilmington, MA). Stock solutions of MFA-AMP, MFA-CoA, MFA-GSH
and MFA-1-O-G were all prepared as 1 mM solutions in DMSO.

Instrumentation and Analytical Methods
HPLC/UV was carried out on a Hewlett Packard 1100 series binary pump HPLC system
(Santa Clara, CA) coupled to a Hewlett Packard 1100 UV-Vis detector. HP Chemstation
software was used for the acquisition of all HPLC/UV data. LC-MS/MS analyses of
synthetic standards and in vitro samples was performed on a Shimadzu LC-20AD (Kyoto,
Japan) HPLC system coupled to an Applied Biosystem/MDS Sciex API (Framingham, MA)
4000 triple quadrupole mass spectrometer outfitted with a Turbo V ion source using positive
ionization mode. All analytical LC-MS/MS analyses were performed on a reverse phase
column (XTerra C-18, 5.0 μm, 4.6 × 150 mm, Milford, MA). The detection of MFA, MFA-
AMP, MFA-CoA, MFA-1-O-G, and MFA-GSH was obtained using electrospray (ESI)
positive ionization and a gradient system of aqueous ammonium acetate (10 mM, pH 5.6)
and acetonitrile, 5% ACN (v/v) to 100% (v/v) over 15 min at a flow rate of 0.5 ml/min.
Electrospray positive ionization was employed with a needle potential held at 5.5 kV. MS/
MS tandem conditions utilized 2 mTorr argon collision gas and a collision potential of 89
eV. The acquisition of mass spectral data was acquired with Analyst software (version 1.5.2,
AB Sciex, Framingham, MA). NMR spectra were acquired in DMSO-d6 on a 300-MHz
Bruker Avance spectrometer (Woodlands, TX) and analyzed using Topspin software.

Synthesis of MFA-AMP Derivative
The synthesis of MFA-AMP was carried out with a solution consisting of 110 mg N,N′-
dicyclohexylcarbodiimide in 0.4 ml pyridine.23 The N,N′-dicyclohexylcarbodiimide
solution was added to a solution consisting of MFA (0.49 mmol), and AMP (0.49 mmol) in
75% (v/v) pyridine. The reaction mixture was stirred at 4°C for 7 hr. The reaction mixture
was then centrifuged at 3000 rpm for 5 min to remove any N-acylurea derivatives. The
supernatant was then transferred to another culture tube followed by the addition of acetone
(10 ml). The resulting precipitate was isolated by centrifugation at 3000 rpm for 5 min
followed by further washes with acetone (10 × 10 ml) and acidified water (pH 4–5) (10 × 10
ml). The precipitate was dissolved in 0.1 M potassium phosphate buffer (pH 6) and
underwent continued liquid-liquid washes with ethyl acetate (10 × 10 ml). After removal of
the ethyl acetate, one drop of 1N HCl was added to the aqueous solution to precipitate MFA-
AMP, followed by further washes with acetone (10 × 10 ml). The MFA-AMP precipitate
was blown down to dryness using N2 gas and then weighed out for preparation of a 1 mM
MFA-AMP solution in DMSO. The MFA-AMP eluted at a retention time of 7.6 min (Figure
2A) and showed no impurities when analyzed by HPLC/UV (wavelengths: 220, 254, 262,
and 280 nm), LC-MS analyses via reverse-phase gradient elution (as described above), 1H,
and 13C NMR. Tandem LC-MS/MS analysis of MFA-AMP revealed (CID of MH+ ion at m/
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z 571), m/z (%) yielded: m/z 224 ([M + H – AMP]+, 100%), m/z 136([adenine + H]+, 28%),
m/z 207 ([M + H –364]+, 25%) (Figure 3A). 1H NMR analysis of MFA-AMP (300MHz,
DMSO-d6): δ 2.09 (3H, s, mefenamyl, -CH3), 2.28 (3H, s, mefenamyl, -CH3), 4.08 (3H, m,
ribofuranose, -OCH-, -CH2-), 4.23 (1H, dd, ribofuranose, -CHOH), 4.63 (1H, dd,
ribofuranose, -CHOH), 5.94 (1H, d, ribofuranose, -OCHN-), 6.62 (2H, m, mefenamyl, ArH),
7.03 (1H, dd, mefenamyl, ArH), 7.10 (2H, m, mefenamyl, ArH), 7.28 (3H, m, mefenamyl,
ArH and adenosine NH2), 7.83 (1H, d, mefenamyl, ArH), 8.13 (1H, s, adenosine, -CH-),
8.50 (1H, s, adenosine, -CH-), 9.35 (1H, s, mefenamyl, -NH-). 13C NMR of MFA-AMP
(DMSO-d6): δ 14.2 (mefenamyl, -CH3), 20.7 (mefenamyl, -CH3), 65.9 (ribofuranose, -
CH2-), 71.4 (ribofuranose, -CHOH-), 74.4 (ribofuranose, -CHOH-), 84.5 (ribofuranose, -
CHO-), 87.3 (ribofuranose, -CHN-), 112.1 (mefenamyl, -CCOO-), 113.5 (mefenamyl, Ar -
CH-), 116.6 (mefenamyl, Ar -CH-), 119.3 (adenosine, -NCC-), 123.0 (mefenamyl, Ar -
CH-), 126.5 (mefenamyl, Ar -CH-), 127.0 (mefenamyl, Ar -CH-), 132.0 (mefenamyl, Ar -
CH-), 132.5 (mefenamyl, Ar -CMe-), 134.8 (mefenamyl, Ar -CH-), 138.4 (mefenamyl, Ar -
CNH-), 138.7 (mefenamyl, Ar -CMe-), 139.9 (adenosine, -NCHN-), 149.5 (mefenamyl, Ar -
CNH-), 150.1 (adenosine, -NCN-), 152.9 (adenosine, -NCHN-), 156.3 (adenosine, -CNH2),
165.9 (mefenamyl, -COO-). NMR analysis of MFA-AMP solid revealed a purity of >90%.

Synthesis of MFA-CoA Thioester Derivative
The synthesis of MFA-CoA thioesters was accomplished by a method employing ECF.17, 26

MFA (1.6 mmol) was first dissolved in anhydrous THF (25 ml). While stirring at room
temperature, TEA (1.6 mmol) was added to the solution followed by the activation of MFA
through the addition of ECF (1.6 mmol). After 30 min, the resulting precipitate,
triethylamine hydrochloride, was removed by passing the reaction mixture through a glass
funnel fitted with a glass wool plug. The filtered solution was then added to a solution
containing CoA (0.13 mmol, 100 mg) and KHCO3 (1.6 mmol) in nanopure water (10 ml)
and THF (15 ml). The solution was stirred continuously at room temperature for 2 hr, after
which the reaction was terminated by acidification (pH 4–5) through the addition of 1N HCl.
THF was then removed by evaporation under N2 gas. The resulting MFA-CoA underwent
solvent washes: acidified water (3 × 10 ml) and ethyl acetate (3 × 10 ml). The remaining
precipitate was isolated by aspirating the remaining liquid following centrifugation yielding
pure MFA-CoA. The MFA-CoA precipitate was blown down to dryness using N2 gas and
then weighed out for preparation of a 1 mM MFA-CoA solution in DMSO. HPLC analysis
of MFA-CoA thioester resulted in an elution time of 7.3 min (Figure 4A) and showed no
impurities when analyzed by HPLC/UV (wavelengths: 220, 254, 262, and 280 nm) and LC-
MS via reverse-phase gradient elution (as described above). Tandem LC-MS/MS analysis of
MFA-CoA standard yielded (CID of MH+ ion at m/z 991), m/z (%): m/z 582 ([M + H-
adenosine diphosphate – H2O]+, 20%), m/z 484([M + H – adenosine triphosphate]+, 94%),
m/z 382 ([M + H –609]+, 25%), m/z 224([M + H –CoA]+, 99%), m/z 428([adenosine
diphosphate + H+]+, 40%), m/z 330([adenosine monophosphate + H – H2O]+, 3%).

Synthesis of MFA-GSH Thioester Derivative
he synthesis of MFA-GSH thioester was performed by the same method as described above
for the synthesis of MFA-CoA, with the following exception: CoA was replaced with GSH
(1 g) and the resulting precipitate obtained following the evaporation of THF was washed
with nanopure water (3 × 50 ml) to remove any remaining GSH and then by acetone (3 × 50
ml) to wash away any remaining free MFA and water.17 The MFA-GSH solid was then
blown down to dryness using N2 gas and then weighed out for preparation of a 1 mM MFA-
GSH solution in DMSO. Product thioester derivatives were characterized by tandem mass
spectrometry using the gradient elution as described above. Synthetic MFA-GSH eluted at a
retention time of 7.7 min (Figure 4B) and showed no detectable impurities when analyzed
by HPLC/UV (wavelengths: 220, 254, 262, and 280 nm) and LC-MS via reverse-phase
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gradient elution (as described above). Tandem LC-MS/MS analysis of MFA-GSH standard
yielded product in the mass spectrum under collision-induced dissociation (CID) of the
protonated molecular ion at MH+ m/z 531, m/z (%): m/z 456 ([M+H – Gly]+, 10%), m/z 384
([M + H – pyroglutamic acid – water]+, 82%), m/z 224 ([M + H – GSH – water]+, 73%).

Incubation Conditions
Chemical stability was assessed by incubating MFA-AMP, MFA-CoA, and MFA-GSH (1
μM) with CBZ (internal standard) in 0.1 M potassium phosphate buffer (pH 7.4) in 2 ml
HPLC vials. The solution was then placed into the HPLC autosampler warmed to 37°C and
injections were made every 15 min for 24 h for LC-MS/MS analysis to ascertain the
chemical stability of each metabolite. Stability comparisons were made by comparing the
analyte peak area to CBZ peak area ratios for each sample. Chemical reactivity experiments
(n=3) for MFA-AMP, MFA-CoA, and MFA-1-O-G were performed by incubating 1 μM of
each acyl-linked metabolite separately in 0.1 M potassium phosphate buffer (pH 7.4)
containing 10 mM GSH in the absence or presence of equine liver GST (30 units/ml)27 at
37°C and 0°C (on ice) in screw-capped glass vials in a shaking incubator. Aliquots (100 μl)
of the incubation mixture were taken at 0, 2, 5, 10, 30, and 60 min and quenched with 1 μM
CBZ/ACN (100 μM) solution and then immediately injected onto the column for LC-MS/
MS analyses. Quantitative measurements were made using a MFA-GSH standard curve
generated from absolute peak areas.

In Vitro Studies with Rat Hepatocytes
Freshly isolated rat (250–300 g, male Sprague-Dawley) hepatocytes were prepared
according to the method of Moldeus et al.28 and greater than 85% viability was achieved
routinely as assessed by trypan blue exclusion testing. Incubations of hepatocytes (2 million
viable cells/mL) with MFA (100 μM) were performed in Williams Media E fortified with L-
glutamine (4 mM) in a 50 ml round bottom flask. Incubations (n=3) were performed with
continuous rotation and gassed with 95% O2/5% CO2 at 37°C and 0°C. Aliquots were taken
at 0, 0.2, 0.5, 1, 2, 4, 8, 10, 20, 30, and 60 min and analyzed for MFA-AMP, MFA-CoA,
MFA-GSH, and MFA-1-O-G by LC-MS/MS.

For the analyses of MFA-AMP, MFA-GSH, and MFA-1-O-G, aliquots (200 μl) of the
incubation mixture were added directly into microcentrifuge tubes (2 ml) and quenched with
a solution of ACN containing 3% formic acid (v/v)/2 μM CBZ (200 μl). Samples were then
centrifuged (14,000 rpm, 5 min) and the supernatant fraction (200 μl) was transferred to
HPLC autosampler vials for LC-MS/MS analysis.

For the analyses of MFA-CoA formation, aliquots (200 μl) from the same incubations were
transferred directly into microcentrifuge tubes and quenched with a solution of acetonitrile
containing 2 μM CBZ (400 μl) followed by the addition of hexane (600 μl). The samples
were vortexed (1 min), centrifuged (14,000 rpm, 5 min), and aliquots (300 μl) of the
aqueous layer were transferred to an HPLC autosampler vial followed by a 1 h evaporation
of residual hexane under the fume hood. Samples were then analyzed by LC-MS/MS.

Identification and Quantification of MFA-AMP
MFA treated rat hepatocyte extracts were analyzed by LC-MS/MS detection for MFA-AMP
by multiple reaction monitoring (MRM) transitions MH+ m/z 571 to m/z 224 for MFA-
AMP detection (Figure 3B) and MH+ m/z 237 to m/z 194 for CBZ detection using ESI
positive ionization mode and the chromatographic methods described above. The elution
times of 7.6 min and 9.3 min were obtained for authentic MFA-AMP (Figure 2A) and CBZ,
respectively. No chromatographic peaks corresponding to MFA-AMP was detected in blank
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incubation extracts lacking MFA. The concentration of MFA-AMP was determined by
plotting peak area ratios of MFA-AMP to IS versus the concentration of MFA-AMP.

Identification and Quantification of MFA-CoA
MFA-treated rat hepatocyte extracts were analyzed by LC-MS/MS for MFA-CoA and CBZ
using the multiple reaction monitoring (MRM) transitions MH+ m/z 991 to m/z 224 for
MFA-CoA (Figure 4A) and MH+ m/z 237 to m/z 194 for CBZ analyses using ESI positive
ionization mode and the chromatographic method described above. The elution times of 7.3
min and 9.3 min were obtained for authentic MFA-CoA and CBZ, respectively. No LC-MS/
MS chromatographic peak corresponding to MFA-CoA was detected in blank rat
hepatocytes incubation extracts. The concentration of MFA-CoA thioester was calculated by
plotting peak area ratios of MFA-CoA to IS versus the concentration of MFA-CoA.

Identification and Quantification of MFA-GSH
MFA-treated rat hepatocyte extracts were analyzed by LC-MS/MS detection for MFA-GSH
and CBZ with the use of multiple reaction monitoring (MRM) transitions MH+ m/z 531 to
m/z 224 for MFA-GSH (Figure 4B) and MH+ m/z 237 to m/z 194 for CBZ detection in ESI
positive ionization mode and using the chromatographic methods described above. The
elution times of 7.7 min and 9.3 min were obtained for authentic MFA-GSH and CBZ,
respectively. No chromatographic peak corresponding to MFA-GSH was detected in blank
incubation extracts lacking MFA. The concentration of MFA-GSH was determined by
plotting peak area ratios of MFA-GSH to IS versus the concentration of MFA-GSH.

Identification and Quantification of MFA-1-O-G
MFA-treated rat hepatocytes extracts were analyzed by LC-MS/MS detection for MFA-1-O-
G by multiple reaction monitoring (MRM) transitions MH+ m/z 418 to m/z 224 for MFA-1-
O-G and MH+ m/z 237 to m/z 194 for CBZ detection in ESI positive ionization mode using
the chromatographic methods described above. The retention times of 7.9 min and 9.3 mins
were obtained for authentic MFA-1-O-G (Figure 4C) and CBZ, respectively. No
chromatographic peak corresponding to MFA-1-O-G was detected in incubation extracts
lacking MFA. The concentration of MFA-1-O-G was determined by plotting peak area
ratios of MFA-1-O-G to IS versus the concentration of MFA-1-O-G.

Results
Identification of MFA-AMP

Analytical analysis of rat hepatocytes extracts incubated with MFA by LC-MS/MS MRM
detection allowed for the identification of MFA-AMP formed in incubations with MFA
(Figure 2B). LC-MS/MS analysis revealed the presence of MFA-AMP in MFA incubations
with freshly isolated rat hepatocytes. Both MFA-AMP formed in rat hepatocytes extracts
and authentic standards coeluted at a retention time of 7.6 min (Figure 2). LC-MS/MS
analysis of MFA-AMP formed in rat hepatocytes incubations provided a product ion
spectrum where the two major fragment ions were consistent with its chemical structure and
were identical to the authentic MFA-AMP standard (Figure 3).

Identification of MFA-CoA
Analytical analysis of rat hepatocytes extracts by LC-MS/MS MRM detection allowed for
the detection of MFA-CoA formation. LC-MS/MS analysis showed the presence of MFA-
CoA in rat hepatocytes incubated with MFA, which also coeluted with authentic MFA-CoA
standard at a retention time of 7.3 min (Figure 4A). LC-MS/MS analysis of MFA-CoA
formation in rat hepatocytes incubations resulted in a product ion spectrum with fragment
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ions consistent with its chemical structure and identical to that of authentic MFA-CoA
standards (data not shown).

Identification of MFA-GSH
Analytical analysis of rat hepatocytes extracts incubated with MFA by LC-MS/MS MRM
detection made possible the detection of MFA-GSH. LC-MS/MS analysis detected the
presence of MFA-GSH in MFA incubations in rat hepatocytes, which eluted at the same
time as that of the MFA-GSH authentic standard, retention time of 7.7 min (Figure 4B). LC-
MS/MS analysis of MFA-GSH formation in rat hepatocytes incubations resulted in a
product ion spectrum with fragment ions consistent with its chemical structure and identical
to that of authentic MFA-GSH standards (data not shown).

Identification of MFA-1-O-G
Analytical analysis of rat hepatocytes extracts of MFA-1-O-G by LC-MS/MS MRM
detection allowed for the detection of MFA-1-O-G formed in incubations with MFA. LC-
MS/MS analysis revealed the presence of MFA-1-O-G in MFA incubations with freshly
isolated rat hepatocytes. Both MFA-1-O-G formed in rat hepatocyte extracts and authentic
standards coeluted at a retention time of 7.9 min (Figure 4C). LC-MS/MS analysis of
MFA-1-O-G formed in rat hepatocyte incubations provided a product ion spectrum whose
fragment ions were consistent with its chemical structure and identical to the authentic
MFA-1-O-G standard (data not shown).

Chemical Stability of MFA-CoA, MFA-AMP, and MFA-GSH in Buffer
In vitro incubation of each acyl-linked metabolite of MFA in potassium phosphate buffer
(0.1 M) under physiological conditions (pH 7.4, 37°C) revealed that MFA-AMP, MFA-
CoA, and MFA-GSH are chemically stable with no detectable hydrolysis for at least 24 h of
incubation (data not shown). Previous studies carried out under the same conditions have
shown MFA-1-O-G possesses a half life of degradation of ~16 h in buffer under
physiological conditions.11, 20

Reactivity Assessment of MFA-AMP, MFA-CoA, and MFA-1-O-G with GSH in the Presence
and Absence of GST in Buffer

Incubation of MFA-AMP with GSH (10 mM) in potassium phosphate buffer (0.1 M) under
physiological conditions (pH 7.4, 37°C) resulted in the transacylation of GSH (0.21±0.02
nM MFA-GSH/min) (Table 1) forming 12.8 nM MFA-GSH at 60 min (Figure 5A). MFA-
CoA incubations with GSH revealed an 11-fold greater reactivity for MFA-CoA over the
corresponding MFA-AMP (2.38±0.64 nM MFA-GSH/min), achieving a concentration of
144.9 nM at the 60 min time point (Figure 5B). MFA-1-O-G incubations with GSH resulted
in little reactivity with GSH (0.02±0.02 nM MFA-GSH/min) attaining a concentration of
1.33 nM after 60 min incubation (Figure 5C). Incubations utilizing equine liver GST (30
units/ml) revealed a 6-fold increase in MFA-AMP reactivity (Figure 5A) towards GSH
(1.25±0.28 nM MFA-GSH/min), while incubation of MFA-CoA with GSH in the presence
of GST only resulted in a 1.4-fold increase (Figure 5B) in MFA-GSH formation (3.38±0.04
nM MFA-GSH/min). MFA-1-O-G continued to exhibit little reactivity toward GSH (Figure
5C) in the presence of GST (0.07±0.01 nM MFA-GSH/min). Reactivity incubations
performed in buffer and on ice (0°C, pH 7.4) revealed little to no reactivity for MFA-AMP,
MFA-CoA, and MFA-1-O-G in the presence and absence of GST (data not shown).
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Time Course of MFA-AMP, MFA-CoA, MFA-1-O-G, and MFA-GSH Formation in Rat
Hepatocytes

The incubation of MFA (100 μM) in rat hepatocytes under physiological conditions (37°C)
resulted in the detection of MFA-AMP in addition to MFA-CoA, MFA-GSH, and MFA-1-
O-G (Figure 6A). MFA-GSH formation was quick, reaching a concentration of 1.7 μM at 60
min, while MFA-1-O-G concentrations increased linearly, achieving a concentration of 42.2
μM at 60 min. From the same incubations, MFA-AMP formation was even more rapid and
was shown to attain a maximum concentration of 90.2 nM at ~20 sec, whose concentration
plateaued thereafter (Figure 6B). MFA-CoA was not detectable until the 4 min time point,
reaching a concentration of 45.6 nM at 60 min. Rat hepatocytes experiments incubated on
ice (0°C) resulted in an overall decline in the formation for MFA-AMP, MFA-CoA,
MFA-1-O-G, and MFA-GSH (Figure 7). The time to maximum concentration for MFA-
AMP slowed to 1 min, however MFA-AMP continued to level off at a concentration of 94.1
nM. MFA-CoA levels remained undetectable until 20 min and attained a concentration of
14.1 nM at 60 min. MFA-GSH concentrations experienced a 20-fold decrease (83.9 nM
versus 1.7 μM at 60 min), while MFA-1-O-G was nearly undetectable during the course of
the incubation.

Discussion
Mefenamic acid is a fenamic acid derived NSAID prescribed for its analgesic, anti-
inflammatory, and antipyretic effects through the inhibition of cyclooxygenase-dependent
prostanoid formation.29 Commonly used for the treatment of pain, MFA has been implicated
in several cases of hematologic disturbances including agranulocytosis, hepatic and renal
disturbances, nephritis, renal failure, renal papillary necrosis, severe intolerance reactions,
and hypersensitivity reactions of the skin and mucous membranes.30 One potential
mechanism for these toxicities is the bioactivation of MFA into reactive acyl-linked
metabolites that covalently bind onto macromolecules potentially resulting in an immune-
based reaction. MFA is metabolized by cytochrome P450 into the 3-hydroxymethyl-MFA
that can either undergo glucuronidation or become further oxidized into the 3-carboxy-
MFA, which is primarily excreted unchanged as a monoglucuronide.9 MFA also undergoes
direct conjugative metabolism via the free carboxyl group into the 1-O-acyl glucuronide,
MFA-1-O-G, in vitro and in vivo (Figure 1).9, 10 Studies have shown that MFA-1-O-G
irreversibly binds to human serum albumin in vitro and that covalent binding to cellular
proteins in culture occurs during the incubation of MFA in the heterologous Chinese
hamster lung fibroblast cell line V79 over-expressing UGT1A2.11 This irreversible binding
directly correlates to MFA-1-O-G because nontransfected cells exhibited no covalent
binding. In addition to MFA-1-O-G, rat hepatocytes studies have also shown that MFA is
metabolized into MFA-CoA and MFA-GSH (Figure 1).20 Mechanistic studies involving the
co-incubation of MFA (10 μM, 10 min) with (−)-borneol (1 mM), an inhibitor of
glucuronidation, led to a 91% decrease in MFA-1-O-G formation, however no inhibition of
MFA-GSH formation was observed. The co-incubation of MFA with lauric acid (1 mM), an
inhibitor of acyl-CoA formation, resulted in a 58% inhibition of MFA-CoA formation but
only a 66% inhibition of MFA-GSH formation. These data suggest that an additional
intermediate may also play a role in the formation of MFA-GSH. In the present study, we
reveal that MFA undergoes bioactivation into the reactive acylating species, MFA-AMP in
vitro in rat hepatocytes and we characterized its ability to acylate GSH in comparison to
MFA-CoA and MFA-1-O-G.

In order to characterize the conjugative bioactivation products of MFA, it is preferable to
use authentic standards. Therefore our initial efforts were dedicated to the synthesis of
MFA-AMP, MFA-CoA, and MFA-GSH. MFA-CoA and MFA-GSH were chemically
synthesized by conventional procedures commonly utilized in our laboratory employing
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ethyl chloroformate, 17, 26 in which the thiol group of CoA and GSH become adducted to
MFA via the formation of a mixed anhydride intermediate. The synthetic method for
obtaining pure MFA-AMP standards required the selective condensation of the carboxyl
function of MFA with the phosphoric acid group of AMP using N,N′-
dicyclohexylcarbodiimide31 to form MFA-AMP. Structural confirmation of each MFA
standard was authenticated from its LC-MS/MS product ion spectrum.

It is common knowledge that acyl glucuronides are generally less stable than other
glucuronides.32 Hydrolysis and intramolecular acyl migration are two major reactions
contributing to this instability that follows first-order kinetics over the measurable
concentration range and is predictable based on the degree of substitution at the alpha
carbon to the carboxylic acid12, and the electron-withdrawing or donating groups at the
alpha carbon or on the conjugated aromatic ring. Therefore the previously reported half life
of degradation of 16.5 hrs for MFA-1-O-G (fully substituted),11, 20, 30 also confirmed in our
laboratory, is consistent with this observation in comparison to the half-life of degradation
for the monosubstituted (S)-2-phenylpropionic-1-β-O-acyl glucuronide (t1/2 2.4 hr)34 and
the unsubstituted zomepirac-1-β-O-acyl glucuronide (t1/2 0.45 hr).35 The degradation of
MFA-1-O-G has previously been confirmed to occur primarily through acyl migration and
not by hydrolysis.33 Stability assessment of MFA-CoA revealed it to be highly stable, with
no observable hydrolysis, for at least 24 h, which is consistent with previous S-acyl-CoA
stability data, in which clofibric acid-S-acyl-CoA has been shown to be highly stable in vitro
in physiological buffer with a degradation half life of 21 days (~2% hydrolysis/day).17

Similarly, 2-phenylpropionic-S-acyl-CoA34 and phenylacetyl-S-acyl-CoA36 have also been
shown to be completely stable after one day of incubation. MFA-GSH was stable during the
24 h incubation in buffer under physiological conditions, which is expected since S-acyl-
GSH thioesters are mostly chemically stable products.17 MFA-AMP was also shown to be
chemically stable for the 24 h duration.

The model nucleophile, GSH is a commonly used biomarker of reactivity for bioactivation
studies. Glutathione [N-(N-L-γ-glutamyl-L-cysteinyl) glycine] is an endogenous atypical
tripeptide that plays a protective role in the body by removing potentially toxic
electrophiles.37 Presumably, the greater the in vitro adduct formation, the greater the
probability that the reactive metabolite will covalently bind onto a protein in vivo. The
assessment of GSH chemical reactivity reveal that MFA-CoA is 11-fold and 121-fold more
reactive towards thiol functional groups than its corresponding MFA-AMP and MFA-1-O-
G, respectively (Figure 5, Table 1). These data are consistent with previous MFA-CoA and
MFA-1-O-G reactivity studies20 and for 2-phenylpropionic acid incubations with GSH
resulting in a 70-fold greater GSH reactivity for 2-phenylpropionic-S-acyl-CoA compared to
its corresponding 2-phenylpropionic-1-β-O-acyl-glucuronide.34 Additional studies with
cholic acid (CA) have also revealed a higher reactivity of CA-CoA (3.3-fold) with GSH than
its complementary CA-AMP.38 Therefore, the rank order of nonenzymatic in vitro GSH
reactivity under physiological conditions was as follows: MFA-CoA > MFA-AMP >
MFA-1-O-G, demonstrating a more rapid and extensive spontaneous reaction of MFA-CoA
thioesters with GSH than its corresponding acyl adenylate and acyl glucuronide derivatives,
suggesting that MFA-CoA is predicted to spontaneously contribute more to the covalent
binding and possibly an idiosyncratic toxicity than MFA-AMP and MFA-1-O-G.
Additionally, Mitamura et al. also revealed that the chemical reactivity of acyl-AMP and
acyl-CoA intermediates of cholic acid towards model bionucleophiles was selective in that
CA-CoAs are more reactive toward the thiol functional groups of GSH and N-acetyl-L-
cysteine (NAC) while CA-AMP exhibited greater reactivity towards the amino functional
groups of glycine and taurine.38 This preferential reactivity has also been demonstrated in
our lab with MFA-AMP, MFA-CoA, MFA-1-O-G, and MFA-GSH towards GSH, NAC,
glycine, and taurine (manuscript in preparation).
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In the presence of the GSH conjugating enzyme, equine liver GST, MFA-AMP reactivity
increased 6-fold (Figure 5A, Table 1). Comparatively, GST mediated reactivity of MFA-
CoA only increased 1.4-fold (Figure 5B), which is consistent with previously published
GST MFA-CoA data (1.3-fold increase).20 MFA-1-O-G continued to show little reactivity
in the presence of GST. These data suggest that MFA-AMP is a better substrate for GST
than its corresponding MFA-CoA and thus may play a crucial role in the formation of MFA-
GSH in the liver. GSH reactivity incubations carried out on ice (0°C) produced little MFA-
GSH conjugates, as would be expected.

MFA-AMP is an intermediate in the biosynthesis of MFA-CoA, which is a two-step reaction
catalyzed by the actions of acyl-CoA synthetase (ACS) and the cofactors ATP and then
CoA. The reaction occurs via a ping-pong mechanism in which the AMP moiety of ATP is
transferred to the acyl group forming an acyl-adenylate intermediate and a pyrophosphate
(PPi). The enzyme bound activated intermediate is then attacked by CoA to yield the
associated acyl-CoA product and free AMP.39 Previous bioactivation studies of valproic
acid in the presence of rat liver mitochondria, ATP, CoA and MgCl2 resulted in the
formation of valproyl-CoA. However, in the absence of CoA, valproyl-AMP was found to
exist in its free form.40 Further studies involving the incubation of R-ibuprofen in rat liver
mitochondria also resulted in the formation of the R-ibuprofen-AMP that goes on to form R-
and S-ibuprofen-CoA, both of which are substrates for epimerases.41 However, S-ibuprofen
alone was not bioactivated into S-ibuprofen-AMP and its CoA thioester. Further incubations
with S-ibuprofen-AMP resulted in the formation of S-ibuprofen-CoA and were also capable
of undergoing epimerization into R-ibuprofen-CoA, suggesting that the R-ibuprofen-AMP
may be necessary for chiral inversion. In vitro time course of formation in rat hepatocyte
studies reveal that MFA indeed undergoes bioactivation to form MFA-AMP as well as
MFA-CoA (Figure 6). The incubation of MFA (100 μM) in rat hepatocytes resulted in a
rapid formation of MFA-AMP, achieving a maximum concentration of 90.2 nM at ~20 sec,
after which the concentration leveled off for the remainder of the 60 min incubation,
suggesting saturation of ACS. MFA-CoA was undetectable until the 4 min time point,
attaining a concentration of 45.6 nM at 60 min, approximately half the concentration of its
intermediate, MFA-AMP. The sequential detection of MFA-AMP (20 sec) followed by
MFA-CoA (4 min) is in agreement with the CoA thioester biosynthetic pathway. In addition
to MFA-AMP and MFA-CoA, our rat hepatocytes extracts also revealed the linear formation
of MFA-1-O-G and MFA-GSH achieving a concentration of 42.2 μM and 1.7 μM at the 60
min time point, respectively. In comparison to previous rat hepatocytes time course studies,
MFA produces unusually high concentrations of GSH-adducts compared to diclofenac42,
zomepirac43, (R)-ibuprofen44, and (R)-flunoxaprofen.45 MFA-GSH, which is chemically
stable in physiological buffer, has previously been shown to possess a metabolic half life of
~8 min in rat hepatocytes.20 This degradation is likely due to the metabolism of MFA-GSH
by endogenous thioesterases or peptidases, due to the lack of detectable N-
acylcysteinylglycine in these rat hepatocytes extracts, which is consistent with previous
studies showing the lack of γ-glutamyl transferase activity in rat livers.46 The degradation
of S-acyl-GSH into free acids by GST-mediated hydrolysis is a well documented
phenomenon.47, 48 However, MFA-GSH has been shown to be relatively stable in the
presence of equine liver GST (10–11%) after 30 min incubation.20

MFA-1-O-G and MFA-GSH concentrations both increase linearly over the duration of the
60 min incubation (Figure 6A). However, our previous GSH reactivity studies have shown
that MFA-1-O-G does not spontaneously nor enzymatically form GSH conjugates (Figure
5C). Therefore, it is unlikely that MFA-1-O-G is responsible for the high concentrations of
MFA-GSH formed during these incubations, despite its high concentration. Previous
incubation studies with zomepirac revealed that zomepirac-1-O-acyl glucuronide formation
linearly increased over a 2 hr period, achieving an AUC of 2500 μM · min.43 However,
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further studies revealed the time dependent formation of zomepirac-S-acyl-GSH is more
consistent with the rapid formation of zomepirac-CoA rather than the linear formation of
zomepirac-1-O-G.18 Inhibition studies investigating the time course of formation of 2-
phenylpropionic-CoA and 2-phenylpropionic-1-O-acyl-glucuronide to the overall covalent
binding of 2-phenylpropionic acid in rat hepatocytes revealed that complete inhibition of
acyl glucuronidation only decreased covalent adduct formation by 18.7% suggesting that the
overall covalent binding contribution of acyl glucuronides is small.49 In our studies, MFA-
CoA was not detectable until the 4 min time point and its concentration was 37-fold lower
than that of the MFA-GSH (Figure 6A). Therefore, despite its high GSH reactivity, MFA-
CoA time course of formation and concentrations are unlikely to account for all of the MFA-
GSH formed. Additionally, previous studies utilizing lauric acid as an acyl-AMP and acyl-
CoA inhibitor demonstrated that the degree of MFA-CoA inhibition did not completely
account for the decrease in its corresponding MFA-GSH20, further suggesting that MFA-
CoA is not exclusively responsible for the high GSH conjugation associated with MFA.
MFA-AMP formation was almost immediate, which is consistent with the fast time course
of formation of MFA-GSH, however it being 19-fold lower in concentration than that of
MFA-GSH still does not account for the unusually high concentrations of MFA-GSH
formed in rat hepatocytes incubations (Figure 6).

Rates of enzyme catalyzed reactions tend to double for every ten degree increase in
temperature until the optimal temperature (37°C) is reached. During the incubation of MFA
in rat hepatocytes on ice (0°C), UGT activity was completely inhibited, resulting in no
MFA-1-O-G formation (Figure 7). MFA-CoA was not detectable until 10 min and its
concentrations decreased 3.2-fold (14.1 nM). MFA-GSH concentrations decreased 20-fold
(83.9 nM), suggesting that GST plays an active role in the formation of GSH adduct in rat
hepatocytes. Interestingly, MFA-AMP time to maximum concentration was delayed to 1
min, however its concentrations remained essentially the same during the course of the 60
min incubation. Our reactivity assessments show that MFA-AMP conjugation with GSH is
greatly increased in the presence of GST. However, during the course of our rat hepatocyte
incubations carried out on ice, MFA-AMP concentrations showed no change while MFA-
GSH formation declined greatly, suggesting that GST plays an important role in the
formation of MFA-GSH via MFA-AMP. As a result of the rapid speed of MFA-AMP
formation (20 sec), we postulate that any MFA-AMP converted into MFA-GSH is quickly
replenished and therefore, no changes in the concentration of MFA-AMP are observed
during the course of the incubation under physiological conditions. Therefore, we
hypothesize that MFA-AMP may be a significant contributor towards the formation of
MFA-GSH in rat hepatocytes incubations due to its rapid rate of formation and its high
specificity towards GST. However, further studies are still necessary to confirm this
phenomenon.

The focus of this study was to characterize and determine the relative contribution that the
acyl-adenylate (AMP)-linked intermediates of MFA, MFA-AMP, has on the acylation of the
biological nucleophile GSH compared to MFA-CoA and MFA-1-O-G in rat liver cells.
MFA-AMP was indeed detected in rat hepatocyte incubations, along with its corresponding
MFA-CoA and MFA-1-O-G. Due to its rapid formation, high affinity toward GST, and
consistency in concentration in rat hepatocyte incubations, we propose that MFA-AMP does
play a role in the acylation of GSH and may be associated with the covalent binding of MFA
to physiological proteins. In addition, previous reactivity studies have shown that acyl-GSH
thioesters are reactive intermediates by themselves and are capable of forming covalent
bonds to NAC.17 Since MFA-AMP possesses a high affinity towards GST to form the
reactive MFA-GSH thioester, it is feasible that MFA-AMP may play a greater role towards
protein adduct formation than our GSH reactivity experiments suggest. Therefore, we
speculate that MFA-GSH formation by MFA-AMP via GST may mediate the idiosyncratic
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toxicities, either directly or through immune-mediated hypersensitivity reactions, commonly
associated with the use of MFA. These results suggest that acyl adeynlate formation should
be considered in future studies evaluating the potential reactivity of carboxylic acid
intermediates.
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Abbreviations

ACN acetonitrile

ACS acyl-CoA synthetase

AMP adenosine monophosphate

ATP adenosine triphosphate

CBZ carbamazepine

CoA coenzyme A

DMSO dimethylsulfoxide

ECF ethyl chloroformate

ESI electrospray ionization

GSH L-glutathione

GST glutathione-S-transferase

HPLC high performance liquid chromatography

LC-MS/MS liquid chromatography mass spectrometry

MFA mefenamic acid

MFA-AMP mefenamic acid-acyl-adenylate

MFA-S-acyl-CoA mefenamic acid-S-acyl-Coenzyme A

MFA-GSH mefenamic acid-S-acyl-glutathione

MFA-1-O-G mefenamic acid-1-O-acyl-glucuronide

MRM multiple reaction monitoring

NAC N-acetyl-L-cysteine

NSAID nonsteroidal anti-inflammatory drug

TEA triethylamine

THF tetrahydrofuran
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Figure 1.
Proposed conjugative bioactivation routes of mefenamic acid
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Figure 2.
Representative reverse-phase gradient LC-MS/MS Single Reaction Monitoring (SRM) (m/z
571 to m/z 224) of MFA-AMP (A) authentic standard and MFA-AMP (B) biologically
formed in rat hepatocytes.
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Figure 3.
Tandem mass spectrum of MFA-AMP (A) authentic standard and MFA-AMP (B)
biologically formed in rat hepatocytes.
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Figure 4.
Representative reverse-phase gradient LC-MS/MS Single Reaction Monitoring (SRM) of
(A) MFA-CoA (m/z 991 to m/z 224), (B) MFA-GSH (m/z 531 to m/z 224), and (C) MFA-1-
O-G (m/z 418 to m/z 242) authentic standards.
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Figure 5.
Mean reactivity assessment ± standard deviations of A) MFA-AMP, B) MFA-CoA, and C)
MFA-1-O-G (1 μM) with or without equine liver GST (30 U/ml) in 10 mM GSH/0.1 M Kpi
(pH 7.4, 37°C).
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Figure 6.
Mean time-dependent formation ± standard deviations of (A) MFA-AMP, MFA-CoA,
MFA-1-O-G, and MFA-GSH and (B) MFA-AMP and MFA-CoA in rat hepatocytes
incubation (pH 7.4, 37°C) (MFA dose 100 μM).
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Figure 7.
Mean time-dependent formation ± standard deviations of MFA-conjugates in rat hepatocyte
incubations on ice (pH 7.4, 0°C).
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Table 1

Mean rates ± standard deviations of formation of MFA-GSH in physiological buffer (pH 7.4, 37°C) (n=3).

Derivative (1 μM) MFA-GSH Formation (nM/min)

MFA-AMP 0.21±0.02

MFA-AMP + GST 1.25±0.28

MFA-CoA 2.41±0.64

MFA-CoA + GST 3.38±0.04

MFA-1-O-Gluc 0.02±0.02

MFA-1-O-Gluc + GST 0.07±0.01
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