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ABSTRACT

Diclofenac is a widely used drug that can cause serious hepatotoxicity, which has been linked to
metabolism by cytochrome P450s (P450). To investigate the role of oxidative metabolites in diclofenac
toxicity, a model for P450-related toxicity was set up in Saccharomyces cerevisiae. We expressed a drug-
metabolizing mutant of cytochrome P450 BM3 (BM3 M11)in yeast. Importantly, BM3 M11 yielded similar
oxidative metabolite profiles of diclofenac as human P450s. It was found that yeast strains expressing
BM3 M11 grew significantly slower when exposed to diclofenac than strains without BM3 M11. Fur-
thermore, the amount of reactive oxygen species (ROS) after incubation with diclofenac was higher in
strains expressing BM3 M11 than in strains without this enzyme, confirming that P450 activity increases
diclofenac toxicity. Interestingly, 4'- and 5-hydroxydiclofenac had no effect on cell growth or ROS forma-
tion in cells expressing BM3 M11, although hydroxydiclofenac-derived quinone imines were identified in
these strains by detection of their glutathione conjugates. This suggests that 4’- and 5-hydroxydiclofenac,
as well as their quinone imines, are not involved in toxicity in yeast. Rather, the P450-related toxicity
of diclofenac is caused by primary metabolites such as arene oxides resulting in hydroxydiclofenac or

radical species formed during decarboxylation.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Diclofenac, a nonsteroidal anti-inflammatory drug (NSAID), can
cause severe liver toxicity (Laine et al., 2009) for which the exact
mechanisms remain unclear. In the human liver, diclofenac is
mainly metabolized by glucuronosyl-transferase UGT2B7 to its
acyl glucuronide and by cytochrome P450 2C9 to the metabo-
lite 4’-hydroxydiclofenac (King et al, 2001; Leemann et al.,
1993). Minor metabolites are formed as well, such as CYP3A4-
mediated 5-hydroxydiclofenac and other mono- or dihydroxylated,
methoxylated or decarboxylated metabolites and conjugates
thereof (Blum et al., 1996; Grillo et al., 2008; Yan et al., 2005).
In hepatocellular cells, the cytochrome P450 (P450) inhibitors sul-
faphenazole and ketoconazole can decrease LDH release and the
formation of reactive oxygen species (ROS) caused by diclofenac
exposure (Bortetal., 1999; Kretz-Rommel and Boelsterli, 1993; Lim
et al., 2006). Although P450 inhibitors clearly decrease diclofenac
toxicity, the role of individual diclofenac metabolites and inter-
mediates in the toxicity of diclofenac is still unclear. Both 4’- and

Abbreviations: GSH, glutathione; HLM, human liver microsomes; NSAID, non-
steroidal anti-inflammatory drug; P450, cytochrome P450; ROS, reactive oxygen
species.
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5-hydroxy-derivatives can form, in part spontaneously, reactive
quinone imine intermediates (Shen et al., 1999; Tang et al., 1999a)
that are suggested to cause the toxicity of diclofenac (Miyamoto
et al.,, 1997; Poon et al., 2001; Shen et al., 1999; Tang et al., 1999b).
Furthermore, arene oxides may be involved in the P450-dependent
generation of 4'- and 5-hydroxydiclofenac (Masubuchi et al., 2002;
Yan et al., 2005), leading to toxicity.

Currently, hepatocytes are the standard model for investigating
drug metabolism and toxicity (Gomez-Lechon et al., 2007). How-
ever, the use of primary hepatocytes has some drawbacks, such
as high variation in P450 activities in hepatocytes from differ-
ent donors and declining P450 expression and de-differentiation
during culture (LeCluyse, 2001). P450 inhibitors are often used
to differentiate between the toxic effects of drugs and their
metabolites. However, these inhibitors can also influence other
cellular processes and thereby affect toxicity. For example, CYP3A4-
inhibitor ketoconazole that is often used in diclofenac toxicity
studies inhibits both glucuronosyl-transferase UGT2B7 (Raungrut
etal.,, 2010; Takeda et al.,2006) and transporter ABCB1/P-gp (Wang
et al., 2002).

The yeast Saccharomyces cerevisiae is an excellent alternative
model organism in pharmacological research (Menacho-Marquez
and Murguia, 2007). Advantages of yeast over mammalian cell
systems are its easy manipulation, cost-effectiveness, and rapid
growth. Because wild type yeast strains lack drug-metabolizing
cytochrome P450s and glucuronosyl-transferases, many biotrans-
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Table 1

Metabolism of diclofenac and 4'- and 5-hydroxydiclofenac by BM3 M11 in vitro or in vivo in yeast. Metabolites were analyzed by HPLC with UV detection at 254 nm and by

LC-MS. Presence (+) or absence (—) of the metabolite is indicated. N.d. = not detected.

Metabolites M11 in vitro M11 in vivo (yeast)

Structure mfz D 4'-OH-D 5-OH-D D 4'-OH-D 5-OH-D
4'-OH-D +0 312.0° + + - + + -
5-OH-D +0 312.0° + - + n.d. - +
DG-1 +0 +SG-H 617.12 + - + n.d. - +
DG-2a +0 +SG-H 617.12 + + - n.d. + -
DG-2b +0 +SG-H 617.1° + - + n.d. - +
DG-3 +0 +SG -Cl 583.12 + + - n.d. + -
DG-5 +0 +2SG-2H 461.6° + - + n.d. - +
DG-7 +0 +2SG -Cl-H 444.6° + + n.d. +
DG-8 +0 +2SG -2C1 427.6° + + - n.d. + -
DG-9 +0 +3SG -2Cl-H 387.1¢ + + - n.d. n.d. -
DG-10 +0 +3SG -2Cl-H 387.1¢ + + - n.d. n.d. -
DG-11 -COOH +SG 557.12 + - - n.d. - -

2 Single protonated molecular ion.
b Double protonated molecular ion.
¢ Triple protonoted molecular ion.

formation enzymes have been heterologously expressed in yeast
(Pompon et al., 1997; Renaud et al., 1993). Expression of mam-
malian P450s in yeast has been used to investigate the mutagenic
effects of oxidative metabolites of xenobiotics, as has been
described for N-alkylformamides and aflatoxine B; (Del Carratore
et al., 2000; Guo et al., 2005).

The cytosolic P450 BM3 from Bacillus megaterium is a good
alternative candidate for bioactivation studies. Advantages of BM3
over other P450s are its high activity, solubility, stability and cou-
pled reductase domain (Munro et al., 2002). Furthermore, the M11
mutant of BM3 (R47L/E64G/F811/F87V/E143G/L188Q/E267V) has
a high metabolizing activity towards a broad range of drugs and
drug-like compounds, including diclofenac (Damsten et al., 2008;
Van Vugt-Lussenburg et al., 2007).

In this study, we have examined the toxicity of diclofenac and
its P450-mediated metabolites in S. cerevisiae. For that purpose, a
bioactivation-competent yeast strain expressing cytochrome P450
BM3 M11 has been created. Both control and BM3 M11 express-
ing yeast strains have been used in the detection of P450-related
toxicity of diclofenac and its oxidative metabolites. Furthermore,
by using 4’- or 5-hydroxydiclofenac as substrate, the toxicity of
secondary metabolites was examined.

2. Materials and methods
2.1. Chemicals and stock solutions

Diclofenac was purchased as its sodium salt from Sigma-Aldrich. 4'-
Hydroxydiclofenac was obtained from Cypex Ltd., UK at 97.5% purity. 5-
hydroxydiclofenac was a kind gift from Prof. Kevin Park, University of Liverpool,
UK (Kenny et al., 2004). Diclofenac was dissolved in DMSO or EtOH (100 mM) and
4'- and 5-hydroxydiclofenac were dissolved in EtOH (10 mM). Stock solutions were
stored at —20°C and protected from light. All other chemicals were purchased from
Sigma-Aldrich at the highest purity.

2.2. Strains and plasmids

The haploid S. cerevisiae strain W303 (MATa; ura3-52; trp1 A2; leu2-3,112; his3-
11; ade2-1; can1-100) was used in this research. BM3 M11 was expressed in yeast
using pTL26, a galactose inducible yeast expression vector carrying the HIS3 selec-
tion marker and the CEN6/ARSH4 origin of replication (Lafontaine and Tollervey,
1996). The His-tagged BM3 M11 gene was obtained from the previously described
pT1-M11 (Van Vugt-Lussenburg et al., 2007) and cloned into the pTL26 vector using
standard procedures. The resulting pTL26-M11 and the empty pTL26 were trans-
formed into yeast using the freeze-thaw method (Klebe et al., 1983).

2.3. Growth conditions and diclofenac treatment

Strains were grown on selective minimal media (YNB: 0.67% yeast nitrogen base
without amino acids, 2% glucose, supplemented amino acids and bases without his-
tidine) and switched overnight to minimal media containing galactose to induce

BM3 expression. Overnight cultures were diluted and grown at 30 °C to ODggo ~ 0.2.
At this point, 0-50 wM diclofenac, 4'-hydroxydiclofenac or 5-hydroxydiclofenac was
added. Controls were treated with equal amounts of DMSO or EtOH.

2.4. Western blotting of heterologously expressed BM3 M11

Overnight cultures were centrifuged and protein extracts were made by vortex-
ing using glass beads in lysis buffer (50 mM Tris-HCl pH 7.5, 5mM MgCl,, 150 mM
NaCl, 1 mM DTT, 0.1% Triton X-100, 2 mM PMSF). Protein concentrations were deter-
mined using the Advanced Protein Assay (Sigma-Aldrich). 25 j.g protein was loaded
on a SDS-PAGE gel. After transfer to nitrocellulose, membranes were blocked using
5% milk powder in TBST (10 mM Tris-HCl pH 8.0, 15 mM Nacl, 0.05% Tween 20).
Membranes were subsequently incubated for 3 h with an anti-His mouse antibody
(1:5000 in TBST, QIAGEN). Unbound antibody was removed by washing 3 x 10 min
with TBST. Finally, the membranes were incubated for 1.5h with anti-mouse IgG
HRP linked (1:5000, Cell Signaling Technology) and washed 3 times. The His-tagged
proteins were visualized using an ECL detection system (Pierce, USA).

2.5. Invitro incubations using purified BM3 M11 and HPLC conditions

The purification of BM3 M11, the in vitro incubations, and the HPLC analysis of
stable and glutathione (GSH)-conjugated metabolites were performed as described
previously (Damsten et al., 2008). For the separation of 4'- and 5-hydroxydiclofenac
a C18 column (Luna 5 pm, 4.6 mm x 150 mm, Phenomenex) was used at isocratic
conditions using 40% acetonitrile, 0.2% formic acid for 60 min at 0.5 mL/min and UV
detection at 254 nm.

2.6. Detection of in vivo generated metabolites in yeast

Diclofenac treated cultures were centrifuged and cellular lysates were made in
KPi buffer (100 mM potassium phosphate, pH 7.4) using glass beads. Proteins were
precipitated by adding an equal volume of ice-cold MeOH and incubating 10 min
on ice. Precipitate was removed by centrifugation (10 min, 14,000 rpm) and the
supernatant was analyzed by HPLC.

2.7. ROS assay

Exponentially growing cultures with ODgy ~ 0.2 were treated with 0-50 uM
diclofenac, 4'-hydroxydiclofenac or 5-hydroxydiclofenac and 10 M of the
fluorescent, ROS-sensitive 2’,7'-dichlorodihydrofluorescein diacetate (Alexis Bio-
chemicals). After 3h at 30°C the cultures were centrifuged and cell pellets were
washed and resuspended in water. Fluorescence (Aex =485nm, Aem =535 nm) was
measured and corrected for the cell density in the samples.

2.8. Statistical analysis
To compare growth or ROS formation in control and BM3 M11-expressing
strains, the two-sided Student’s t-test for unpaired samples was used. P values less

than 0.01 were considered statistically significant. When applicable, P values were
corrected for multiple comparisons.

3. Results and discussion

In this research, we have expressed cytochrome P450 BM3 M11
in yeast to investigate the P450-related toxicity of diclofenac.
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3.1. Cytochrome P450 BM3 M11 as model enzyme for oxidative
diclofenac metabolism

First, the utility of cytochrome P450 BM3 M11 as model P450
for diclofenac metabolism was evaluated. Cytosolic BM3 M11
combines the advantages of a bacterial P450, such as good solu-
bility and high catalytic activity, with drug-metabolizing properties
(Damsten et al., 2008). His-tagged BM3 M11 was expressed in E. coli
using a bacterial expression vector and subsequently purified. The
purified enzyme was incubated with diclofenac in the presence
of NADPH. By measuring GSH conjugates, we investigated elec-
trophilic reactive metabolites formed from diclofenac.

Damsten et al. (2008) showed that diclofenac was mainly
metabolized by BM3 M11 into hydroxydiclofenac and sev-
eral hydroxydiclofenac GSH-conjugates (DG-1, DG-2a, DG-2b,
DG-3, DG-5, DG-7, DG-8, DG-9, DG-10; see Fig. 7 for the bio-
transformation scheme). Here, we confirmed these results and
identified an additional diclofenac metabolite (Table 1, Fig. 1(A)),
namely the GSH-conjugate of the oxidative decarboxylated
diclofenac metabolite (2-(2,6-dichloro-phenyl-amino)benzyl-S-
thioether glutathione; DG-11). Furthermore, using a different HPLC
gradient, we observed that the hydroxydiclofenac peak consisted
for ~90% of 4’-hydroxydiclofenac (4'-OH-D) and for ~10% of 5-
hydroxydiclofenac (5-OH-D, data not shown). Also in human liver
microsome (HLM) incubations, 4’-hydroxydiclofenac is the major
metabolite (Shen et al., 1999).

Additionally, we used synthetic 4’- and 5-hydroxydiclofenac
as substrates in in vitro incubations with purified BM3 M11 to
differentiate between 4’- or 5-hydroxydiclofenac-derived GSH-
conjugates. As expected, most of the GSH-conjugates found in
diclofenac incubations were also present in incubations with either
4'- or 5-hydroxydiclofenac (Fig. 1(B) and (C), Table 1). These are
most likely GSH-conjugates of the corresponding quinone imines,
which are reactive metabolites of 4'- and 5-hydroxydiclofenac.
The only exception is DG-11, the GSH-conjugate of the oxida-
tive decarboxylated metabolite of diclofenac, which is only
found in diclofenac incubations and is formed directly from
diclofenac. Moreover, we observed that GSH-conjugates of 5-
hydroxydiclofenac were formed spontaneously, although at lower
levels than when BM3 M11 was present (Fig. 1(C)). This is
caused by autooxidation of 5-hydroxydiclofenac to the corre-
sponding quinone imine (Shen et al., 1999). 4-Hydroxydiclofenac
clearly requires activation by BM3 M11 to form GSH-conjugates
(Fig. 1(B)). Similar results were previously reported for 4’- and 5-
hydroxydiclofenac in HLM incubations (Madsen et al., 2008).

Importantly, the diclofenac metabolite profile of BM3 M11
(Fig. 1, Table 1) is analogous to that generated by HLMs.
In both cases the major metabolite is 4’-hydroxydiclofenac.
5-Hydroxydiclofenac and the GSH-conjugates of 4- and 5-
hydroxydiclofenac (DG-1, DG-2a, DG-2b, DG-3, DG-5, DG-7, DG-8,
DG-9, DG-10) and of the decarboxylated metabolite (DG-11) have
alsobeenidentified in HLM incubations (Damsten et al., 2008; Grillo
et al.,, 2008; Madsen et al., 2008). Damsten et al. (2008) reported a
comparison between the ratios of some of the GSH-conjugates in
BM3 M11 and HLM incubations. Collectively, these results demon-
strate that BM3 M11 generates an oxidative diclofenac metabolite
profile comparable to that of HLMs. Therefore, BM3 M11 is a suit-
able model P450 to study oxidative diclofenac metabolism.

3.2. Expression and activity of cytochrome P450 BM3 M11 in
yeast

By expressing BM3 M11 in yeast, we aimed to establish a
model system for investigating P450-related toxicity. Yeast was
transformed with an episomal vector (pTL26-M11) containing the
C-terminal His-tagged BM3 mutant M11 (Van Vugt-Lussenburg
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Fig. 1. Diclofenac metabolites formed by BM3 M11 in vitro. Shown are HPLC
chromatograms of incubations containing 250 nM BM3 M11 purified from E. coli
with 500 uM diclofenac (A), 500 uM 4'-hydroxydiclofenac (B) or 500 pm 5-
hydroxydiclofenac (C) in the presence of NADPH and glutathione. The black, upper
traces represent full incubations; the dark grey, middle traces incubations includ-
ing glutathione but lacking BM3 M11; and the light grey, lower traces incubations
including BM3 M11 but lacking glutathione. Identification of all metabolites was
confirmed by LC-MS.

etal.,2007)behind a conditional GAL promoter. Switching the yeast
cells from glucose- to galactose-containing medium induced BM3
M11 expression. The presence of BM3 M11 in the strain was deter-
mined by Western blotting (Fig. 2). The blot shows that when the
yeast strain was grown on medium containing galactose, an anti-
body against His-tags bound to a protein with a similar size as
BM3 M11 purified from E. coli (119kDa). No protein was recog-
nized in cells transformed with pTL26-M11 and grown on glucose
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Fig. 2. Western blot of protein extracts of yeast strains transformed with pTL26-
M11. An anti-His antibody was used against the His-tag of M11. Lane 1: purified
BM3 M11 from E. coli; lanes 2 and 3: protein extract (25 pg) of yeast cells trans-
formed with pTL26-M11 grown in medium containing galactose; lanes 4 and 5:
protein extract (25 pg) of yeast cells transformed with pTL26-M11 grown in medium
containing glucose.

containing medium, showing that P450 expression in the strain
is controllable. Also in the control yeast strain transformed with
an empty vector (pTL26), no protein was recognized by the anti-
His antibody (data not shown). The expression level was ~5 pmol
BM3 M11/mg total protein. This corresponds to ~0.1% (w/w) of all
soluble protein, which is comparable to P450 expression levels in
mammalian cells (Aoyama et al., 1990; Ding et al., 1997).
Subsequently, the in vivo activity of the heterologously
expressed BM3 M11 in yeast was examined. The yeast strains
were incubated in medium containing galactose and 0 or 50 puM
diclofenac. Cellular lysates were analyzed by HPLC for the presence
of diclofenac metabolites (Fig. 3). At 27.5min a clear hydroxydi-
clofenac peak is visible in the HPLC chromatogram. In yeast strains
without BM3 M11 or in strains incubated without diclofenac the
hydroxydiclofenac was not detected. The GSH-conjugates were
below detection limits in the cellular lysate of the yeast strain
expressing BM3 M11. Due to the intrinsic toxicity of diclofenac
in yeast, we could only use relatively low diclofenac concen-
trations for the in vivo yeast incubations. Using 200 uM 4'- or
5-hydroxydiclofenac, which are notably not toxic to yeast at these
high concentrations, most of the GSH-conjugates (i.e. DG-1, DG-2a,
DG-2b, DG-3, DG-5, DG-7 and DG-8) were detected by LC-MS in
lysates of BM3 M11 expressing cells (Table 1), demonstrating the
generation of quinone imines in yeast cells expressing BM3 M11.
DG-11, the GSH-adduct of the decarboxylated metabolite, is formed
directly from diclofenac and is therefore not present in incuba-
tions with 4’- or 5-hydroxydiclofenac. The triple-GSH-conjugates
DG-9 and DG-10 were not detectable in the yeast lysates. To evalu-
ate if heterologously expressed BM3 M11 forms these metabolites,
lysates of BM3 M11 expressing yeast cells were incubated with
1 mM diclofenac (for DG-11) or 4’-hydroxydiclofenac (for DG-9

Diclofenac

OH-diclofenac

15 20 35

25
Time (minutes)

Fig. 3. Diclofenac metabolites formed by BM3 M11 in vivo. Shown are HPLC chro-
matograms of cellular lysates of yeast cells expressing BM3 M11 (black, upper trace)
or transformed with an empty vector (grey, lower trace) after in vivo incubation with
50 wM diclofenac in selective medium containing galactose.
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Fig. 4. Growth of yeast strains expressing BM3 M11 (black bars) or without BM3
M11 (white bars) after incubation for 6 h with different concentrations of diclofenac.
The strains were grown in selective media containing galactose. The growth is
expressed as % growth + S.D. compared to untreated cells (100%). *P<0.01 compared
to cells incubated without diclofenac, #P<0.01 compared to cells without BM3 M11.

and DG-10). Indeed, these metabolites could be detected in these
in vitro incubations (data not shown). Since all GSH-conjugates
were detected either inside the yeast cells or in incubations with
yeast lysates, all reactive intermediates of diclofenac are expected
to be generated inside the bioactivation competent yeast cells after
incubation with diclofenac.

3.3. The effect of BM3 M11 expression on diclofenac toxicity in
yeast

To examine the influence of oxidative diclofenac metabolism on
yeast growth, W303 strains with or without expressed BM3 M11
were grown for 6 h with 0-50 wM diclofenac. When grown without
diclofenac, the growth of strains expressing BM3 M11 was com-
parable to that of strains without BM3 M11, showing that BM3
M11 expression in itself is not toxic to yeast. For both strains,
growth without diclofenac was set at 100% and the percentage
growth of diclofenac-treated cultures was calculated (Fig. 4). In the
presence of 50 wM diclofenac, both strains grew significantly more
slowly. This shows that unmetabolized diclofenac is already toxic
in yeast. Notably, the strain expressing BM3 M11 grew significantly
more slowly in the presence of 50 WM diclofenac (57 + 1% growth)
than the control strain transformed with an empty vector (75 + 5%
growth). This clearly shows that P450-dependent metabolism of
diclofenac causes additional toxicity. This P450-dependent growth
difference was also visible at 30 wM diclofenac.

Diclofenac can induce the formation of ROS in both mammalian
cells (Gomez-Lechon et al., 2003; Inoue et al., 2004; Lim et al,,

Lal

10 uM 30 uM 50 uM
Diclofenac (uM)
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Fig. 5. ROS formation in yeast strains expressing BM3 M11 (black bars) or with-
out BM3 M11 (white bars). The strains were incubated for 3 h with 10 wM of the
ROS-sensitive, fluorescent 2’,7'-dichlorodihydrofluorescein diacetate and different
concentrations of diclofenac in selective media containing galactose. The ROS levels
are expressed as RFU + S.D. *P<0.01 compared to cells incubated without diclofenac,
#P<0.01 compared to cells without BM3 M11.
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Fig. 6. Growth and ROS formation of yeast strains expressing BM3 M11 (black bars) or without BM3 M11 (white bars) after incubation with 30 wM 4'- or 5-hydroxydiclofenac.
(A) Growth of the strains after incubation for 6 h with 4'- or 5-hydroxydiclofenac. (B) ROS levels after incubating the strains for 3 h with 4’- or 5-hydroxydiclofenac in
the presence of the ROS marker 2’,7'-dichlorodihydrofluorescein diacetate. The strains were grown in selective media containing galactose. The growth is expressed as
% growth & S.D. compared to untreated cells (100%) and the ROS levels are expressed as RFU 4 S.D. There were no significant differences (P<0.01) between the various

conditions.

2006) and in yeast (van Leeuwen et al., 2010). In mammalian
cells, it has been shown that sulfaphenazole (CYP2C9 inhibitor)
and ketoconazole (CYP3A4 inhibitor) decrease toxic effects caused
by diclofenac exposure, such as LDH release (Bort et al., 1999;
Kretz-Rommel and Boelsterli, 1993) and ROS formation (Lim et al.,
2006). To investigate if ROS levels were changed by the oxida-
tive metabolism of diclofenac in the yeast system, we incubated
the strain transformed with an empty vector and the BM3 M11
expressing strain with diclofenac and with the ROS-sensitive 2/,7’-
dichlorodihydrofluorescein diacetate. In the absence of diclofenac,
ROS levels in both strains were comparable (Fig. 5). When incu-
bated with 30 or 50 wM diclofenac, the ROS levels were increased
in both strains, but were significantly higher in the BM3 M11 strain
than in the control strain. This shows that the increase in diclofenac
toxicity observed in BM3 M11 expressing strains is accompa-
nied by increased ROS formation. Similar results were obtained
in another yeast strain, BY4741 (data not shown). Overall, these
results demonstrate the direct involvement of cytochrome P450
activity in the cellular toxicity of diclofenac.

3.4. 4'- and 5-hydroxydiclofenac metabolism is not toxic in yeast
and does not increase ROS formation

The quinone imines formed from 4’- and 5-hydroxydiclofenac
(Fig.7)are considered to be responsible for the toxicity of diclofenac
(Miyamoto et al., 1997; Poon et al., 2001; Shen et al., 1999; Tang
et al, 1999b). To investigate if the quinone imines could be related
to the P450-dependent toxicity of diclofenac in our yeast model, we
tested the effect of 4'- and 5-hydroxydiclofenac on growth and ROS
levels of yeast cells with or without BM3 M11. Interestingly, when
either 4’- or 5-hydroxydiclofenac was added to the yeast strains
at concentrations ranging between 0.3 and 50 WM, no negative
growth effect could be observed (Fig. 6(A), data shown for 30 uM),
neither in control strains without BM3 M11, nor in strains express-
ing BM3 M11. Notably, 4'- and 5-hydroxydiclofenac (30 uM) did
not induce ROS formation in control or M11 expressing strains
(Fig. 6(B)) although GSH-conjugates were generated inside the cells
(Section 3.2). Similar results were obtained in another yeast back-
ground (BY4741) or with 4'- and 5-hydroxydiclofenac obtained
from another source (Toronto Research Chemicals, Canada; data
not shown).

In principle, the lack of toxicity of 4’- and 5-hydroxydiclofenac
could be a result of limited uptake by the cells. Using HPLC and
LC-MS the uptake of both hydroxylated metabolites was checked
(Table 2). When treated with 30 WM 4'- or 5-hydroxydiclofenac for
3 h, their intracellular concentration was much higher than the
hydroxydiclofenac concentration found in BM3 M11 expressing
strains incubated 3 h with 30 wM diclofenac, at which a P450-
dependent decrease in growth and increase in ROS was detected.

Collectively these results indicate that 4'- and 5-
hydroxydiclofenac and their quinone imines, reflected by the
marker GSH-conjugates DG1-10, are not involved in diclofenac
toxicity in yeast. Interestingly, toxic effects such as uncoupling
of oxidative phosphorylation, ATP depletion and inactivation of
CYP3A4 are also mainly observed with diclofenac and not with
isolated diclofenac metabolites (Bort et al., 1999; Masubuchi
et al,, 2000, 2002). On the other hand, 5-hydroxydiclofenac can
bind to cellular protein in HLM incubations in the absence of
GSH (Shen et al., 1999). Although the toxicological relevance of
protein adducts in isolated cells such as yeast or hepatocytes may
be limited (Kretz-Rommel and Boelsterli, 1993), in vivo protein
adducts might result in an immunological response leading to
toxicity (Naisbitt et al., 2007).

As hydroxydiclofenac is not toxic in bioactivation-competent
yeast, the observed toxicity and ROS production is likely coupled
to another P450-mediated diclofenac metabolite or reactive inter-
mediate. Interestingly, the GSH-conjugate of the decarboxylated
metabolite (DG-11)was the only metabolite we could detectin BM3
M11 incubations with diclofenac that was not formed in incuba-
tions with 4’- or 5-hydroxydiclofenac. Grillo et al. (2008) identified
DG-11 previously in incubations with HLMs. Interestingly, also for
the other NSAIDs ketoprofen and indomethacin oxidative decar-
boxylated metabolites have been identified (Komuro et al., 1995).
Both ketoprofen and indomethacin caused a P450-dependent
increase in ROS formation and toxicity in our yeast model system
while other drugs like paracetamol and clozapine did not (data not
shown). During oxidative decarboxylation of indomethacin, a car-
bon radical is formed (Komuro et al., 1995), which is also suggested
to be formed in the oxidative decarboxylation of diclofenac (Grillo
et al., 2008; Fig. 7). Since free radicals are toxic species, the for-
mation of this decarboxylated metabolite might be responsible for
the P450-dependent toxicity of diclofenac. Another possible expla-
nation is that intermediate arene oxides that are involved in the
formation of 4’- and 5-hydroxydiclofenac play a role in toxicity
(Blum et al., 1996; Masubuchi et al., 2002; Fig. 7). Consistent with
this hypothesis, the 2’-hydroxy-3’-GSH-monoclofenac metabolite,

Table 2

Concentration of diclofenac or hydroxydiclofenac in yeast cells expressing BM3
M11. The cells were incubated for 3h with 30 uM (hydroxy)diclofenac. Cellu-
lar lysates were analyzed by HPLC and LC-MS. Numbers indicate the amount of
(hydroxy)diclofenac in pmol/ug protein.

Concentration in lysate (pmol/ug)

Diclofenac OH-diclofenac
30 M diclofenac 179 £5 0.3 +0.2
30 wM 4'-OH-diclofenac - 15+2
30 M 5-OH-diclofenac - 9+3
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identified in HLM incubations by Yan et al. (2005), is considered to
result from the diclofenac 2’,3’-arene oxide.

3.5. Conclusion

A crucial topic in examining the toxicity of drugs is distinguish-
ing between the toxicity of the parent drug and its metabolites.
Here, we created yeast strains with inducible expression of the
cytosolic, stable and highly active P450 BM3 M11 and isogenic
strains transformed with an empty vector as tool to study the P450-

dependent toxicity of diclofenac. Advantages of this yeast model
over mammalian cellular systems are the controlled P450 expres-
sion levels, a defined eukaryotic background and the redundancy
of P450 inhibitors. Both stable and GSH-conjugated metabolites of
diclofenac were identified inside the BM3 M11 expressing yeast
cells. We showed a significantly slower growth and higher ROS
levels for strains expressing BM3 M11 when exposed to diclofenac
compared to control strains without BM3. The metabolites 4’- and
5-hydroxydiclofenac had no effect on the cell growth and ROS
formation in strains with or without BM3, showing that these
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metabolites and their reactive quinone imines or other secondary
metabolites are not responsible for P450-mediated diclofenac tox-
icity in yeast. Alternatively, either reactive arene oxides in the
formation of hydroxydiclofenac or radical species in the formation
of DG-11 might be responsible for the observed toxicity. Further
research is needed to identify which of these two routes causes the
toxicity, possibly by using BM3 mutants with an altered metabolite
profile. Furthermore, yeast genetics can now be used to determine
which genes are involved in the toxicity of diclofenac metabolism.

Conflict of interest statement
The authors declare that there are no conflicts of interest.
Acknowledgments

We thank Prof. Dr. Kevin Park for the 5-hydroxydiclofenac and
Jan Commandeur for useful discussions.

References

Aoyama, T., Yamano, S., Guzelian, P.S., Gelboin, H.V., Gonzalez, F.J., 1990. 5 of 12
forms of vaccinia virus-expressed human hepatic cytochrome-P450 metaboli-
cally activate aflatoxin-B1. Proc. Natl. Acad. Sci. U.S.A. 87, 4790-4793.

Blum, W., Faigle, ].W., Pfaar, U., Sallmann, A., 1996. Characterization of a novel
diclofenac metabolite in human urine by capillary gas chromatography-negative
chemical ionization mass spectrometry. J. Chromatogr. B: Biomed. Appl. 685,
251-263.

Bort, R., Ponsoda, X., Jover, R., Gomez-Lechon, M.J., Castell, J.V., 1999. Diclofenac
toxicity to hepatocytes: a role for drug metabolism in cell toxicity. J. Pharmacol.
Exp. Ther. 288, 65-72.

Damsten, M.C., van Vugt-Lussenburg, B.M., Zeldenthuis, T., de Vlieger, ].S., Comman-
deur, J.N., Vermeulen, N.P., 2008. Application of drug metabolising mutants of
cytochrome P450 BM3 (CYP102A1) as biocatalysts for the generation of reactive
metabolites. Chem. Biol. Interact. 171, 96-107.

Del Carratore, M.R., Mezzatesta, C., Hidestrand, M., Neve, P., Amato, G., Gervasi, P.G.,
2000. Cloning and expression of rat CYP2E1 in Saccharomyces cerevisiae: detec-
tion of genotoxicity of N-alkylformamides. Environ. Mol. Mutagen. 36, 97-104.

Ding, S.H., Yao, D.G., Burchell, B., Wolf, C.R., Friedberg, T., 1997. High levels of
recombinant CYP3A4 expression in Chinese hamster ovary cells are modu-
lated by coexpressed human P450 reductase and hemin supplementation. Arch.
Biochem. Biophys. 348, 403-410.

Gomez-Lechon, M ], Ponsoda, X., O’Connor, E., Donato, T., Castell, J.V., Jover, R., 2003.
Diclofenacinduces apoptosis in hepatocytes by alteration of mitochondrial func-
tion and generation of ROS. Biochem. Pharmacol. 66, 2155-2167.

Gomez-Lechon, M., Castell, J.V., Donato, M.T., 2007. Hepatocytes—the choice to
investigate drug metabolism and toxicity in man: in vitro variability as a reflec-
tion of in vivo. Chem. Biol. Interact. 168, 30-50.

Grillo, M.P., Ma, J., Teffera, Y., Waldon, D.J., 2008. A novel bioactivation pathway for
diclofenac initiated by P450 mediated oxidative decarboxylation. Drug Metab.
Dispos. 36, 1740-1744.

Guo, Y., Breeden, L.L.,, Zarbl, H., Preston, B.D., Eaton, D.L., 2005. Expression of a human
cytochrome P450 in yeast permits analysis of pathways for response to and
repair of aflatoxin-induced DNA damage. Mol. Cell Biol. 25, 5823-5833.

Inoue, A., Muranaka, S., Fujita, H., Kanno, T., Tamai, H., Utsumi, K., 2004. Molecular
mechanism of diclofenac-induced apoptosis of promyelocytic leukemia: depen-
dency on reactive oxygen species, Akt, Bid, cytochrome and caspase pathway.
Free Radic. Biol. Med. 37, 1290-1299.

Kenny, J.R., Maggs, J.L., Meng, X., Sinnott, D., Clarke, S.E., Park, B.K., Stachulski,
A.V., 2004. Syntheses and characterization of the acyl glucuronide and hydroxy
metabolites of diclofenac. J. Med. Chem. 47, 2816-2825.

King, C.,, Tang, W., Ngui, ], Tephly, T., Braun, M., 2001. Characterization of rat and
human UDP-glucuronosyltransferases responsible for the in vitro glucuronida-
tion of diclofenac. Toxicol. Sci. 61, 49-53.

Klebe, RJ., Harriss, J.V., Sharp, Z.D., Douglas, M.G., 1983. A general method for
polyethylene-glycol-induced genetic transformation of bacteria and yeast. Gene
25,333-341.

Komuro, M., Higuchi, T., Hirobe, M., 1995. Application of chemical cytochrome-
P-450 model systems to studies on drug-metabolism. 8. Novel metabolism of
carboxylic-acids via oxidative decarboxylation. Bioorg. Med. Chem. 3, 55-65.

Kretz-Rommel, A., Boelsterli, U.A., 1993. Diclofenac covalent protein-binding is
dependent on acyl glucuronide formation and is inversely related to P450-
mediated acute cell injury in cultured rat hepatocytes. Toxicol. Appl. Pharmacol.
120, 155-161.

Lafontaine, D., Tollervey, D., 1996. One-step PCR mediated strategy for the construc-
tion of conditionally expressed and epitope tagged yeast proteins. Nucleic Acids
Res. 24, 3469-3471.

Laine, L., Goldkind, L., Curtis, S.P., Connors, L.G., Yanqgiong, Z., Cannon, C.P., 2009.
How common is diclofenac-associated liver injury? Analysis of 17,289 arthri-
tis patients in a long-term prospective clinical trial. Am. ]. Gastroenterol. 104,
356-362.

LeCluyse, E.L., 2001. Human hepatocyte culture systems for the in vitro evaluation
of cytochrome P450 expression and regulation. Eur. J. Pharm. Sci. 13, 343-368.

Leemann, T., Transon, C., Dayer, P., 1993. Cytochrome P450TB (CYP2C): a major
monooxygenase catalyzing diclofenac 4'-hydroxylation in human liver. Life Sci.
52,29-34.

Lim, M.S,, Lim, P.L, Gupta, R, Boelsterli, U.A., 2006. Critical role of free cytoso-
lic calcium, but not uncoupling, in mitochondrial permeability transition and
cell death induced by diclofenac oxidative metabolites in immortalized human
hepatocytes. Toxicol. Appl. Pharmacol. 217, 322-331.

Madsen, K.G., Skonberg, C., Jurva, U., Cornett, C., Hansen, S.H., Johansen, T.N., Olsen,
J., 2008. Bioactivation of diclofenac in vitro and in vivo: correlation to electro-
chemical studies. Chem. Res. Toxicol. 21, 1107-1119.

Masubuchi, Y., Yamada, S., Horie, T., 2000. Possible mechanism of hepatocyte
injury induced by diphenylamine and its structurally related nonsteroidal anti-
inflammatory drugs. J. Pharmacol. Exp. Ther. 292, 982-987.

Masubuchi, Y., Ose, A., Horie, T., 2002. Diclofenac-induced inactivation of CYP3A4
and its stimulation by quinidine. Drug Metab. Dispos. 30, 1143-1148.

Menacho-Marquez, M., Murguia, J.R., 2007. Yeast on drugs: Saccharomyces cerevisiae
as a tool for anticancer drug research. Clin. Transl. Oncol. 9, 221-228.

Miyamoto, G., Zahid, N., Uetrecht, J.P., 1997. Oxidation of diclofenac to reactive inter-
mediates by neutrophils, myeloperoxidase, and hypochlorous acid. Chem. Res.
Toxicol. 10, 414-419.

Munro, A.W., Leys, D.G., McLean, K., Marshall, K.R., Ost, TW., Daff, S., Miles, C.S.,
Chapman, S.K,, Lysek, D.A., Moser, C.C., Page, C.C., Dutton, P.L., 2002. P450 BM3:
the very model of a modern flavocytochrome. Trends Biochem. Sci. 27, 250-257.

Naisbitt, D.J., Sanderson, L.S., Meng, X.L., Stachulski, A.V., Clarke, S.E., Park, B.K., 2007.
Investigation of the immunogenicity of diclofenac and diclofenac metabolites.
Toxicol. Lett. 168, 45-50.

Pompon, D., Gautier, J.C,, Perret, A., Truan, G., Urban, P., 1997. Simulation of human
xenobiotic metabolism in microorganisms - yeast a good compromise between
E. coli and human cells. ]. Hepatol. 26, 81-85.

Poon, G.K,, Chen, Q., Teffera, Y., Ngui, ].S., Griffin, P.R., Braun, M.P., Doss, G.A., Free-
den, C, Stearns, R.A., Evans, D.C.,, Baillie, T.A., Tang, W., 2001. Bioactivation
of diclofenac via benzoquinone imine intermediates - identification of uri-
nary mercapturic acid derivatives in rats and humans. Drug Metab. Dispos. 29,
1608-1613.

Raungrut, P., Uchaipichat, V., Elliot, D.J., Janchawee, B., Somogyi, A.A., Miners, J.0.,
2010. In vitro-in vivo extrapolation predicts drug-drug interactions arising
from inhibition of codeine glucuronidation by dextropropoxyphene, flucona-
zole, ketoconazole, and methadone in humans. J. Pharmacol. Exp. Ther. 334,
609-618.

Renaud, J.P., Peyronneau, M.a., Urban, P., Truan, G., Cullin, C., Pompon, D., Beaune, P.,
Mansuy, D., 1993. Recombinant yeast in drug metabolism. Toxicology 82, 39-52.

Shen, S.J., Marchick, M.R,, Davis, M.R., Doss, G.A., Pohl, L.R., 1999. Metabolic activa-
tion of diclofenac by human cytochrome P450 3A4: role of 5-hydroxydiclofenac.
Chem. Res. Toxicol. 12, 214-222.

Takeda, S., Kitajima, Y., Ishii, Y., Nishimura, Y., Mackenzie, P.I., Oguri, K., Yamada,
H., 2006. Inhibition of UDP-glucuronosyltransferase 2b7-catalyzed morphine
glucuronidation by ketoconazole: dual mechanisms involving a novel noncom-
petitive mode. Drug Metab. Dispos. 34, 1277-1282.

Tang, W., Stearns, R.A., Wang, RW,, Chiu, S.H., Baillie, T.A., 1999a. Roles of human
hepatic cytochrome P450s 2C9 and 3A4 in the metabolic activation of diclofenac.
Chem. Res. Toxicol. 12, 192-199.

Tang, W., Stearns, R.A., Bandiera, S.M., Zhang, Y., Raab, C., Braun, M.P., Dean, D.C,,
Pang, J.M., Leung, K.H., Doss, G.A., Strauss, J.R., Kwei, G.Y., Rushmore, T.H., Chiu,
S.H.L, Baillie, T.A., 1999b. Studies on cytochrome P450-mediated bioactivation
of diclofenac in rats and in human hepatocytes: Identification of glutathione
conjugated metabolites. Drug Metab. Dispos. 27, 365-372.

van Leeuwen, J.S., Orij, R., Luttik, M.A., Smits, G,J., Vermeulen, N.P., Vos, ].C., 2010.
Subunits Rip1p and Cox9p of the respiratory chain contribute to diclofenac-
induced mitochondrial dysfunction. Microbiology, in press.

Van Vugt-Lussenburg, B.M., Stjernschantz, E., Lastdrager, J., Oostenbrink, C., Ver-
meulen, N.P., Commandeur, J.N., 2007. Identification of critical residues in novel
drug metabolizing mutants of cytochrome P450 BM3 using random mutagene-
sis. . Med. Chem. 50, 455-461.

Wang, EJ., Lew, K., Casciano, C.N., Clement, R.P., Johnson, W.W., 2002. Interaction of
common azole antifungals with P glycoprotein. Antimicrob. Agents Chemother.
46, 160-165.

Yan, Z,, Li,J., Huebert, N., Caldwell, G.W., Du, Y., Zhong, H., 2005. Detection of a novel
reactive metabolite of diclofenac: evidence for CYP2C9-mediated bioactivation
via arene oxides. Drug Metab. Dispos. 33, 706-713.



