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ABSTRACT 

Use of the nonsteroidal anti-inflammatory drug diclofenac (DF) is associated with serious 

idiosyncratic hepatotoxicity. Covalent binding of reactive intermediates of DF to proteins is 

considered to initiate the process leading to this severe side-effect. The aim of this study was to 

characterize the nature of covalent protein modifications by reactive metabolites of DF which 

result from bioactivation by cytochrome P450. DF and its major monohydroxylated 

metabolites 4’-hydroxydiclofenac (4’-OH-DF) and 5-hydroxydiclofenac (5-OH-DF) were 

bioactivated using a highly active P450 BM3 mutant (CYP102A1M11H) in presence of the 

model target protein human glutathione-S-transferase P1-1 (hGST P1-1). Protein-adducts were 

subsequently identified by LC-MS/MS analysis of tryptic digests of hGST P1-1. In total ten 

different peptide adducts were observed which result from modifications of cys-47 and cys-14 

of hGST P1-1. The majority of the protein thiol modifications appeared to be derived from 5-

OH-DF which produced seven different peptide adducts with mass increments of 289.0, 309.0 

and 339.0 Da. Remarkably, no protein adducts were observed upon bioactivation of 4’-OH-DF. 

Incubations of P450 BM3 with DF also showed the peptide adducts derived from 5-OH-DF 

and peptide adducts that are not derived from quinone imine. A peptide adduct with mass 

increment of 249.0 Da most likely results from the o-imine methide formed by oxidative 

decarboxylation of DF. In addition, a peptide adduct was observed with a mass increment of 

259.0 Da which corresponds to the substitution of one of the chlorine atoms of DF by protein 

thiol. A corresponding GSH conjugate with a similar mass increment was only observed if 

incubations of DF with P450 and GSH were supplemented by human GST P1-1. The results of 

this study not only confirm the importance of 5-OH-DF in covalent protein binding, but also 

suggest that the nature of protein adduction is not necessarily reflected by chemical 

conjugation with GSH. 

 

INTRODUCTION 

The nonsteroidal anti-inflammatory drug diclofenac (DF) is widely used to treat pain and 

inflammatory disorders such as rheumatoid arthritis. In a very small percentage of patients, 

therapy with DF is associated with serious liver injury. Enzymatic bioactivation of DF into 

reactive metabolites (RMs) is considered an important factor in the pathogenesis of the 

observed idiosyncratic hepatotoxicity (1). Glucuronidation of DF to acyl glucuronides is a 
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major route of metabolism in humans and appears to be mainly responsible for the observed 

covalent protein binding (2-5). However, protein modification by oxidative metabolites of DF 

may be more critical for acute cytotoxicity (6). 

 

Oxidative metabolism of DF has been shown previously to result in the formation of multiple 

stable and reactive metabolites. In humans, 4’-hydroxydiclofenac (4’-OH-DF) is the major 

oxidative metabolite which is formed by a CYP2C9-catalyzed reaction. The minor metabolite 

5-hydroxydiclofenac (5-OH-DF) appears to be formed predominantly by CYP3A4 (2, 7, 8). 

Both monohydroxylated metabolites can be further oxidized enzymatically and 

nonenzymatically to their corresponding p-benzoquinone imines, which have been identified 

indirectly as GSH conjugates in incubations with human hepatocytes and with human liver 

microsomes (Figure 1) (9-12). The GSH conjugate 2’-hydroxy-3’-(glutathione-S-yl)-

monoclofenac was proposed to result from GSH conjugation to diclofenac 2’-3’-oxide which is 

formed by CYP2C9 (12). More recently, it was shown that CYP3A4 also catalyzes oxidative 

decarboxylation of DF, producing a reactive o-imine methide intermediate that is trapped in 

presence of GSH (13, 14). 

The different GSH conjugates of DF have revealed the involvement of at least three different 

types of reactive DF metabolites (e.g., quinone imines, arene oxides and imine methides). 

When liver microsomes of 16 individuals were incubated with DF and NADPH, different 

levels of protein adducts were observed by immunoblotting with DF antiserum (15). Covalent 

binding to liver microsomes was found to originate from the quinone imine formed by further 

oxidation of 5-OH-DF (15). It is presently unknown to what extent the other reactive 

intermediates resulting from P450-mediated bioactivation are involved in covalent protein 

binding. 
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Figure 1: Proposed pathways of metabolic activation of diclofenac by P450 enzymes. Mass 

increments resulting from adduction of reactive intermediates to GSH are shown between 

brackets. DF, diclofenac; QI, quinone imine; DF-o-IM, Diclofenac o-imine methide; DPAB-

SG, 2-(2,6-dichlorophenylamino)-benzyl-S-thioether glutathione. 
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Previous studies have mainly used immunochemical methods to detect covalent protein 

modification by DF (3-5, 15-18). Anti-DF antibodies used in these studies were able to detect 

covalent binding by acyl glucuronides of DF as well as oxidative metabolites of DF (15). 

However, it is unknown whether the antibodies are cross-reactive to all types of protein 

modifications caused by the different oxidative RMs of DF. In addition, although successful at 

elucidating the identity of several proteins modified by DF, immunochemical studies do not 

provide structural information on the drug-modified amino acids (19-22). Recently, the first 

mass spectrometric analysis of DF-protein adducts reported modification of the single free 

cysteine residue in β-lactoglobulin upon electrochemical oxidation of DF (23). However, 

electrochemical oxidation cannot mimic all P450-dependent bioactivation pathways of DF and 

might generate artifact RMs that are not relevant for the human situation (10, 23). 

 

In the present study, a recently developed method is used to characterize the P450-dependent 

covalent protein modification by DF metabolites by mass spectrometry of tryptic digests and 

by using purified CYP102A1M11H as bioactivation system (24). CYP102A1M11H has been 

shown previously to produce high levels of human-relevant RMs of several drugs, including 

DF, 4’-OH-DF and 5-OH-DF (25, 26). In the present article, this enzyme is used to 

characterize protein adducts of DF and its monohydroxylated metabolites using human 

glutathione-S-transferase P1-1 (hGST P1-1) as target protein. In contrast to β-lactoglobulin, 

which contains only a single available cysteine residue, hGST P1-1 contains four cysteines 

with different accessibilities and reactivities (27). Measuring thiol-modification of GST P1-1, 

therefore, will also give information on the selectivity of the different RMs of DF toward 

cysteines in different microenvironments. Following the modification of hGST P1-1 by the 

oxidative RMs of DF, the protein was digested with trypsin and peptides were analyzed by LC-

MS/MS. Initially bioactivation reactions were performed with 5-OH-DF and 4’-OH-DF as the 

substrate, in order to characterize protein adducts derived from their corresponding p-

benzoquinone imines. Subsequently, bioactivation reactions were performed with DF to 

confirm the formation of adducts from these p-benzoquinone imines and to investigate the 

involvement of other RMs of DF. The results from the present study confirm that the majority 

of protein modification caused by DF is formed via 5-OH-DF. In addition, the modification of 

cysteine residues of hGST P1-1 by the o-imine methide and an as yet uncharacterized reactive 

intermediate of DF was observed.  
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MATERIALS AND METHODS 

Materials 

HIS-select Nickel Affinity Gel was from Sigma (Steinheim, Germany). Sequencing grade 

modified trypsin was from Promega (Madison, USA). DF sodium salt was from Sigma 

(Steinheim, Germany), whereas 4’-OH-DF and 5-OH-DF were from Toronto Research 

Chemicals (North York, Canada). Benzyloxyresorufin was synthesized according to Burke and 

co-workers (28). All other chemicals were from standard suppliers and from the highest quality 

available. 

 

Enzyme expression 

E. coli XL-1 Blue bacteria containing a plasmid for the expression of hGST P1-1 were a 

generous gift from Professor B. Mannervik (Department of Biochemistry and Organic 

chemistry, Uppsala University, Sweden). The expression and purification of hGST P1-1 by 

affinity chromatography was performed as described previously (29). The method of Bradford 

was used to determine protein concentrations (30). GST P1-1 activity was measured 

spectrophotometrically by monitoring the conjugation of 1-chloro-2,4-dinitrobenzene to GSH, 

as previously described (31). The specific activity of purified hGST P1-1 was 23.0 

µmol/min/mg protein.  

 

CYP102A1M11H was expressed and purified by HIS-select nickel affinity chromatography as 

described by Damsten et al. (25). The activity of P450 was measured using benzyloxyresorufin 

as a substrate as was described previously (24). The specific activity of purified 

CYP102A1M11H was 9.42 nmol benzyloxyresorufin/min/nmol P450 with 22 µM 

benzyloxyresorufin as substrate.  Recombinant human P450 enzymes CYP2C9 and CYP3A4 

were expressed as described elsewhere (32).  

 

Bioactivation of diclofenac and its monohydroxylated metabolites by CYP102A1M11H in 

the presence of human glutathione-S-transferase P1-1 

To generate protein adducts of oxidative DF metabolites to hGST P1-1, incubations were 

typically conducted in a total volume of 1.5 mL of 0.1 M potassium phosphate (KPi) buffer at 
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pH 7.4. Reactions contained 500 nM CYP102A1M11H, 4 µM hGST P1-1, and 1 mM DF, 100 

µM 4’-OH-DF or 5-OH-DF as substrate. The incubations were started by the addition of a 

NADPH-regenerating system (final concentrations: 50 µM NADPH, 2.5 mM glucose-6-

phosphate, and 0.5 U/mL glucose-6-phosphate dehydrogenase) and allowed to proceed for 1 h 

at 24 °C. Additional incubations were performed in presence of 5 mM GSH to demonstrate 

protection of hGST P1-1 and to characterize the GSH conjugates formed upon bioactivation. 

The antioxidant ascorbic acid (5 mM) was used to evaluate which adducts were derived from 

quinone imines of DF. Reactions were terminated by cooling on ice and filtered through a 

Millipore Ultra-4 10,000 MWCO filter in order to remove unbound DF and metabolites and to 

concentrate the incubations to 250 µL. 

 

Preparation of tryptic digests of adducted human glutathione-S-transferase P1-1 for LC-

MS/MS analysis 

To remove the bioactivating system CYP102A1M11H from the adducted hGST P1-1, the 

concentrated incubations were supplemented with 50 µL HIS-select nickel affinity gel and 

allowed to equilibrate for 30 min at room temperature. Nickel-bound His-tagged P450 was 

removed by centrifugation for 2 min at 5000g. The supernatant containing adducted hGST P1-

1 was collected and dried by centrifugation under vacuum (SpeedVac) and reconstituted in 200 

µL 6 M guanidine-HCl, 3 mM DTT, and 50 mM Tris-HCL at pH 8. After 1 h of incubation at 

60 °C, iodoacetamide was added to a final concentration of 10 mM and allowed to react in the 

dark for 30 min at room temperature. The samples were subsequently desalted by gel filtration 

using PD MiniTrap G-25 columns (GE healthcare, Buckinghamshire, UK). For tryptic 

digestion, desalted hGST P1-1 adducts were dried by centrifugation under vacuum 

(SpeedVac), reconstituted in 200 µL 50 mM ammonium bicarbonate containing 5 mM ascorbic 

acid, and digested overnight at 37 °C at a ratio of one equivalent of trypsin to 50 equivalents of 

hGST P1-1. 

 

LC-MS/MS analysis of tryptic digests of drug-modified human glutathione-S-transferase 

P1-1 

Tryptic digests of adducted hGST P1-1 were analyzed using an Agilent 1200 Series Rapid 

resolution LC equipped with a hybrid Quadrupole-Time-Of-Flight (Q-TOF) Agilent 6520 mass 

spectrometer (Agilent technologies, Waldbronn, Germany). Analytes were first detected by UV 
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at 214 nm and subsequently ionized by electrospray ionization. The mass spectrometer was 

operated at a capillary voltage of 3500 V with nitrogen as drying gas (10 L/min) and nebulizer 

gas (pressure 50 psig). The gas temperature was maintained at 350 °C during operation. 

MS/MS analysis of peptides was conducted at a collision energy voltage of 20 V using 

nitrogen as the collision gas. 

 

Following injection of 50 µL samples, the peptides of digested hGST P1-1 were separated by 

reverse phase chromatography using a Vydac 218TP54 column (C18, 5 µm, 4.6 mm i.d. x 250 

mm) and a gradient consisting of solvent A (98.9% water/1% acetonitrile/0.1% formic acid) 

and solvent B (98.9% acetonitrile/1% water/0.1% formic acid) using a flow rate of 400 

µL/min. The gradient was as follows: from 0 – 100 min a linear increase from 5 – 70% B, 

followed by a linear increase to 100% at 105 min. A plateau at 100% B was maintained from 

105 – 110 min, followed by a rapid decrease to 5% B at 110.1 min and a re-equilibration period 

until 120 min at 5% B.  

 

Mass Hunter Workstation software (version B.02.00) was used for LC-MS/MS data 

acquisition. The Q-TOF was operated in the positive mode and data was generally acquired 

using automated MS/MS analysis. Survey scans were recorded between m/z 200 and 3000, 

followed by MS/MS analysis of the three most abundant ions with a charge of at least +2. To 

acquire fragmentation spectra of low abundant peptides coeluting with abundant peptides, ions 

selected for MS/MS analysis were excluded for 0.5 min after three fragmentation spectra. 

Targeted MS/MS analysis was applied to low abundant peptide adducts, in order to obtain 

fragmentation spectra of better quality, and to singly charged peptide adducts. In all cases, the 

isolation width (m/z) was 4 Da and the collision energy voltage was 20 V. 

 

The LC-MS/MS data was analyzed using the Mass Hunter Qualitative Analysis software 

package (version B.01.03). To identify the protein coverage obtained by tryptic digestion of 

hGST P1-1 and to determine the sequence of the observed peptides, analysis of digests was 

also performed with Mascot Distiller (version 2.3.2.0; Matrix Science). Peak lists were first 

generated, and peptide sequences were then identified by database searching using the Mascot 

search program. 
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LC-MS/MS analysis of GSH conjugates formed by bioactivation of DF by 

CYP102A1M11H and human CYP2C9 and CYP3A4 

To investigate whether all reactive intermediates formed by CYP102A1M11H are relevant to 

humans, the GSH conjugates of DF found in incubations with CYP102A1M11H were 

compared with those formed by recombinant human CYP3A4 and CYP2C9. Incubations were 

conducted in a total volume of 250 µL of 0.1 M KPi-buffer at pH 7.4 and contained 500 µM 

DF, 500 nM P450, and 100 µM GSH. Incubations were performed in the presence and absence 

of 8 µM hGST P1-1 in order to distinguish GST-dependent from GST-independent GSH 

conjugates, respectively (29). NADPH was added to a final concentration of 500 µM to start 

the reactions. After 1 h of incubation at 37 °C, incubations were stopped by addition of an 

equal volume of ice-cold methanol. Samples were then centrifuged at 14,000g for 15 min to 

precipitate denatured protein. The supernatants were analyzed using an Agilent 1200 Series 

Rapid resolution LC equipped with a hybrid Quadrupole-Time-Of-Flight (Q-TOF) Agilent 

6520 mass spectrometer (Agilent technologies, Waldbronn, Germany). Samples (50 µL) were 

separated on a Symmetry Shield column (C18, 3.5 µm, 4.6 x 100 mm; Phenomenex) at a flow 

of 0.5 mL/min. The gradient was prepared from solvent A (98.8% water/1% acetonitrile/0.2% 

formic acid) and solvent B (98.8% acetonitrile/1% water/0.2% formic acid) as described 

previously (25). Analytes were first detected by UV at 254 nm and subsequently ionized by 

electrospray ionization. The mass spectrometer was operated as reported previously (29). 

 

RESULTS 

Analysis of adducts of monohydroxylated DF to hGST P1-1 

Bioactivation of 5-OH-DF by CYP102A1M11H in the presence of hGST P1-1 resulted in 

seven different peptide adducts of hGST P1-1 (Table 1). First, a directed search was conducted 

for modified tryptic peptides using the mass increments previously identified in trapping 

experiments with GSH (26). Initially, the anticipated peptide adducts of the p-benzoquinone 

imine of 5-OH-DF (+309.0 Da) were not found in experiments of hGST P1-1 with 5-OH-DF. 

When comparing LC-MS chromatograms of modified hGST P1-1 with unmodified controls 

(Figure 2), a 5-OH-DF-related adduct was observed at retention time 70.7 min. The same 

adduct was also found in incubations with DF but was absent in incubations with 4’-OH-DF. 

This modified peptide was observed as singly and doubly charged ion with m/z values of 
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822.25 and 411.63, respectively. The adducted peptide appeared to be peptide 14-18 

(
14

CAALR
18

) with a mass increment of +289.0 Da. Collision-induced fragmentation of the 

doubly charged ion with m/z 411.63 showed that y1 to y4 were unmodified, suggesting 

adduction of the cysteine residue. The presence of fragments a2 and b1 with a mass shift of 

+289.0 Da and an isotope pattern characteristic of two chlorine atoms confirms that cys-14 was 

modified (Supporting information Figure S1A). The peptide adduct was abolished upon 

coincubation with 5 mM ascorbic acid, which is known to reduce the p-benzoquinone imine 

back to 5-OH-DF (33).  

 

Table 1: Overview of the observed DF modifications to tryptic peptides of hGST P1-1 

a
Retention time (Rt). 

b
Proposed reactive intermediate responsible for modification. Assignment 

is based on mass shifts to tryptic peptides of hGST P1-1 and by analysis of LC-MS/MS 

spectra. 
c
Possible artifact formed during protein digestion. Presence (+) or absence (-) of the 

peptide adduct is shown. 
d
As yet unidentified reactive metabolite. 

 

 

 

 

Peptide adduct characteristics Compound 

Rt
a 

(min) 

Charge, m/z  Mass shift 

(Da) 

Modificationb 5-OH-DF 4’-OH-DF DF 

       

Adducts to peptide 14-18 

54.4 2+, 421.65 +309.0 quinone imine + - + 

54.6 2+, 396.67 +259.0 unidentified RMd - - + 

66.3c 2+, 411.63 +289.0 quinone imine + - + 
67.5c 2+, 411.63 +289.0 quinone imine + - + 

70.7c 2+, 411.63 +289.0 quinone imine + - + 

       

Adducts to peptide 45-54 

47.9 2+, 709.77 +339.0 quinone imine + - + 

55.8 2+, 694.78 +309.0 quinone imine + - + 
58.9 2+, 669.80 +259.0 unidentified RMd - - + 

59.6 2+, 694.78 +309.0 quinone imine + - + 

67.0 2+, 664.79 +249.0 o-imine methide - - + 
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Figure 2: Overlay of details of total ion chromatograms of tryptic digests of GSTP1-1 after 

incubations in presence of CYP102A1M11H and DF (trace 1), 5-OH-DF (trace 2), 4’-OH-DF 

(trace 3), DF + 5 mM GSH (trace 4) and DF + 5 mM ascorbic acid (trace 5). The asterisk 

indicates the peak corresponding to peptide 14-18 (
14

CAALR
18

) with a mass increment of 

+289.0 Da. 

Because thioethers of quinoid compounds are known to rapidly autoxidize in the presence of 

molecular oxygen (34), we propose that the observed peptide 14-18 adduct (+289.0 Da) might 

result from conversion of the initial 5-OH-DF adduct (+309.0 Da) during the 24 h trypsin 

digestion period. A loss of 20 mass units can be explained by intramolecular condensation in 

combination with oxidative dehydrogenation of the anticipated adduct. To test this hypothesis, 

tryptic digestion of 5-OH-DF-modified hGST P1-1 was also performed in anaerobic conditions 

and in the presence of 5 mM ascorbic acid. In samples subjected to this treatment, the intensity 

of the peptide 14-18 adduct at retention time 70.7 min was strongly reduced, whereas peptide 

adducts with the anticipated mass increase (+309.0 Da) of the p-benzoquinone imines of 5-OH-

DF could be observed. This confirms that oxidative reactions postadduction are responsible for 

peptide 14-18 adducts with mass increase of +289.0 Da. Two novel peptide 14-18 adducts with 

mass increase of +289.0 Da were also observed at 66.3 and 67.5 min (Figure 3A versus 3C). 

The mechanism of formation of these products remains to be established. 

 

When alkylated GST P1-1 was digested in the presence of ascorbic acid, the anticipated 

peptide 14-18 adduct with a mass increment of 309.0 Da was eluting at 54.4 min (Figure 3B 

versus 3D). This adduct (2+, m/z 421.65) was not observed in reactions containing 5 mM GSH 

or ascorbic acid. Direct evidence for cys-14 modification was obtained by fragmentation of the 

doubly charged ion of m/z 421.65. The MS/MS fragments m/z 341.98 and m/z 323.97 may 

correspond to [S+DF+O-H]
+
 and subsequent loss of water from the fragment, respectively 

(Figure S1B, Supporting information).  
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Figure 3: Extracted ion chromatograms of modified peptide 14-18 with mass shift of +289.0 

Da (2+, m/z 411.63; A and C) and +309.0 Da (2+, m/z 421.65; B and D). A and B show tryptic 

fragments obtained after digestion of DF-modified hGST P1-1 in 50 mM ammonium 

bicarbonate buffer. C and D show tryptic fragments obtained after digestion of DF-modified 

hGST P1-1 in 50 mM ammonium bicarbonate buffer containing 5 mM ascorbic acid. Peptide 

adducts of DF are indicated with an asterisk. 

Further adducts with a mass increment of 309.0 Da were located on peptide 45-54 

(
45

ASCLYGQLPK
54

) at retention times of 55.8 and 59.6 min (Figure 4A). The adduct at 55.8 

min appeared as m/z 694.78 and m/z 463.52, which can be rationalized as doubly and triply 

charged peptide 45-54, respectively, adducted by the p-benzoquinone imine of 5-OH-DF. 

Collision-induced fragmentation of m/z 694.78 shows that y1 to y7 were unmodified (Figure 

4B). The absence of unmodified y8 (m/z 921.49) and the presence of y8 + 309.0 (m/z 1230.49) 

and of modified y8
+2

 (m/z 615.74) demonstrate the modification of cys-47. Consistent with 

this, b2 was unmodified, whereas b3 was shifted by 309.0 Da. 

 

The peptide 45-54 adduct (+309.0 Da) at 59.6 min was of lower intensity and most-likely 

reflects the modification of peptide 45-54 by the same RM at a different position of the reactive 

quinone imine ring of 5-OH-DF (Figure 4A). In line with modification by p-benzoquinone 

imines of 5-OH-DF, adducts at 55.8 and 59.6 min were not detected upon coincubation with 5 

mM ascorbic acid.  
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Figure 4: LC-MS/MS analysis of anticipated DF adducts to peptide 45-54 of hGST P1-1 with 

mass increments of +309.0 Da and +249.0 Da. A: Extracted ion chromatogram (EIC) of 

peptide 45-54 adducts with mass shift of + 309.0 Da (2+, m/z 694.78). B: MS/MS spectrum of 

DF-peptide adduct of peptide 45-54 with mass increment of +309.0 Da. C: EIC of peptide 45-

54 adducts with mass shift of +249.0 Da (2+, m/z 664.79). Panel D: MS/MS spectrum of DF-

peptide adduct of peptide 45-54 with mass increment of  +249.0 Da. EICs in panel A and C are 

from incubations with DF (trace 1), 5-OH-DF (trace 2), 4’-OH-DF (trace 3), DF + 5 mM GSH 

(trace 4) and DF + 5 mM ascorbic acid (trace 5).  The observed DF adducts are labeled with an 

asterisk.  
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Subsequently, the presence of adducts with unanticipated modification was analyzed by using 

the diagnostic ions of the cysteine-containing peptides. Ions of m/z 359.24 and 430.28 were 

previously identified as relatively intense fragments of peptide 14-18 which are detected in 

both modified and unmodified peptide 14-18 (24). As expected, screening MS/MS traces of 

incubations of 5-OH-DF for these diagnostic ions resulted in the detection of the anticipated 

adduct of the p-benzoquinone imine (+309.0 Da) and the +289.0 Da adducts described above 

(Figure S1, Supporting information and Figure 3). However, no additional adducts of 5-OH-DF 

were identified. 

 

Ions of m/z 244.17, 542.33, and 705.39 were previously identified as characteristic fragments 

of unmodified and modified peptide 45-54 (24). Interestingly, by this unbiased screening 

method an adduct to peptide 45-54 with a mass shift of +339.0 Da was observed at 47.9 min 

(Figure S2A, Supporting information). The modified peptide was found as singly, doubly and 

triply charged ion of m/z 1418.52, 709.77, and 473.51, respectively. The intensity of the adduct 

was strongly reduced when 5 mM ascorbic acid was present in the incubations, suggesting that 

this adduct results from the p-benzoquinone imine of 5-OH-DF. MS/MS analysis of the doubly 

charged ion of m/z 709.77 showed that the modification was located on cys-47 (Figure S2B). 

The unanticipated peptide adduct with a mass shift of +339.0 Da might result from the double 

oxygenation of peptide 45-54 adducts with a mass increment of 309.0 Da. To investigate this 

possibility, alkylation experiments were repeated in the presence of superoxide dismutase and 

catalase. Adducts to peptide 45-54 with a mass increment of 339.0 were not observed in 

experiments with superoxide dismutase, while adducts with a mass shift of +309.0 Da were 

more abundant. Therefore, the adducts with a mass shift of +339.0 Da are most-likely the result 

of secondary oxygenation of +309.0 Da peptide adducts by reactive oxygen species, which was 

previously also observed for several protein adducts of troglitazone (24). 

 

When bioactivation of 4’-OH-DF was performed in the presence of hGST P1-1, no protein 

adducts were detected by a direct search for adducts (+309.0 and +275.0 Da) anticipated on the 

basis of GSH conjugates (26). Screening for unanticipated adducts to cysteines of peptide 14-

18 or 45-54 also did not provide any evidence for the modification of hGST P1-1 by 4’-OH-DF 

either (data not shown). This might be consistent with the fact that previously no protein 

adducts to human liver microsomes were found with 4’-OH-DF (15). 
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Analysis of adducts of diclofenac to hGST P1-1 

After characterization of the peptide adducts derived from the p-benzoquinone imines of 5-OH-

DF and 4’-OH-DF, bioactivation experiments were subsequently conducted with DF. In total 

10 peptide adducts were observed upon bioactivation of DF by CYP102A1M11H (Table 1). Of 

these peptide adducts, seven corresponded to the adducts observed in incubations with 5-OH-

DF, e.g. peptide 14-18 and peptide 45-54 with mass increases of 289.0, 309.0 and 339.0 Da. 

The retention times and fragmentation patterns of these peptide adducts, as well as their 

sensitivity to coincubation with ascorbic acid, were identical to that observed for 5-OH-DF. 

 

The remaining three peptide adducts apparently did not result from p-benzoquinone imine 

formation. P450-mediated decarboxylation of DF was previously reported to lead to a reactive 

o-imine methide which would lead to a mass increase of 249.0 Da to hGST P1-1-derived 

peptides (13, 14).
 
A directed search for tryptic peptides modified by this reactive intermediate 

identified a doubly charged DF-modified peptide of m/z 664.79 at a retention time of 67.0 min 

(Figure 4C). MS/MS analysis of the doubly charged ion of m/z 664.79 produced three major 

fragments, one of which (m/z 1079.56) corresponds to singly charged peptide 45-54 (Figure 

4D). The fragments m/z 215.05 and 250.02 result from charge retention on the cleaved off DF-

moiety and contain one or two chlorine atoms, respectively. These DF-containing fragments 

were previously observed by collision-induced dissociation of the GSH conjugate formed by 

oxidative decarboxylation of DF (13, 14).  

 

To identify unanticipated modifications of DF to hGST P1-1, fragmentation spectra obtained in 

LC-MS/MS runs of DF were searched using the diagnostic ions of peptide 14-18 (m/z 359.24 

and 430.28) and peptide 45-54 (m/z 244.17, 542.33, and 705.39). Screening of the diagnostic 

ions of peptide 14-18 resulted in the identification of five peaks which were not found in 

incubations supplemented with excess GSH (Figure 5A). The peaks at 54.4, 66.3, 67.5, and 

70.7 correspond to the adducts found in incubations of 5-OH-DF. Interestingly, an 

unanticipated DF modification to peptide 14-18 was observed at 54.6 min (Figure 5A). This 

adduct was detected as a doubly charged ion of m/z 396.67 which corresponds to a mass 

increment of +259.0 Da to peptide 14-18. The isotope cluster of the modified peptide was 

consistent with the presence of a single chlorine atom, suggesting the observed mass shift is 

from attachment of DF by chlorine substitution (+259.0 Da) (Figure 6A). Figure 6B shows the 
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spectrum obtained by fragmentation of m/z 396.67 at 54.6 min. The complete y-ion series up to 

y4 is observed in the MS/MS spectrum, suggesting the modification of cys-14.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Extracted Ion Chromatograms of summed diagnostic fragment ions of peptide 14-18 

(A) and peptide 45-54 (B). MS/MS traces shown are from hGST P1-1 exposed to RMs of DF 

in absence (trace i) and in presence of 5 mM GSH (trace ii). Labeled peaks (*) correspond to 

DF-adducted peptides. 
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When MS/MS spectra of tryptic digests of DF-modified hGST P1-1 were screened for 

diagnostic ions of peptide 45-54, a total of four adducts were observed (Figure 5B). The 

adducts eluting at 47.9, 55.8, and 59.6 min corresponded to adducts which were also found in 

incubations with 5-OH-DF (Table 1). An unanticipated peptide 45-54 adduct of low intensity 

was found at 58.9 min. This modified peptide was detected as doubly charged ion of m/z 

669.80 which corresponds to peptide 45-54 with a mass shift of +259.0 Da (Figure 6C). 

Collision-induced fragmentation of m/z 669.80 resulted in b- and y-ions consistent with 

alkylation of cys-47 (Figure 6D).  

 

 

Figure 6: LC-MS/MS analysis of DF adducts to peptide 14-18 and peptide 45-54 of hGST P1-

1 with mass increment of +259.0 Da. A: Extracted ion chromatograms (EIC) of peptide 14-18 

with mass increment of 259.0 Da (2+, m/z 396.67). B: MS/MS spectra of adduct to peptide 14-

18 with mass increment +259.0 Da. C: EIC of peptide 45-54 with mass increment of 259.0 Da 

(2+, m/z 669.80). D: MS/MS spectrum of adduct to peptide 45-54 to with mass increment 

+259.0. Shown are EICs from incubations with DF (trace 1), 5-OH-DF (trace 2), 4’-OH-DF 

(trace 3), DF + 5 mM GSH (trace 4) and DF + 5 mM ascorbic acid (trace 5). DF-adducted 

peptides are labeled with an asterisk.  
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The novel peptide 14-18 and peptide 45-54 adducts with mass shifts of +259.0 Da were not 

observed when DF incubations were conducted in the presence of 5 mM GSH or ascorbic acid 

(Figure 6). To exclude the possibility that one of the chlorine atoms of DF is directly 

substituted by cysteine in GST P1-1, control incubations were also run in the absence of 

CYP102A1M11H. However, no adducts were observed in the absence of P450 (data not 

shown). 

 

To determine whether the reactive intermediate causing the mass shift of +259.0 Da is of 

human relevance, we investigated whether GSH conjugates corresponding to this mass shift 

could be found in incubations of both bacterial CYP102A1M11H and recombinant human 

CYP3A4 and CYP2C9. Initially, no GSH conjugate could be found in which one of the 

chlorine atoms of DF was substituted by GSH. Previously, we demonstrated that chlorine 

substitution of the clozapine nitrenium ion by GSH was only observed when incubations with 

P450 and GSH were supplemented with hGST P1-1 (29). Therefore, P450-dependent 

bioactivation of DF was also performed with GSH in the presence of 8 µM hGST P1-1. In the 

presence of hGST P1-1, both CYP102A1M11H and the human CYPs produced a novel GSH 

conjugate eluting at 18.2 min and with m/z of 567.12, corresponding to the mass shift of 

+259.0 Da, and a single chlorine isotope pattern. Figure 7 shows the ion trace and collision-

induced fragmentation pattern of the product found in incubations with CYP3A4. Collision-

induced fragmentation of m/z 567.12 produced product ions of m/z 492.10 and 438.09, which 

correspond to neutral losses of glycine (75 Da) and pyroglutamate (129 Da), respectively 

(Figure 7B). The MS/MS ions with m/z values of 246.02 and 299.03 were also found in the 

spectra of peptide 14-18 with a mass shift of 259.0 Da (Figure 6B) and therefore constitute 

adduct-specific fragmentations.   

 

 

 

 

 



Chapter 3      

 

109 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: LC-MS/MS analysis of a novel GSH conjugate of DF with mass increment of +259 

Da in incubations of DF with hCYP3A4. A: Extracted ion chromatogram of m/z 567.12 in 

incubations of DF with CYP3A4, NADPH and GSH in presence (i) or absence (ii) of GST P1-

1. The DF-GSH conjugate with m/z 567.12 is labeled with an asterisk. B: Collision-induced 

fragmentation pattern of m/z 567.12 at retention time 18.2 min.  
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DISCUSSION  

In the present study, a recently developed analytical strategy, based on the LC-MS/MS analysis 

of tryptic digests of protein adducts generated by purified CYP102A1M11H (24), was used to 

characterize the nature of protein modifications resulting from the different RMs that can be 

formed by oxidative bioactivation of DF. Very recently, the first mass spectrometric analysis of 

a DF-modified protein was reported involving β-lactoglobulin covalently modified by RMs 

formed upon electrochemical oxidation of DF. It was shown that the single free cysteine 

residue of β-lactoglobulin was modified by three different RMs (23). One adduct resulted from 

the quinone imine of 5-OH-DF, whereas the other two adducts were proposed to result from o-

quinones formed upon secondary electrochemical oxidation of 5-OH-DF (23).
 
The latter two 

adducts can be considered as artifacts of the electrochemical oxidation since corresponding 

GSH conjugates have never been reported after P450-dependent bioactivation of DF. 

Furthermore, electrochemical oxidation of DF only results in 5-OH-DF and secondary 

oxidation products, and does not mimic the P450-dependent bioactivation of DF via 4’-

hydroxylatation, epoxidation, and oxidative decarboxylation (10, 23). 

 

When bioactivating DF by CYP102A1M11H in presence of the target protein hGST P1-1 in 

total 10 different DF-adducts were found, seven of which were dependent on 5-OH-DF. The 

remaining three adducts could be explained by alternative bioactivation pathways of DF (Table 

1 and Figure 8). Although GST P1-1 is endowed with four cysteine residues (cys-14, cys-47, 

cys-101 and cys-169), adducts of DF were only observed on cys-14 and cys-47. Because of 

deprotonation by a nearby lysine residue, cys-47 has an unusually low pKa value and exists as 

thiolate in the physiological environment (35). In addition, its localization near the GSH-

binding site makes cys-47 solvent accessible (36).
 
Hence, this residue is most reactive of the 

cysteine residues of GST P1-1. Consistent with its high reactivity, cys-47 was found to be 

targeted by many electrophilic compounds (27, 37-40). In addition, this residue was selectively 

modified following spontaneous oxidation or P450-mediated bioactivation of paracetamol, 

clozapine, sulfamethoxazole, and raloxifene (24, 41-43). In the present investigation, we 

identified cys-47 as the single target of an o-imine methide metabolite formed by P450-

mediated decarboxylation of DF (Figure 4). 
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Figure 8: Overview of the different adducts observed to peptides of the target protein hGST 

P1-1 following bioactivation of DF by CYP102A1M11H. For each of the reactive 

intermediates formed by the P450, the corresponding adduct masses, charge states, and mass 

shifts to peptide 14-18 and peptide 45-54 are shown. 

 

By inspection of the crystal structures of GST P1-1, cys-14 appears less accessible than cys-47 

to electrophiles (37). This residue was previously found to be two- to threefold less reactive 

than cys-47 (27). In line with these findings, we observed two isomeric adducts of the p-

benzoquinone imine from 5-OH-DF to cys-47 whereas a single adduct was formed with cys-

14. No adducts of DF to cys-101 and cys-169 of hGST P1-1 were observed in the present 

study. Cys-101 was previously found to be accessible to electrophiles (37, 38).
 
Following 

tryptic digestion of GST P1-1 modified by quinone methides of troglitazone and a food 

preservative, cys-101 adducts were detected in the dipeptide 
101

CK
102

 by mass spectrometry 

(24, 37). Nevertheless, adducts from quinone intermediates of DF to this tryptic dipeptide were 

not observed in this study. Cys-169 is buried in a hydrophilic region in GST P1-1 (37). 

Consistent with previous studies (38), no modification of this residue was found in the present 

study.   

 

Bioactivation of 4’-OH-DF and 5-OH-DF by CYP102A1M11H results in the formation of p-

benzoquinone imines, which can be detected as GSH conjugates (26). Remarkably, however, 

when hGST P1-1 was exposed to RMs of 4’-OH-DF and 5-OH-DF, peptide adducts were only 

observed in reactions containing 5-OH-DF. Several observations might explain differences in 
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protein modification by p-benzoquinone imines of 4’-OH-DF and 5-OH-DF. First, Tang and 

co-workers observed that the formation of GSH conjugates of 5-OH-DF did not require 

enzymatic activity (44).
 
Autoxidation of 5-OH-DF, but not 4’-OH-DF, to its p-benzoquinone 

imine and subsequent conjugation to GSH has also been found in various other studies (10, 17, 

26). Because the formation of p-benzoquinone imine from 5-OH-DF is both spontaneous and 

P450-catalyzed, it might result in higher levels of reactive intermediate than obtained with 4’-

OH-DF. Second, the p-benzoquinone imine of 5-OH-DF has a relatively high stability because 

the reactive metabolite could even be detected by HPLC after oxidation of DF by activated 

neutrophils and after incubation of 5-OH-DF in PBS for 16 h (15, 33). A difference in lifetime 

between the p-benzoquinone imines might provide a rationale for the absence of protein 

adducts of 4’-OH-DF. Alternatively, steric effects could also underlie the difference in protein 

modification by p-benzoquinone imines of 4’OH-DF and 5-OH-DF. The neighboring chlorine 

atoms of the quinone imine of 4’-OH-DF might hinder modification of the cysteine residues in 

GST P1-1, while conjugation with GSH is not likely to be affected.  

 

The role of DF-protein adducts in the observed idiosyncratic hepatotoxicity is still poorly 

understood. Nevertheless, the relevance of DF-protein adducts is suggested by the finding of 

DF-modified proteins in patients with hepatotoxicity and by the higher incidence of anti-DF 

antibodies in patients experiencing liver injury than in patients without signs of hepatotoxicity 

(45).
 
Although DF-acyl glucuronides may be responsible for the observed adduction and 

antibody response, Naisbitt and co-workers demonstrated that DF-acyl glucuronides do not 

cause immune cell activation in mice (46).
 
Interestingly, when 4’-OH-DF, 5-OH-DF and their 

p-benzoquinone imines were administered, only 5-OH-DF and its p-benzoquinone imine 

metabolite initiated a strong immune activation. In contrast, 4’-OH-DF was not antigenic, 

while its p-benzoquinone imine resulted in a modest immune response (46). These findings 

point toward an important role for 5-OH-DF in the activation of the immune system, most-

likely after the formation of protein adducts. In our work, bioactivation of 5-OH-DF in the 

presence of hGST P1-1 resulted in different protein adducts, corresponding to mass increments 

of 289.0, 309.0, and 339.0 Da. This demonstrates that protein modification by the p-

benzoquinone imine of 5-OH-DF may give rise to multiple haptenic structures within a single 

protein.  
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Unanticipated adducts to hGST P1-1 with a mass increment of 259.0 Da were observed 

following the bioactivation of DF by CYP102A1M11H (Figure 6). To rule out the possibility 

that the observed protein adducts are artifacts from bioactivation by the P450 BM3 mutant, the 

formation of GSH conjugates of DF with a mass shift of +259.0 Da (m/z 567.1) was confirmed 

in incubations with CYP3A4 and 2C9 in the presence of GST (Figure 7). Previously, Wen and 

co-workers identified a GSH conjugate of DF with m/z value of 567.1 in incubations of human 

liver microsomes. However, the authors did not discuss the possibility that this conjugate may 

result from an as yet uncharacterized RM of DF (47). Various indications as to the possible 

structure of this new intermediate were obtained in our study. First, a clear monochlorine 

isotope pattern was observed for the parent ions of peptide 14-18 and for GSH adducts with a 

mass shift of +259.0 Da. Therefore, this mass shift corresponds to the addition of DF and loss 

of chlorine. The fact that no oxygen-atom is incorporated in the DF-moiety rules out the 

involvement of the p-benzoquinone imines and arene oxides of DF as the reactive intermediate 

responsible for the mass shift of +259.0 Da. Figure 9 shows three possibilities for reactive 

intermediates which might explain the chlorine substitution of DF by reactive protein thiols or 

GSH/glutathione transferase.  

 

Figure 9: Proposed structures of reactive intermediates of diclofenac which might explain 

P450-dependent chlorine substitution of DF by reactive protein thiols and GSH/glutathione 

transferase. 
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In all three cases, the chlorine atoms of DF will be activated by the electron-withdrawing 

ortho-nitrogen-atom formed by dehydrogenation (forming electrophilic o-imine methide), N-

oxygenation, or one-electron oxidation. Similar to the well-known substitution reaction of 1-

chloro-2,4-dinitrobenzene and GSH, an activated chlorine atom of DF might undergo 

nucleophilic aromatic substitution, followed by reduction by GSH or NADPH. Which of these 

reactive intermediates might be involved in the formation of adducts with a mass shift +259 is 

currently the subject of further investigations. Preliminary studies showed that small amounts 

of the corresponding GSH conjugate with a mass shift +259.0 Da were found in incubations of 

DF with commercially available human flavin-containing monooxygenases (data not shown), 

pointing to N-oxygenation of DF as an alternative bioactivation mechanism. 

Irrespective of the nature of the reactive intermediate responsible for modifications with a mass 

shift of +259.0 Da, the electrophile only conjugates to GSH in the presence of GST P1-1 

(Figure 7). Interestingly, DF-adducts with a mass increase of 259.0 Da were also observed to 

cys-14 and cys-47 of hGST P1-1 (Figure 6). This finding suggests that these cysteine residues 

in hGST P1-1 are more reactive than cysteine in GSH. The ability of a reactive compound to 

modify hGST P1-1 in the absence of detectable GSH conjugation was previously recognized 

for p-phenylenediamine (39). Bioactivation with human liver microsomes in the presence of 

GSH is the standard procedure to assess the propensity of a compound to form reactive 

intermediates. However, results from the present work suggest that GSH conjugation studies 

should also be performed in the presence of GST to maximize adduct detection and to simulate 

the modification of highly reactive cysteines in proteins.  

 

In conclusion, we have studied the modification of hGST P1-1 by reactive intermediates of DF 

formed after bioactivation with CYP102A1M11H. Using mass spectrometry, we confirmed the 

protein-reactivity of the p-benzoquinone imine of 5-OH-DF (+309.0 Da) and demonstrated that 

DF o-imine methide (+249.0 Da) can also covalently modify proteins. Three different protein 

adducts (+289.0, +309.0, and +339.0 Da) resulting from the bioactivation of 5-OH-DF were 

observed, whereas no adducts were found by bioactivation of 4’-OH-DF. Therefore, DF 

cytotoxicity might be related to DF or 5-OH-DF-dependent covalent protein binding. Our 

results also indicate that the p-benzoquinone imine of 5-OH-DF can form multiple adducts to 

the same protein, which may provide a rationale for the strong immune activation observed 

with 5-OH-DF (46). However, it should be noticed that all adducts observed in this study were 
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from the modification of a single target protein in vitro; the profile of mass shifts of DF might 

be different in other target proteins in vivo, depending on the reactivity of their cysteine 

residues. By unbiased screening, a previously uncharacterized reactive intermediate was found 

to adduct to hGST P1-1, whereas GSH conjugation was only observed in the presence of GST. 

Current studies are in progress to investigate the identity of this reactive intermediate. 
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Figure S1: Fragmentation spectra of peptide 14-18 with mass increment of 289.0 Da (panel A) 

and 309.0 Da (panel B). 
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Figure S2: LC-MS/MS analysis of GST P1-1 adducts with mass shift of +339.0 Da. Panel A: 

ion traces of peptide 45-54 with mass increase of 339.0 Da (2+, m/z 709.77). Incubations of 

DF (1), 5-OH-DF (2), 4’-OH-DF (3), DF + 5mM GSH (4) and DF + 5 mM ascorbic acid (5) 

are shown. Panel B: MS/MS analysis of the doubly charged peptide 45-54 adduct of m/z 

709.77 from the 5-OH-DF sample. 
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