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Sulfenic acid reactive intermediates are formed during the oxidation of cysteine residues of proteins and
play key roles in enzyme catalysis, redox homeostasis and regulation of cell signalling. However few data
are presently available on the formation and fate of sulfenic acids as reactive intermediates during the
metabolism of xenobiotics. This article is a review of the xenobiotic metabolism situations in which
the intermediate formation of a sulfenic acid has been reported. Formation of these intermediates has
been either proposed on the basis of the isolation of products possibly deriving from sulfenic acids or
shown after trapping of the sulfenic acid by specific nucleophiles. This review indicates the different
mechanisms by which a sulphur-containing xenobiotic can be metabolized with the intermediate forma-
tion of a sulfenic acid. It also indicates the different possible fates of these sulfenic acids that have been
reported in the literature. Finally, it discusses the possible implications of the formation of xenobiotic-
derived sulfenic acid reactive metabolites in pharmacology and toxicology.

� 2010 Elsevier Inc. All rights reserved.
Introduction atom of sulfenic acids with formation of stable adducts involving
Sulfenic acid reactive intermediates are formed during the
oxidation of cysteine residues of proteins [1–6]. This oxidation of
cysteines can be reversed through the action of specific enzymes
such as thioredoxins. Thus, oxidation of specific protein cysteine
residues may operate like a switch through the activation or
deactivation of their cellular functions [5,6]. Some of those proteins
are involved in signal transduction and many data suggest that sul-
fenic acids play key roles in enzyme catalysis, redox homeostasis
and regulation of cell signalling [5,6].

Sulfenic acids often undergo further oxidations to more stable
oxidized metabolites such as sulfinic and sulfonic acids (Eq. (1)).
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Cysteine sulfenic acids are highly reactive intermediates that
could not be observed as such in most cases. However, in rare
cases, they can be isolated and stabilized within particular protein
micro-environments, and have been observed by X-ray crystallog-
raphy and NMR spectroscopy [5]. In most cases, the formation of
protein cysteine sulfenic acids has been shown through the detec-
tion of their stable adducts with specific nucleophiles. The most
widely used trapping agent for sulfenic acids is dimedone, a
C-nucleophile that rapidly reacts with the electrophilic sulphur
ll rights reserved.

ansuy).
s.fr (D. Mansuy), patrick.

.M. Dansette, Arch. Biochem. B
a C–S bond (Fig. 1) [7,8]. Another trapping agent often employed
for the detection of protein sulfenic acids is 4-chloro-7-nitro-
benzo-2-oxa-1,3-diazole (NBD-Cl)1 (Fig. 2) [5,9].

Few data are presently available on the formation and fate of
sulfenic acid reactive intermediates during the metabolism of
xenobiotics [10–12]. As reactive electrophilic species they can
covalently bind to cell nucleophiles such as proteins and be in-
volved in pharmacological or toxicological effects of the parent
xenobiotic. This article is a review of the situations in which the
intermediate formation of a sulfenic acid has been either proposed
or shown in the metabolism of xenobiotics. It indicates the differ-
ent mechanisms by which a sulphur-containing xenobiotic can be
metabolized with the intermediate formation of a sulfenic acid. It
also indicates the different possible fates of these sulfenic acids
that have been reported in the literature. Finally, it discusses the
possible implications of the formation of xenobiotic-derived sulfe-
nic acid reactive metabolites in pharmacology and toxicology.
Different ways of formation of sulfenic acid reactive
Intermediates during xenobiotic metabolism

Formation of sulfenic acids by oxidation of a thiol function

Thiols, RSH, are good substrates of cytochrome P450- and
flavin-dependent monooxygenases [10,13]. Thiols exhibiting a
marked nucleophilic character of their S-atom are generally good
substrates of flavin-dependent monooxygenases, whereas the less
1 Abbreviations used: NBD-Cl, 4-chloro-7-nitrobenzo-2-oxa-1,3-diazole; GSH, glu-
tathione; Ticlid, Ticlopidine; TZD, thiazolidinedione; CYP102, cytochrome P450 BM3.
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Fig. 1. Trapping of sulfenic acids with dimedone.
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Fig. 2. Trapping of sulfenic acids by 4-chloro-7-nitrobenzo-2-oxa-1,3-diazole.
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marked the nucleophilic character of the S-atom, the greater the
probability of its oxidation by cytochromes P450 [10]. It is
generally admitted that monooxygenase-catalyzed oxidation of
thiols first leads to a sulfenic acid intermediate which can be fur-
ther oxidized to the corresponding sulfinic acid and then to a sul-
fonic acid. However, sulfenic acids are electrophilic intermediates
that rapidly react with the parent thiol RSH or another thiol pres-
ent in the medium, such as glutathione (GSH), with formation of
disulfides RSSR or RSSG [10] (Fig. 3).

Spironolactone 1(Fig. 4) is an antimineralocorticoïd, diuretic
drug containing a thioester SCOCH3 function. The major metabolic
route of 1 is a hydrolytic deacetylation leading to the correspond-
ing thiol 2. In the presence of liver microsomes, NADPH and O2, the
thiol function of 2 is oxidized with formation of the sulfinic and
sulfonic acid metabolites 4 and 5, that have been identified by
HPLC-MS by comparison with authentic chemically synthesized
compounds [14]. In the presence of GSH, another metabolite, the
glutathionyl-spironolactone mixed disulfide 6 is formed [15]
(Fig. 4). Moreover, during cytochrome P450-dependent oxidation
of 2, some cytochromes P450 are inactivated in a suicidal manner
[14,16]. Metabolites 4, 5 and 6 have been proposed to derive from a
common precursor, sulfenic acid 3 that may either react with GSH
with formation of 6 or undergo further oxidation with formation of
4 and 5. Inactivation of cytochromes P450 during oxidation of 2 has
been related to the formation of the electrophilic sulfenic acid 3, or
of a thiyl radical that could be an intermediate in the P450-
catalyzed oxidation of thiol 2 into sulfenic acid 3 [14].

Formation of sulfenic acids during the oxidative metabolism of
thioesters R–CO–S–R’

Plausible pathway for sulfenic acid formation from metabolic
oxidation of thioesters

The high-valent iron-oxo active species involved in the catalytic
cycle of dioxygen activation by cytochromes P450 should be able
R-S-OHR-SH
Monoox.

GSH

R-S-SG

R-S-S-R

R-SH

Fig. 3. Different possible products formed
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to transfer its oxygen atom to the S atom of thioesters RCOSR’ with
formation of the corresponding thioester S-oxides RCOSOR’. Actu-
ally, as we will see later, the formation of such a RCOSOR’ species,
with R=N(C2H5)2 and R’=CH3, has been shown during the oxidation
of a disulfiram metabolite by liver microsomes [17] (Eq. (2)).

(C2H5)2N C

O

S CH3
liver

microsomes
(C2H5)2N C S CH3

O O
ð2Þ
In general, the carbon atom of the carbonyl group of these thi-
oester S-oxides should be highly electrophilic and should rapidly
react with nucleophiles. Its reaction with H2O should lead to a
hydrolytic cleavage of the CO–SO bond with formation of RCOOH
and a sulfenic acid intermediate R’SOH (Fig. 5). In the particular
case of the disulfiram metabolite, the presence of the electron-
donating substituent N(C2H5)2 should decrease the reactivity of
the carbonyl group of (C2H5)2NCOSOCH3 towards H2O, explaining
the relative stability and successful isolation of this oxidized
metabolite [17].

Recent evidence for the formation of sulfenic acid reactive
intermediates during the metabolism of the anti-thrombotic drugs
ticlopidine, clopidogrel and prasugrel

Ticlopidine (Ticlid) 7a and clopidogrel (Plavix, Iscover) 7b
(Fig. 6) are anti-thrombotic prodrugs of the tetrahydrothienopyri-
dine series that must be metabolized in vivo into the corresponding
pharmacologically active thiols 9a and 9b, respectively, to exert
their activity as antagonists of the platelet receptor P2Y12 [18–
20]. Ticlopidine was introduced to the market in 1979 for preven-
tion of thrombotic stroke. Clopidogrel was first launched in 1998 in
the USA and in 1999 in Europe, for the reduction of atherosclerotic
problems in patients with stroke, myocardial infraction or periph-
enal arterial disease. Their metabolic activation occurs in two steps
that are catalyzed by cytochromes P450 [18,19]. The first step is a
classical cytochrome P450-dependent hydroxylation of the thio-
phene ring by NADPH and O2 leading to thiolactone metabolites
8a and 8b, respectively [21–23] (Fig. 6). It is mainly catalyzed by
CYP 2C19 and CYP 2B6 in the case of 8a and by CYP 2C19, CYP
1A2 and CYP 2B6 in the case of 8b [24]. The second step leading
to the pharmacologically active thiols 9a and 9b also requires the
involvement of a cytochrome P450-catalyzed oxidative step with
consumption of NADPH and O2 (CYP 3A4, CYP 2B6, CYP 2C9 and
CYP 2C19 are mainly involved in oxidation of 8b) [24,25]. It has
been recently shown that this step is an oxidative cleavage of the
R-SO2H R-SO3H

upon metabolism of xenobiotic thiols.
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thiolactone ring of metabolite 8 leading to the formation of reac-
tive sulfenic acid intermediates 10 [26]. These intermediates have
been trapped by dimedone during oxidative metabolism of thiolac-
tones 8 by rat and human liver microsomes or by several recombi-
nant human liver cytochromes P450, namely CYP 3A4, CYP 2C8,
CYP 2C9, CYP 1A2 and CYP 2B6. The corresponding dimedone
adducts 11 have been completely characterized by NMR spectros-
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copy and mass spectrometry [26]. Sulfenic acid intermediates have
also been trapped by thiols added to the incubation medium, such
as mercapto-ethanol, N-acetylcysteine and glutathione. The
resulting mixed disulfides 12 (Fig. 6) have been characterized by
mass spectrometry [26]. In the presence of a large excess of R’SH
thiol, disulfides 12 are further converted to the pharmacologically
active metabolites 9 [18,19,24] whose formation was shown in vivo
in man [24]. These data [26] have provided the first evidence for
the formation of sulfenic acid reactive intermediates in the
metabolism of tetrahydrothienopyridine anti-thrombotic drugs,
and, in a more general manner for the formation of a sulfenic acid
in cytochrome P450-catalyzed oxidative cleavage of thioesters,
according to Fig. 5. They have also suggested a first detailed
pathway for the formation of active thiols 9 in the metabolism of
ticlopidine and clopidogrel. This pathway would involve two suc-
cessive cytochrome P450-dependent monooxygenations leading
to sulfenic acids 10, followed by a reduction of 10 to pharmacolog-
ically active 9 due to two successive reactions of a thiol, which
should be GSH in vivo, with intermediate formation of a disulfide
12 (Fig. 6).

Prasugrel (Effient) 13 is the newest member of the class of
tetrahydrothienopyridine anti-thrombotic produgs. It is also an
irreversible inhibitor of the platelet receptor P2Y12, after metabolic
conversion in vivo to a pharmacologically active 4-mercapto-3-
piperidinyliden acetic acid derivative 15, that is analogous to 9
[27,28] (Fig. 7). Metabolic conversion of prasugrel to 15 involves
two enzymatic reactions: (i) the hydrolysis of its ester function
leading to thiolactone 14, which seems to be mainly catalyzed by
the hCE2 enzyme in man [29], and (ii) the oxidative cleavage of
the thioester bond of 14 with the eventual formation of 15, which
is catalyzed by cytochromes P450 3A4, 2B6, 2C9 or 2C19 in man
[24]. As in bioactivation of ticlopidine and clopidogrel, it has been
shown that this cytochrome P450-catalyzed oxidative cleavage of
the thioester bond of thiolactone 14 led to the formation of an
intermediate sulfenic acid 16 [30,31]. Formation of 16 was
esterases
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demonstrated by trapping it with dimedone in incubations of
prasugrel with rat or human liver microsomes in the presence of
NADPH [31]. The resulting stable adduct 17 was isolated and com-
pletely characterized by mass spectrometry and detailed NMR
spectroscopy [31]. In the presence of thiols such as GSH [30,31]
or 2-nitro-5-thiobenzoic acid [30], sulfenic acid 16 was trapped
with formation of mixed disulfides such as 18. In the presence of
the water-soluble phosphine, P(CH2CH2COOH)3, that has been
previously used to reduce sulfenic acids [32], incubation of prasu-
grel with liver microsomes and NADPH led to thiol 15 [31]. These
data indicate that sulfenic acid 16 can be efficiently trapped by
C-nucleophiles such as dimedone, S-nucleophiles such as GSH or
simpler thiols, and P-nucleophiles such as P(CH2CH2COOH)3. A
possible mechanism for the last reaction is shown in Fig. 8 [31].
Trapping of sulfenic acid intermediates by dimedone during
metabolism of xenobiotics in vitro appears as the best method of
detection of such intermediates because the corresponding ad-
ducts, that involve a stable C–S bond, are generally stable in the
metabolic incubation media. Trapping of sulfenic acids by the
water-soluble phosphine P(CH2CH2COOH)3 seems to be a clean
method for the eventual formation of the thiol metabolites derived
from sulfenic acids reduction. These thiol metabolites themselves
can be trapped by N-ethyl-maleimide to form thioether adducts
such as 20 that are more stable than their thiol precursors under
metabolic conditions [31] (Fig. 7).

Trapping of sulfenic acids by thiols such as GSH leads to mixed
disulfides such as 18. However, thiols are less specific trapping
agents of sulfenic acids than dimedone, because the obtained
mixed disulfide adducts can be formed by various pathways that
do not involve the intermediate formation of sulfenic acids. More-
over, mixed disulfides are much less stable adducts than the sulfe-
nic acid-dimedone adducts, as they are very reactive towards thiols
that could be present in the reaction media. This is illustrated by
the results obtained during microsomal oxidations of ticlopidine,
clopidogrel or prasugrel in the presence of GSH in excess which
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showed that the intermediate disulfide glutathionyl adducts, 12
and 18, further react with GSH with the eventual formation of thi-
ols 9 and 15, respectively [26,30,31]. Anyway, trapping of sulfenic
acids by GSH is an interesting reaction that provides cystathionyl
mixed disulfides which could be intermediates and/or metabolites
in the metabolic transformation of thiolactones such as 8 and 14
into thiols 9 and 15, respectively.

Coming back to the oxidative cleavage of thiolactones such as
14 leading to sulfenic acids, it is likely that the first step of this
reaction is a transfer of the oxygen atom of the high-valent iron-
oxo (Fe@O) species of cytochrome P450 to the thiolactone sulphur
atom, leading to a highly reactive thiolactone S-oxide 19 (Fig. 7).
Three pathways could be considered for the following step, the
hydrolytic cleavage of the CO–SO bond of this thiolactone S-oxide
(Fig. 9)): (a) a nucleophilic attack of H2O on its carbonyl group
leading directly to 16 after protonation of the SO moiety, (b) a rear-
rangement of thiolactone S-oxide 19 coming from an intramolecu-
lar attack of the O- atom on the CO group, with formation of a six-
membered cyclic sulfenic ester 19’ (Fig. 9), followed by reaction of
H2O on the carbonyl group, or (c) the same rearrangement but fol-
lowed by reaction of H2O on the electrophilic sulphur atom of the
six-membered sulfenic ester. In pathways a) and b) one of the two
oxygen atoms of the carboxylate group of 16 is coming from H2O,
whereas, in pathway c), one of the oxygen atoms of the carboxylate
group of 16 should come from O2 during P450-dependent sulfoxi-
dation of 14. Incubation of prasugrel 13, with rat liver microsomes
in the presence of NADPH, dimedone and 18O2 led to adduct 17,
that has not incorporated 18O atoms (<5%). Identical incubations
under 16O2 but in H2

18O showed a major incorporation of 18O
(>85%) into the dimedone adduct. These experiments [31] indi-
cated that the oxygen atom incorporated into adduct 17 came from
water and not from O2, which ruled out pathway (c) of Fig. 9 for
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sulfenic acid formation. Thus, formation of sulfenic acid 16 should
involve a nucleophilic attack of H2O on the electrophilic carbonyl
group of either thiolactone S-oxide 19 or its rearranged sulfenic
acid ester product 19’. Very similar results were obtained in the
same labelling experiments of incubation of 8b, the thiolactone
metabolite of clopidogrel with rat liver microsomes, NADPH, and
dimedone (P.M. Dansette, S. Thébault and D. Mansuy, unpublished
results).

Indirect evidence for the formation of sulfenic acid intermediates
during the metabolism of glitazones

Glitazones are thiazolidinedione (TZD)-containing drugs widely
used in the treatment of type-2 diabetes. Several in vitro and in vivo
studies have shown that the TZD ring of various glitazones such as
troglitazone 21a, MK-0767 21b, and MRL-A 21c (Fig. 10), was sub-
ject to an oxidative metabolism resulting in its opening with for-
mation of reactive metabolites [33–34]. A detailed study of the
metabolites derived from the oxidation of the TZD ring of 21c by
monkey liver microsomes in the presence of NADPH showed the
formation of several compounds that should derive from sulfenic
acid 22c [34] (Fig. 11). This includes glutathionyl adduct 23c, that
could result from the attack of the sulphur atom of GSH on the sul-
phur atom of 22c, thiol 24c, and sulfinic acid 25c. It was proposed
that the two last compounds could derive from a disproportion-
ation of sulfenic acid 22c, according to Fig. 12, and that thiol 24c
could also come from reduction of 22c by NADPH or of 23c by
GSH in excess [34].

This mechanism proposed for the oxidative cleavage of the TZD
ring of glitazones is very similar to that described above for the
oxidative cleavage of the lactone ring of ticlopidine, clopidogrel
and prasugrel. In both cases, the reaction should start with an S-
oxidation of the ring followed by a fast hydrolytic opening upon at-
tack of H2O on the very electrophilic carbon of the intermediate. In
the case of glitazones, another possible fate of this intermediate
has been proposed [34], the b-elimination of the NH proton leading
to a very reactive isocyanate that would react with H2O to give the
corresponding amide after loss of CO2 (Fig. 11). The fates of the
intermediate sulfenic acids were similar for the two series of drugs,
with the formation of the corresponding thiols and glutathione
mixed disulfide adducts in both cases. The main difference was
concerned with the formation of a sulfinic acid derived from glitaz-
ones [33,34] that has not been observed so far in the case of the tet-
rahydrothienopyridine drugs.

Another mode of metabolic activation of the TZD ring was pro-
posed on the basis of the detection and characterization by HPLC-
MS of another GSH adduct 26a upon oxidation of troglitazone by
rat liver microsomes [35] (Fig. 13). Formation of this adduct was
interpreted as a reaction of GSH on an intermediate sulfenium
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ion, 27a, that could come either from a loss of H2O from the S-oxide
intermediate or from the sulphur radical-cation 28a.

Possible formation of sulfenic acid intermediates during the
metabolism of thio- and dithio-carbamates related to disulfiram

Disulfiram (Antabuse) (Fig. 14), that is used in the clinical treat-
ment of alcoholism, exerts its pharmacological effects as an inhib-
Please cite this article in press as: D. Mansuy, P.M. Dansette, Arch. Biochem. B
itor of liver mitochondrial alcohol dehydrogenase. These inhibitory
effects are due to electrophilic metabolites of disulfiram [17,36–
38]. Thiocarbamate 29 is a metabolite of disulfiram involving a
CO–S bond, that undergoes an S-oxidation, as the thioesters dis-
cussed above (see general Fig. 5). The resulting metabolite 30 that
involves a CO–SO bond is the equivalent of the intermediate S-
oxide formed upon metabolic activation of thioesters related to
iophys. (2010), doi:10.1016/j.abb.2010.09.015
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anti-thrombotic tetrahydrothienopyridines and to glitazones.
However, in this case, metabolite 30 is stable enough to be iso-
lated; its formation has been completely established, and an
authentic sample of N,N-diethylthiolcarbamate S-oxide, 30, has
been synthesized from oxidation of 29 with one equivalent of
NaIO4 [17]. Thiols such as GSH or N-acetylcysteine react with the
electrophilic carbonyl carbon of 30 with formation of thiol adducts
such as the acylglutathione compound 32 that was detected in the
bile of rats treated with disulfiram [36,37]. In this reaction of GSH
with 30, formation of 32 should be accompanied with the forma-
tion of methyl sulfenic acid (Fig. 14). However, the formation of
this sulfenic acid remains to be established, and the irreversible
inhibition of alcohol dehydrogenase by disulfiram metabolites is
believed to derive from reactions of this protein with electrophilic
metabolites such as 30, 31, and their equivalents involving a C@S
moiety [36,37].

Certain thio- and dithio-carbamate herbicides and pesticides,
which also inhibit alcohol dehydrogenase in vivo, have been shown
to form electrophilic S-oxidized metabolites similar to those pro-
posed for disulfiram [39–41].
Possible formation of sulfenic acid intermediates during irreversible
inhibition of cytochrome P450 BM3 by fatty acid thioesters

Fatty diacid monoethyl thioesters are irreversible inhibitors for
cytochrome P450 BM3 (CYP102), that exploit the x-2 oxidation
specificity of this cytochrome [42]. Catalytic oxidation of the
monoethyl thioesters of dodecanedioic and hexadecanedioic acids
results in cytochrome P450 BM3 inactivation and formation of the
S

O
R

P450 BM3

S

O
R

O

N

O
R

R = -(CH2)n-COOH

33

Fig. 15. Mechanism proposed for the metabolic activation of fatt
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parent diacids as metabolites [42]. GSH prevents this inactivation
of the enzyme, and it has been proposed that an electrophilic
metabolite is responsible for enzyme inactivation. Thioester S-
oxide 33 has been proposed as such an electrophilic metabolite
(Fig. 15). Reaction of its carbonyl carbon with H2O should lead to
the eventual diacid metabolite, whereas its reaction with a nucle-
ophilic residue of the protein should be at the origin of enzyme
inactivation. During these reactions, the SEt part of 33 should be
released as the EtSOH sulfenic acid. However, formation of this sul-
fenic acid remains to be demonstrated.

Other examples of oxidative metabolism of thioesters with
intermediate formation of reactive thioester S-oxides

The herbicidal compound dithiopyr 34 contains two thioester
functions (Fig. 16). Its transformation by rat liver microsomes leads
to the corresponding carboxylic acids such as 35 as main metabo-
lites [43]. This transformation of its thioester functions into
carboxylic acids has been found to be catalyzed by monooxygena-
ses, and not esterases. Microsomal metabolism of dithiopyr also
leads to a glutathione conjugate 36 (Fig. 16) globally resulting from
the replacement of the SCH3 group of a dithiopyr thioester function
with the SG group of glutathione. On the basis of those results, the
mechanism of transformation of the thioester functions of dithio-
pyr into carboxylic acid functions was proposed to proceed
through a monooxygenase-catalyzed S-oxidation followed by a
hydrolysis of the very reactive CO–SO bond of the intermediate
37 (Fig. 16).

The anti-inflammatory glucocorticoid drug, fluticazone propio-
nate 38, also involves a thioester function. Its main metabolite in
man is the carboxylic acid 39 formally deriving from the hydrolysis
of its thioester function [44] (Fig. 17). However, it was also found in
that case that this reaction involved an oxidation mainly catalyzed
by the cytochromes P450 of the 3A subfamily [44].

Another anti-inflammatory steroid drug involving a thioester
function, tixocortol pivalate 40 (Fig. 17), led to several metabolites
in man, such as 41 and 42, resulting from a cleavage of its thioester
bond and its replacement with S–CH3 and SO2CH3 functions [45].
The detailed mechanisms of the cleavage of the thioester function
of fluticazone propionate and tixocortol pivalate have not been
determined. However, a mechanism similar to that found in the
case of dithiopyr would involve a monooxygenase-catalyzed S-oxi-
dation of their thioester function followed by a hydrolysis of the
CO–SO bond of the intermediate S-oxide. The sulfenic acid metab-
olites resulting from this hydrolysis have not been looked for. For-
mation of such a sulfenic acid intermediate in the case of tixocortol
would explain the formation of the thioether and sulfone metabo-
lites from further reactions of reduction, methylation and S-oxida-
tion, that have been previously found during metabolism of
prasugrel and glitazones [24,33].
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Formation of sulfenic acids from metabolism of sulfoxides

Formation of sulfenic acids during metabolic activation of H+/K+ATPase
inhibitors such as omeprazole

Drugs, such as omeprazole, esomeprazole and lansoprazole,
that are used to treat gastreso–phageal reflux disease, act as inhib-
itors of the proton transport by the gastric H+/K+ ATPase. Acutally,
these compounds are produgs that must be activated in situ into
reactive metabolites able to bind covalently to cysteine residues
of H+/K+ ATPase [46–48]. The mechanism proposed for this activa-
tion is shown in Fig. 18 in the case of omeprazole 43. According to
this mechanism, this prodrug is activated under the acidic condi-
tions of the stomach with intermediate formation of a spiro inter-
mediate 44 that undergoes aromatization with cleavage of a C–S
bond and formation of sulfenic acid 45. This sulfenic acid, or sulfe-
neamide 46 that derives from its intramolecular reaction with a
benzimidazole nitrogen atom, reacts with a cysteine of H+/K+ ATP-
Please cite this article in press as: D. Mansuy, P.M. Dansette, Arch. Biochem. B
ase to form a disulfide adduct 47. It is noteworthy that reactive
electrophilic intermediates 45 and 46 are only formed in situ in
close proximity of the target after protonation of 43 under the
stomach acidic conditions.

Interestingly, a sulfenic acid intermediate would be formed
during metabolism of pantoprazole 48, a proton pump inhibitor
of the prazole series, from an addition–elimination reaction of
GSH on the C-2 atom of the benzimidazole moiety of 48
(Fig. 19). Such a reaction should lead to sulfenic acid 50 and
the glutathione conjugate 49. Another GSH conjugate and an-
other intermediate sulfenic acid 52 would be formed from a
nucleophilic attack of GSH on the activated benzylic CH2 group
of pantoprazole, resulting in a cleavage of its CH2-SO bond and
formation of a benzylic GSH adduct 51 and sulfenic acid 52
[49]. Actually, the two GSH adducts derived from pantoprazole,
49 and 51, were identified at the level of their further break-
down products [49].
iophys. (2010), doi:10.1016/j.abb.2010.09.015
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Intermediate formation of a sulfenic acid in the metabolism of an
allylic sulfoxide

Diallyl sulfide, a flavour component of garlic, is metabolized
in rats into many compounds deriving from an initial S-oxida-
tion followed by glutathione conjugation [50]. Reaction of dial-
lyl sulfoxide 53 with GSH leads to two GSH conjugates, 54 and
55, and sulfenic acid 56. This sulfenic acid was not character-
ized as such, but its formation was supported by the isolation
of allyl-SSG, 55, a product expected from reaction of 56 with
GSH (Fig. 20).
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Conclusion

Different chemical situations leading to sulfenic acid intermediates
during xenobiotic metabolism, fate of these intermediates in biological
media, and consequences of their formation in pharmacology and
toxicology

From the presently available literature data concerning sulfenic
acid formation during xenobiotic metabolism, that are described
in the previous sections, it appears that such a formation was
iophys. (2010), doi:10.1016/j.abb.2010.09.015
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established by specific trapping in very few cases. Sulfenic acid for-
mation was most often proposed on the basis of the isolation of
metabolites that could derive from them, such as glutathionyl ad-
ducts RSSG, sulfinic and sulfonic acids RSO2H and RSO3H, or thiols
RSH.

These literature data indicate that sulfenic acid formation dur-
ing xenobiotic metabolism occurs in three chemical situations
depending on the xenobiotic structure: (i) the S-hydroxylation of
xenobiotics involving a thiol function, (ii) the S-oxidation of thioes-
ters RCOSR’ leading to an oxidative cleavage of their CO–S bond,
and (iii) the cleavage of a C–S bond of xenobiotics bearing a sulfox-
ide function, resulting from the attack of a nucleophile (GSH for in-
stance) on an electrophilic carbon in a-position of the SO function.
Actually, if one excepts the S-hydroxylation of thiols, most of the
above described (or proposed) sulfenic acid formations are derived
from a common general reaction, the attack of a nucleophile (H2O
or GSH) on an electrophilic carbon in a-position of a sulfoxide
function that is present either in the starting xenobiotic or in a
metabolite. This nucleophilic attack results in the cleavage of the
carbon-SO bond with formation of a sulfenic acid (Fig. 21A). This
electrophilic carbon may be an allylic carbon in the case of
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C
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Fig. 21. Reactions of nucleophilic substitution (21A) or of b-elimination (21B) that are
xenobiotic metabolism (if one excepts the S-hydroxylation of thiols).
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diallylsulfoxide (Fig. 20), a benzylic carbon in the case of pantop-
razole (Fig. 19), a carbonyl carbon in the case of the S-oxide metab-
olites of thioesters (Figs. 6 and 7), and a C@N+ carbon in the case of
omeprazole (Fig. 18). However, it is noteworthy that in the case of
sulfenic acid formation from the oxidation of some thioesters, an-
other mechanism proposed for the cleavage of a C–SO bond was
based on the loss of a b-proton (relative to the SO function) result-
ing in a 1,2-elimination of RSOH (Fig. 21B). Such a mechanism has
been proposed for sulfenic acid formation from glitazones [34]
(Fig. 11) and fatty acid thioesters [42].

The possible fates of sulfenic acid intermediates RSOH formed
during xenobiotic metabolism that can be derived from the pres-
ently available literature data are summarized in Fig. 22. Most of-
ten, they derive from reactions with nucleophiles. Reactions with
thiols R’SH lead to mixed disulfides RSSR’ or to the thiol RSH de-
rived from RSOH if R’SH is used in excess. In that regard, the most
relevant reactions in xenobiotic metabolism are those involving
GSH, the detection of glutathionyl adducts RSSG being a first indi-
cation of intermediate formation of sulfenic acids. Reaction with P-
nucleophiles such as water-soluble phosphines appears to be an
interesting method to transform sulfenic acid intermediates into
more stable thiols (Figs. 7 and 8). Reaction with the C-nucleophile
dimedone is a good method to efficiently trap sulfenic acid metab-
olites with formation of stable adducts (Figs. 6 and 7). Reaction
with nucleophilic residues of proteins is responsible for the cova-
lent binding of sulfenic acids to proteins that may be at the origin
of pharmacological or toxicological effects of the parent xenobiotic.

Other fates of xenobiotic-derived sulfenic acid intermediates re-
ported in the literature correspond to redox reactions occurring at
the level of the S–OH function. Further oxidations lead to sulfinic
and sulfonic acids that are much more stable than sulfenic acids
and that have been isolated as stable metabolites of several xeno-
biotics (see for instance Figs. 4 and 11). Reduction of the sulfenic
acid function to the corresponding thiol could occur by several
pathways. From the presently available literature data, the most
frequently found pathway is reduction by GSH with the intermedi-
ate formation of a glutathionyl adduct RSSG (see for instance
Fig. 22 and the above discussion). Other thiols gave the same result
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[26,30,31,34], and chemical reductants such as phosphines [31],
AsO2

-, and ascorbate (P. Dansette and D. Mansuy, unpublished re-
sults) were found to reduce the sulfenic acid intermediate derived
from prasugrel into the corresponding thiol. Direct reduction with
NADPH of sulfenic acid 22c, that was proposed to derive from the
oxidation of 21c by recombinant P450 3A4 and cumyl hydroperox-
ide, also led to the corresponding thiol 24c [34]. Protein sulfenic
acid intermediates have been reported to be recycled back to the
thiol state by several enzymatic systems [5]. However, no data
are presently available on possible enzymatic reduction of xenobi-
otic-derived sulfenic acid intermediates. This should be mainly due
to the chemical unstability of sulfenic acids that makes very diffi-
cult the study of their possible reduction by enzymatic systems.

Another possible way of formation of thiols RSH and sulfinic
acids RSO2H from sulfenic acids is the dismutation of sulfenic
acids, as previously proposed for glitazone-derived sulfenic acids
[34] (Fig. 12) and as shown for purine-6-sulfenic acid, a metabolite
of the antineoplastic agent 6-thiopurine, that disproportionates to
give 6-thiopurine and purine-6-sulfinic acid [51]. Formation of
glutathionyl mixed disulfide adducts and/or sulfinic and sulfonic
acid metabolites are a good indication but not a proof for interme-
diate formation of sulfenic acids. Trapping of these intermediates
by dimedone and characterization of the corresponding stable
dimedone adducts is a more direct evidence for their formation.

Formation of electrophilic sulfenic acid metabolites of xenobiot-
ics should have important consequences in pharmacology and tox-
icology. However, few data are presently available on this subject
in the literature, presumably because of the limited number of
studies that have been published to establish the formation of sul-
fenic acids during xenobiotic metabolism and to discuss the fate of
these intermediates. Reaction of sulfenic acid metabolites of ome-
prazole derivatives with cysteine residues of gastric H+/K+ ATPase
appears to lead to an inhibition of this protein which is at the ori-
gin of the pharmacological effects of these ‘‘prasole” produgs
(Fig. 18) [46–48]. Sulfenic acid intermediates are formed during
metabolism of the anti-thrombotic produgs, ticlopidine, clopido-
grel and prasugrel (Figs. 6 and 7) [26,30,31]. The thiol metabolites
deriving from their reduction have been proposed as the pharma-
cologically active species that are responsible for the inhibition of
the P2Y12 platelet receptor after formation of a covalent disulfide
bond with a cysteine residue of this protein [20,52]. Another pos-
sible mechanism for this inactivation of the P2Y12 receptor could
be the formation of such a covalent bond from reaction of their sul-
fenic acid metabolites 10 and 16, or of the glutathionyl adducts 12
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and 18 deriving from their reaction with GSH (Figs. 6 and 7) with a
cysteine SH residue of the P2Y12 platelet receptor [26,31]. The lat-
ter mechanism remains to be established.

The inhibition of aldehyde dehydrogenase that is involved in
the pharmacological effects of disulfiram appears to derive from
a reaction of this enzyme with electrophilic metabolites of disulfi-
ram such as 30 or 31 (Fig. 14) [17,36,37,53]. The sulfenic acid pos-
sibly formed in disulfiram metabolism (Fig. 14) could be another
electrophilic species responsible for aldehyde dehydrogenase inac-
tivation. Finally, cytochrome P450 inactivation observed during
metabolic oxidation of spironolactone [14,54] (Fig. 4) appears to
be due to electrophilic species formed by S-oxidation of the thiol
metabolite, which could be the sulfenic acid itself or a thiyl radical
intermediate [14].

Much less data are presently available about the role of xenobi-
otic-derived sulfenic acid metabolites in toxicology. Formation of
sulfenic acid intermediates has been proposed in the metabolism
of gitazones (Fig. 11) [34]. The secondary toxic effects found with
some glitazones could be, at least in part, due to those electrophilic
intermediates or to their S-oxide precursors and/or to their reac-
tion products with GSH (Fig. 11), as all these species are electro-
philes. Anyway, further studies are necessary to evaluate the
possible roles of xenobiotic-derived sulfenic acid intermediates in
toxicology.
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