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The use of mercapturic acids (N-acetyl-L-cysteine S-conjugates, MAs) in the
biological monitoring of human exposure to environmental and industrial chemicals is
receiving more and more attention.

Mercapturic acids (MAs) are formed from glutathione (GSH) S-conjugates via the
MA-pathway. Although this pathway can lead to different end-products, the formation of
MA:s is the predominant route in most species, including man. Two GSH S-transferases
(GSTs) show geneticpolymorphismsin humans and this can have major consequences for
individualsusceptibility to toxic effects and for MA formation.

In occupational toxicology, adducts to biomacromolecules are also used as biomarkers.
DNA adducts are a measure for the effective dose, while protein adducts are related to the
dose at critical site. Both type of adducts are normally determined in blood, while MAs are
determined in urine. Most MAs are excreted with relatively short half-lifes, allowing a
direct evaluation of the occupational circumstances. For many compounds similar (linear)
dose-dependency was found for MA excretion, formation of macromolecularadducts, and
for various biomarkers of toxic effects. These relations together with fact that MAs relate
to the electrophilic character of compounds, allows for the conclusion that MAs are
biomarkers of toxicologicallyrelevantinternal doses of chemicals or their metabolites.

An overview will be given here of the use of MAs in the assessment of internal human
exposure to electrophilic environmental and industrial chemicals. Additionally, the
formation of GSH S-conjugates, their catabolism to MAs and several of the frequently
used analytical approaches are discussed. When appropriate, the influence of genetic
polymorphisms on formation of MAs and on susceptibility to toxicity will be discussed
for different chemicals as well.

Keywords: biomarker, glutathione S-conjugate, environmental chemical, industrial
chemical, mercapturic acid, urine.

Abbreviations: AC, allyl chloride; o-CH, o-chlorohydrin; ALMA, allyl mercapturic acid;
BEI biological exposure index; BEM, biological effect monitoring; BM, biological
monitoring; CCNAT, cysteine S-conjugate N-acetyltransferase; CHPMA, 3-chloro-2-
hydroxypropyl mercapturic acid; DCP, E- and Z-1,3-dichloropropene; DCVMA, 1,2- and
2,2-dichlorovinyl mercapturic acid; DHBMA, 3,4-dihydroxybutyl mercapturic acid; DP,
cysteinylglycine dipeptidase; CPMA, E- and Z-3-chlor-2-propenyl mercapturic acid; ECH,
epichlorohydrin; EM, environmental monitoring; GGT, y-glutamyltransferase; GSH,
glutathione; GST, glutathione S-transferase; HBMA, 2-hydroxy-3-butenylmercapturic acid
(or 1-hydroxymethyl-2-propenyl mercapturic acid); HEMA, 2-bydroxyethyl mercapturic
acid, HPMA, 3-hydroxypropyl mercapturic acid; HS, health surveillance; MAC(s),
mercapturic acid(s) (=N-Acetyl-L-cysteine S-conjugate(s)); MCMA, N-methylcarbamoyl
mercapturicacid; PGE, phenyl glycidyl ether; PMA, phenyl mercapturic acid; SIM, selected
ion monitoring; TLV, threshold limit value; TWA, time weighted average.
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Introduction

The first mercapturic acid (MA, N-acetyl-L-cysteine S-conjugate) was already
identified in 1879 in urine of dogs treated with bromobenzene (Baumann and Preusse
1879, Jaffe 1879). Since then, numerous MAs have been found in the urine of
animals treated with various chemicals (Van Welie et al. 1992). Some time ago, the
urinary excretion of MAs has been suggested to be a useful tool in biological
monitoring (BM) studies (Vermeulen 1989). In recent years many new BM-methods
have become available for the assessment of human exposure to toxic chemicals
originating from the environment, food or occupation (e.g. Henderson et al. 1989,
Lowry 1995, Schulte 1995). Meanwhile, MAs have successfully been used as
biomarkers of occupational exposure to different chemicals (Van Welie et al. 1992).

Mercapturic acids are formed from glutathione S-conjugates via the
mercapturic acid pathway (MA-pathway). Glutathione (GSH) conjugation is
generally considered to be a detoxification route of potentially toxic electrophilic
chemicals or intermediates (Vermeulen 1989, Sipes and Gandolfi 1991). However,
in some cases conjugation to GSH and further metabolism may lead to toxicity as
well (Koob and Dekant 1991, Baillie and Kassahun 1994, Munday 1994). Various
aspects of the MA-pathway, such as enzymes involved in GSH-conjugation and
MA -formation, detoxification or toxification by GSH conjugation, and the use of
MAs in BM-studies, have been reviewed repeatedly since the early nineties (e.g.
Van Welie et al. 1992, Monks and Lau 1994, Commandeur et al. 1995, Hayes and
Pulford 1995). In recent years several new developments were seen in the analysis
of MAs, e.g. the use of tandem mass spectrometry which led to very fast and
selective methods, as well as immunological approaches which were also applied to
this kind of metabolites. Also many new applications of MAs as biomarkers of
occupational exposure were reported recently.

T he aim of this review is to make an inventory of the use of MAs as biomarkers
of human exposure to environmental, industrial and other electrophilic chemicals.
Additionally, a brief overview will be given of the functions of GSH, the enzymes
involved in GSH conjugation and the biosynthesis of MAs. Finally, relevant
aspects of these issues will be discussed for different environmental and industrial
chemicals.

Mercapturic acids and biomacromolecular adducts as biomarkers

Most chemicals are not toxic agents per se, but require metabolic activation
before they express their toxicity (Vermeulen 1995). The presence of activating and
inactivating enzyme systems, their specific activity, together with the availability of
cofactors, and of course the dose, all determine the tissue concentration of the
ultimate toxic intermediate and consequently of the toxic effect (Oesch et al. 1990,
Vermeulen 1995). On the other hand, the intrinsic chemical reactivity of the
intermediate together with that of biomacromolecules involved, determine the
nature of the adducts (Vermeulen 1995, La and Swenberg 1996). Many
intermediates are electrophilic compounds, while different nucleophilic sites (Lutz
1979) in proteins, DNA, GSH or newly synthesized albumin are available in the
cell. When the intermediate is stable enough, other targets e.g. blood albumin,
haemoglobin, or lymphocyte DNA may be reached as well. A hypothetical scheme
for formation of electrophilic intermediates during hepatic metabolism and their
reactions with biomacromolecules is shown in figure 1. RIGHTS
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Figure 1. Hypothetical scheme for the formation of adducts of an electrophilic compound or
intermediate (RX) to DNA, haemoglobin, albumin and glutathione (GSH) in hepatocytes or
blood cells. Adducts to DNA, haemoglobin and albumin are determined in blood cells, while
DNA adducts and GSH-adduct derived products, nucleic acid adducts (NAA) and mercapturic
acids (MA) are determined in urine. (Modified from Commandeur, personal communication).

In recent years many new biological monitoring methods have become available
for the assessment of human exposure (e.g. Henderson et al. 1989, Lowry 1995,
Schulte 1995). Four types of monitoring are usually distinguished: environmental
monitoring (EM), biological monitoring (BM), biological effect monitoring (BEM)
and health surveillance (HS) (Henderson et al. 1989). These monitoring methods
can be placed on a causality chain from exposure of an individual to a xenobiotic to
a later developing disease (Henderson et al. 1989, Farmer and Sweetman 1995,
Lowry 1995). Concomitant with the causality chain a sequence of different
biomarkers can be drawn, as outlined in figure 2. Different types of biomarkers for
electrophilic compounds are used in occupational toxicology: covalent adducts of
xenobiotic compounds or their metabolites with the blood proteins albumin and
haemoglobin, with DNA or with GSH (Ehrenberg 1980, Van Welie et al. 1992, La
and Swenberg 1996, Nestmann et al. 1996). Although DNA adducts in the target
organs would be the best measure of the target dose of a carcinogenic electrophile,
these cannot be used as biomarkers in occupational toxicology because of the
inaccessibility of target tissue. As a surrogate, DNA adducts are measured in
peripheral lymphocytes and are considered a measure for a cumulative or chronic
dose. Protein adducts (albumin adducts in serum or, haemoglobin adducts in
erythrocytes) give a measure for a semi-chronic dose. Both type of adducts show
that reactive electrophilic compounds were absorbed or formed during metabolism
and that these were able to reach, and react with, essential biomacromolecules.
GSH adducts are mostly excreted in urine within a few days as their corresponding
MAs (Vermeulen 1989, Commandeur et al. 1995). Determination of MAs in urine
of exposed workers can therefore serve as a marker of recent exposures. The
excretion of MAs indicates that electrophilic compounds are absorbed or formed in
the body and that they were able to react with the ubiquitous endogenous
compound glutathione (GSH). Because glutathione is an esg g H T B L 1 &
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Figure 2. The causality chain from potential exposure to the onset of a disease in different stages
and the monitor cascade representing markers on different levels in the causality chain.
PAM = personal air monitoring; GSH = glutathione; MA = mercapturic acid. The causality
chain was modified from Henderson et al. (1989), Farmer and Sweetman (1995) and Lowry (1995).

compound, involved in protection against electrophiles and radicals, MAs refer to a
toxicologically relevant absorbed dose, while other urinary metabolites usually
refer to the absorbed dose only.

Adducts to DNA can be stable and detectable for a prolonged period of time
(Santella et al. 1992), thus allowing the measurement of long-term cumulative
exposure. However, many DNA adducts are repaired or removed by depurination
as well. Repaired and depurinated nucleotides are usually excreted as nucleic acid
adducts in urine (Beach and Gupta 1992, Shuker and Farmer 1992, Hemminki
1995). The repair of DNA adducts can vary substantially among different tissues
and cells (Harris 1989, Poirier 1994) and the enzymes involved in this repair may
also be subject to large interindividual differences due to polymorphisms, or due to
variations caused by diseases (Harris 1989, La and Swenberg 1996). In
occupational toxicology, nucleated blood cells are frequently used as a surrogate for
target tissues (Henderson et al. 1989, Van Welie et al. 1992). Often clear
relationships are found between DNA adducts in blood cells and such adducts in
target tissue, which in turn are related to mutagenic and carcinogenic effects (La
and Swenberg 1996). However, different life-spans of various white blood cells and
the variations in DNA repair mechanisms can contribute to conflicting results
when blood cells are used for dosimetry (Santella et al. 1992). Moreover, DNA
adducts determined in peripheral blood cells and in target tissues did not correlate
significantly in all studies (Phillips et al. 1990, Van Schooten et al. 1992). This
indicates that the use of peripheral blood cells as surrogates for target tissue should
be interpreted with caution. Another disadvantage of the use of DNA adducts in
exposure assessment is the invasive sampling needed to collect nucleated blood
cells. Recently, exfoliated cells were suggested as alternative for blood cells (Talaska
et al. 1994). Although these cells are collected by non-invasive sampling, the
meaning of their determination in occupational toxicology remains to be
established. For urinary nucleic acid adducts samples may also be collected by non-
invasive means, but the high variability of their excretion and background
excretions can limit their application in BM studies (Beach and Gupta 1992,
Shuker and Farmer 1992, Hemminki 1995).

Adducts to the blood proteins haemoglobin and albumin are also frequently
used in BM studies. Protein adducts are not subject to enzymatic repair
mechanisms and their determination is therefore less variabley i G H T & ) M
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adducts (Skipper et al. 1994). Moreover, proteins are usually present in greater
abundance than DNA, consequently resulting in larger amounts of material
available for analysis. Reactive electrophiles can react with different nucleophilic
sites in proteins, such as thiols in cysteine or amino groups in the N-terminal valine
(Lutz 1979, Farmer and Sweetman 1995). A main function of serum albumin is
transport of endogenous compounds and metabolites by non-covalent binding.
However, reactive products can also covalently be bound to this protein (Van Welie
et al. 1992, Ong et al. 1995, Yeowell-O’Connell et al. 1996). Albumin is almost
exclusively synthesized in the liver and may therefore directly bind to reactive
intermediates formed from xenobiotics within this organ. The blood life-time of
haemoglobin (120 days) and albumin (20 days) allows the measurement of an
integrated low-level exposure to xenobiotics over a period of 4 months to 3 weeks,
respectively, when it is assumed that relatively small adducts to these proteins do
not alter their half-lives. This is not always true, however, N-(2-
hydroxyethyl)valine, determined in the haemoglobin of rats and mice exposed to
high concentrations of ethylene oxide (100 to 300 ppm), was lost in a biphasic
manner. In the first phase N-(2-hydroxyethyl)valine was lost from haemoglobin
with a shorter half-life than predicted by a normal erythrocyte life-span, while in
the second phase N-(2-hydroxyethyl)valine was lost within the life-span of blood
cells (Walker et al. 1993). In humans exposed to low levels of ethylene oxide, the
half-life of this haemoglobin adduct was between 27 and 35 days, indicating that N-
(2-hydroxyethyl)valine is removed at the same rate as red blood cells (Van Sittert et
al. 1993a). Recently, it has been suggested that adducts to histones also can serve as
an index of long-term low-level exposures (Skipper et al. 1994). Adducts of
benzo(a)pyrene-7,8-diol-9,10-oxide to histones were identified only recently, and
so far, no applications were reported in occupational toxicology. A main
disadvantage of protein adducts (as with DNA adducts) is the invasive sampling of
blood.

Mercapturic acids constitute an interesting group of metabolites, which are
receiving more and more attention in human BM studies. MAs are relatively easily
measured and most important, urine may be sampled non-invasively (Henderson
et al. 1989). Urinary MA excretion is generally less variable compared to the
urinary DNA adducts. MA formation always results from GSH conjugation of
electrophilic and therefore potentially toxic, compounds and intermediates
(Vermeulen 1989). Depending on the parent compound, the amount of a MA
metabolite can be relatively high, thus allowing the determination of MA excretion
upon very low levels of exposure. Another favourable characteristic of MAs is their
generally relatively short elimination half-lifes, allowing the monitoring of recent
exposures, as well as a more direct evaluation of occupational hygiene. Therefore
MAs, as determinants of a toxicologically relevant internal dose, are frequently
applied in chemical industry to monitor human exposure.

Glutathione conjugation and mercapturic acid formation

Homeostasis and functions of glutathione

Glutathione (GSH) is an important endogenous tripeptide (y-Glu-Cys-Gly) of
which relatively high concentrations are found in various organs and tissues (see
table 1) (Meister 1983, Ketterer and Mulder 1990, Commagy & 1’
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Kretzschmar 1996). The concentrations are especially high in the liver (7-7 pmol g
tissue, (Meister 1983) and erythrocytes (8:3 mmol g~! haemoglobin, (Richie et al.
1996) and are not homogeneously distributed within organs (Ketterer and Mulder
1990) and or within cells (Kretzschmar 1996, Smith et al. 1996). The mitochondria
contain approximately 30 % of the intra-cellular GSH (Smith et al. 1996). The
major sites of GSH synthesis are liver cells, although some other cells are also able
to synthesize this tripeptide (Ketterer and Mulder 1990). GSH is synthesized from
glutamate, L-cysteine and glycine in a two-step reaction catalysed by v-
glutamylcysteine synthetase and glutathione synthetase (see figure 3) (Ketterer and
Mulder 1990, Meister 1991). This synthesis is feedback inhibited by GSH on the
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Figure 3. Metabolism of glutathione (GSH). Enzymes involved: (1) y-glutamylcysteine synthetase,
(2) glutathione synthetase, (3) y-glutamyltranspeptidase, (4) dipeptidases, (5) y-glutamylcyclo-
transferase, (6) 5-oxoprolinase, (7) GSH S-transferases (8) cysteine conjugate N-acetyl
transferase, (9) non-enzymatic thiylradical mechanism, (10) GSH-peroxidases, (11) GSH-
thioltransferases, (12) GSH-disulphidereductase. AA=amino acid; RX =electrophile. Modified
from Meister (1991). BIGHTS
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first enzyme. Administration of y-Glu-Cys can by pass this inhibition and can be
used to increase the endogenous GSH concentration (Ketterer and Mulder 1990).
A sufficient supply of L-cysteine is essential in GSH biosynthesis. L-Cysteine can
be synthesized from methionine by the cystathionine pathway and a sufficient
amount of L-cysteine and methionine in the diet is needed to maintain normal
GSH levels (Ketterer and Mulder 1990, Taylor et al. 1996). GSH degradation is
catalysed by y-glutamyltranspeptidase (by hydrolysis or by transpeptidation) and
subsequently dipeptidases (Ketterer and Mulder 1990). When GSH is degraded by
transpeptidation an, amino acid is attached to y-glutamyl and can be transported
through the body. After transport glutamate is used again for the synthesis of GSH
in the y-glutamyl cycle (Stryer 1988). GSH also plays an important role in the
reduction of hydrogen peroxide (H,O,) and organic peroxides (Stryer 1988).
During this reduction GSH is oxidized to GSSG, a reaction catalysed by a
selenium-dependent glutathione peroxidase. GSSG can be converted back to its
reduced form (GSH) by glutathione reductase, at the expense of NADPH (Stryer
1988). The peroxidase activity of GSH is dependent on the thiol-function of
cysteine, however free cysteine cannot replace GSH because it is too easily oxidized
in the presence of transition element ions, with the formation of free radicals
(Ketterer and Mulder 1990). GSH may also play a role in the detoxication of
radicals (e.g. superoxide anion radicals, O,*) under the formation of GSSG via a
thiylradical mechanism (Munday 1994). The formation of thiylradicals from GSH,
or more favourably from cysteine or other thiols, may also result from molecular
oxygen when catalysed by certain transition metals, such as iron and copper. Other
metals, such as mercury, lead, arsenic and cadmium, may be transported chelated to
GSH as GSH-mercaptides (Ballatori 1994, Dekant et al. 1994). The transport may
even occur through membranes and the blood-brain barrier. The chelated metals
are rapidly exchanged between available sulphydryl groups, e.g. from GSH and
proteins by nucleophilic displacement. However, regarding the subject of this
review the most important function of GSH is detoxification of electrophilic
chemicals or intermediates by conjugation (Ketterer and Mulder 1990, Van Welie
et al. 1992, Commandeur et al. 1995) and this function will be described further.

Glutathione conjugation and glutathione S-transferases

The conjugation of electrophiles to GSH can proceed spontaneously or
catalysed by GSH S-transferases (GSTs), of which a microsomal form and a
family of cytosolic isoenzyme forms have been identified (Ketterer and Mulder
1990, Anderson et al. 1994, Ketterer and Christopoulides 1994, Hayes and Pulford
1995). The catalytic mechanism of ¢cGSTs and of mGST is thought to involve a
lowering of the pKa of GSH resulting in increased nucleophilicity of the sulphur
(Ketterer and Christopoulides 1994) or alternatively, stabilization of the
intermediate (Van Der Aar et al. 1996).

Microsomal GST (mGST) is a trimeric enzyme with the liver containing the
highest concentrations (Anderson et al. 1994). It is also present in most other
tissues (see table 1). Common inducers of xenobiotic-metabolizing enzymes do not
seem to increase the levels of this enzyme, although small increases in mGST levels
were found upon pretreatment with phenobarbital (Aniya et al. 1993). The human
mGST, purified from liver, is closely related to the rat enzyme with 95 %
conservation at the amino acid sequence level. mGST showg G W T8 0
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specificity and the substrates include many polyhalogenated hydrocarbons,
unsaturated hydrocarbons, lipid hydroperoxides, aromatic hydrocarbons and
acrolein congeners (Anderson et al. 1994). Epoxides are generally poor substrates.
The GSH conjugation of the general GST substrate 1-chloro-2,4-dinitrobenzene
is also catalysed by microsomal GST (Anderson et al. 1994).

At least five subfamilies (alpha (basic), mu (neutral), pi (acidic), sigma and
theta) of cytosolic GSTs (cGST) have been identified in rats and humans (Ketterer
and Christopoulides 1994, Hayes and Pulford 1995). c¢GSTs consist of two
subunits, formed from the same subunits (homodimers) or from different subunits
from the same subfamily (heterodimers). Nowadays the nomenclature proposed by
Mannervik et al. (1992) is generally used. In this nomenclature a prefix is used to
indicate the species (e.g. h for human), while A, P, M, S or T indicate the gene
classes alpha, pi, mu, sigma or theta, respectively, while two numbers spaced by a
dash indicate the subunits, for example: h GST A 2-2. X-ray crystallography and
conformation analysis have revealed that the overall three dimensional structure of
the different cGSTs are relatively similar (Ketterer and Christopoulides 1994). All
subunits have a binding site for GSH (G-site) and a substrate binding site (H-site)
within the active site lying between the two subunits. The cGSTs show broad
substrate specificity as well, and a particular reaction can often be carried out by
different isoenzymes and with different enzyme kinetics. Toxicologically important
substrates of ¢GSTs include styrene oxide (Pacifici et al. 1987, Hiratsuka et al.
1989), acrolein (Berhane et al. 1994), ethylene oxide (Hallier et al. 1993),
dichloromethane (methylene chloride) (Reitz et al. 1989), dibromoethane (Ploemen
et al. 1995, Thier et al. 1996), 4-hydroxynonenal (Jensson et al. 1986, Singhal et al.
1994), and (+)-anti-benzo(a)pyrene-7,8-diol-9,10-oxide (Robertson et al. 1986a,
Robertson et al. 1986b), for a review see Hayes and Pulford (1995). ¢cGSTs are
expressed in many tissues, with the highest concentrations found in the testes and
liver of rats (see table 1). However, the concentrations of G STs and their activities
may vary considerably within an organ (Ketterer and Mulder 1990). Many enzyme
inducers have (small) increasing effects on cGST levels, e.g. benzo(a)pyrene,
ethanol and phenobarbital (Hayes and Pulford 1995). Almost all GSTs utilize 1-
chloro-2,4-dinitrobenzene as a substrate and this compound is generally used as a
tool in the characterization of GSTs (Ketterer and Christopoulides 1994, Hayes
and Pulford 1995). Recently, it was suggested that 2-chloro-5-nitrobenzonitrile
may also serve as a model substrate for GSTs (Van Der Aar et al. 1996). For the
GST T family, however, 1-chloro-2,4-dinitrobenzene is a weak substrate, but
ethacrynic acid (T 2-2 and T 3-3) or 1,2-epoxy-3-(4"-nitrophenoxy)propane (T
1-1) can be used instead as model substrates for this type of GSTs (see table 2)
(Hiratsuka et al. 1994, Hayes and Pulford 1995, Schriider et al. 1996). Other
specific substrates of GST T 1-1 are p-nitrobenzyl chloride (Ketterer and
Christopoulides 1994; Schriider et al. 1996), dichloromethane (methylene chloride)
(Reitz et al. 1989, Mainwaring et al. 1996), ethylene oxide (Hallier et al. 1993) and
methylbromide (Hallier et al. 1990, Hallier et al. 1993), see table 3.
Dichloromethane is an important industrial compound, used as solvent in paint
strippers, refrigerant, cleaning agents and in the decaffeination of coffee, and large
species differences are found in the toxicity of this compound (Graves et al. 1995).
The compound is activated by GSH conjugation and causes lung and liver cancer
in mice. The relatively low activity of GST T 1-1 together with the activity of
DNA repair may explain the lower susceptibility of rats ang 4 & W r'e 777
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Table2. Specific activities of some model substratesfor GST T and M in rats and human. Adapted
from Hayes and Pulford (1995).

Rat GST specific activity *1 Human GST specific activity *1
isoenzyme CDNB EA EPNP Ref. isoenzyme CDNB EA EPNP Ref.
M1-1 58 0-08 0053 (1) M la-la 1902 0-47 n.d. 2,3)
M1-2 45 0-34 0-94 @ M la-1b 1614 0-05 - )
M2-2 17 0-62 1-37 @ M 1b-1b 1720  0-12 - )
M1-3 64 0-54 <0-1 @ M 1b-2 2031 024 - )
M3-3 45 0-585 - “4) M2-2 276-8 029 n.d. 2,3)
M 6-6 30-0 0-345 0-1 4,5) M 2-3 1719  0-48 - )
M 3-3 152 0-31 n.d. 2,3)
M 4-4 13 0-04 n.d. 3)
MIM2#*2 326 070 <0-02 (6)
M2N1%*2 46-5 040 <0-02 (6)
T1-1 <05 - 185 @) T1-1 nd. - 4 (7,8)
T2-2 <0-1 0-4 <0-01 ) T2-2 n.d. 029%*2 n.d. (8,10)
T2-2' <0-1 1-6 <0-01 )
T 2'-2' <0-1 2-5 <0-01 )
T3-3 85 26 n.d. 11)

*]1 CDNB=1-chloro-24-dinitrobenzene, = EA=ethacrynic  acid, EPNP =1,2-epoxy-3-(4'-
nitrophenoxy)propane. Specific activities in mol min™ mg™ protein. - not known, n.d. not detectable.
*2 activity of human enzyme expressed in E. coli. .
Referencesused: 1, Alin et al. 1985;2, Hussay and Hayes 1993; 3, Ross and Board 1993; 4, Alin et al.
1989; 5, Hayes 1986; 6, Tsuchida et al. 1990; 7, Meyeret al. 1991; 8, Schriider et al. 1996;9, Hiratsuka
et al. 1994;10, Tan and Board 1996; and 11, Harris et al. 1991.

compared with mice, to the genotoxic effects of this compound (Reitz et al. 1989,
Bogaards et al. 1993, Graveset al. 1995, Mainwaring et al. 1996).

Two c¢GST subfamilies, T 1-1 and M 1-1, show a genetic polymorphism in
humans. Both enzymes are expressed in human blood cells and genotyping of
workers can be relatively easily performed using these cells (Bolt 1994, Chen et al.
1996a). Approximately 17 % of white Americans lack the GST T 1-1 enzyme
activity (Strange 1995), while in Nigerians (39%) and West Indian Britons (32 %)
higher percentages were found (Strange 1995). The latter enzyme is expressed in
blood cells of humans but not in the blood cells of rats, while in the liver of both
species this enzyme is expressed in the GST T 1-1 positive part of the population
(Bolt 1994). Specific substrates of GST T 1-1 are given in table 3. Recently, the
GST T 1-1 negative genotype was associated with myeloid leukemia (Chen et al.
1996b). The second GST showing genetic polymorphism is the GST M 1-1
isoenzyme. This enzyme is lacking in 50-60 % of the Caucasian population (Bolt
1994, Raunio et al. 1995), while in North American blacks (28%) and Nigerians
(22 %) lower percentages are found (Strange 1995). GST M 1-1 is important in the
detoxification of epoxides like anti benzo(a)pyrene-7,8-diol-9,10-oxide (Robertson
et al. 1986b). Genetic polymorphisms of xenobiotic-enzymes, such as GSTs, have
been associated with a higher susceptibility of certain subgroups for specific types
of cancer (Nebert et al. 1996). For example, both the GST M 1-1 negative- and the
GST T 1-1 positive genotypes were associated with a higher risk of bladder cancer
(Brockmoller et al. 1996). The GST M 1-1 negative genotype has also been related
with a higher risk of lung (Raunio et al. 1995), skin (Strange 1995) and gastric
cancer (Katoh et al. 1996). However, a causal relation with lung cancer was not
confirmed in all studies (Brockmoller ez al. 1993, Strange 1995)g 1 1 T &
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Catabolism of glutathione S-conjugates: the mercapturic acid pathway

In the catabolism of GSH S-conjugates to their corresponding MAs different
metabolic steps are recognized (Sipes and Gandolfi 1991), see figure 4. This
process also referred to as the MA-pathway (Vermeulen 1989). The first step in this
pathway is the removal of the y-glutamyl group of the GSH-moiety by vy-
glutamyltranspeptidase (also known as y-glutamyltransferase, GGT) forming
cysteinylglycine S-conjugates (Commandeur et al. 1995). In the second step, the
latter S-conjugates are degraded to the corresponding cysteine S-conjugates by
cysteinylglycine dipeptidase (DP) and to a minor extent by aminopeptidase-M
(APM). All three enzymes involved (GGT, DP and APM) are ectoproteins found
on many apical membranes of epithelial cells, showing their active sites to the extra
cellular space. Very high activities of GGT are found in the kidney and pancreas in
rats (see table 1). DP and APM have their highest activities in the kidney and in the
lung. In the liver these enzymes are localized in the bile canaliculus where they
contribute to the y-glutamyl cycle (Stryer 1988). The final step in the formation of
MAs is the N-acetylation of cysteine S-conjugates to mercapturic acids (MAs,

P i i T CH-CoOH
HC—C—C—C'—N-CIH-C—N—C—COOH a HZN—CIH-C—N—C—COOH éHz
H, H; H H H n, H H i
HOOC REHZ T’ Rg 5 RS
Glu X i (3-mercaptolactic
(glutathione S-conjugate) (cysteinylglycine acid S-conjugate)
S-conjugate)
i
b i\ T lp
Gly o,
I -
H;C—C—N-CH-COOH o  HoN- CH-cooH  ___ e CHi-cooH
H cy, — CH, - CH,
RS RS RS
(mercapturic acid) (cysteine S-conjugate) (3-mercaptopyruvic

acid S-conjugate)

f d k pyruvate i l
ammonia
q k
R

—SH o, (OH
—CH- . CH
HN ClH CooH (thiol-compound) i
CH, CHy
RS=0 RS
1 m n

(2-mercaptoacetatic
acid S-conjugate)

e

R—-SOH R—S5—Ghu R—5—CH;

(cysteine S-conjugate
S-oxide)

pyruvate
ammonia

(sulfenic acid)  (S-glucuronide)  (S-methyl conjugate)

Figure 4. Possible routes of catabolism of GSH S-conjugates. Enzymes involved: (a)
y-glutamyltranspeptidase, (b) cysteineglycine dipeptidase and aminopeptidase M, (c) cysteine
conjugate N-acetyltransferase, (d) cysteine conjugate f-lyase, (e) cysteine conjugate transaminase
and L-amino acid oxidase, (f) cysteine confugate S-oxidase, (g) N-deacetylase, (h) transaminases,
(i) 3-mercaptopyruvic acid S-conjugate reductase, (j) decarboxylase, (k) enzyme unknown,
(1) S-oxygenase, (m) uridine diphosphate-glucuronyl transferase, (n) S-methyl transferase, (o)
decarboxylase, (p) 3-mercaptolactic acid S-conjugate oxidase and (q) sulphoxide reductase.
Adapted from Commandeuret al. (1995). BIGHTS
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Specific activities of rat and human GSTs for various industrial chemicals. If the specific
activity is known, it is given between parentheses in umol min™ mg™ protein, unless otherwise

stated. Many bifunctional chemicals are activated by GSH conjugation, as indicated.

activation/
Chemical inactivation rat GSTisoenzyme Ref. human GSTisoenzyme Ref.
+ anti benzo(a)pryene- inactivation M 1-1 (0-68) 1) M1-1(0-57) ?2)
-7,8-diol-9,10-oxide P1-1(5-5) P 1-1(0-83)
M 2-2 and (M 1-1 equal active with
A 3-3low activity + and —isomer, P 1-1
for + only 2-9)
Note —isomer inhibits
P1-1
3,4-epoxybutene inactivation T 1-1low/no activity (3) M 1-1*1 4)
(butadiene monoepoxide) T 1-1 low/no activity ~ (5)
1,2,3,4-diepoxybutane activation T1-1%2 (5,3) T1-1*1%*2 6)
(butadiene diepoxide) M 1-1 low/no activity  (7)
ethylene oxide inactivation T1-1*1 8)
(epoxyethane)
1,2-epoxypropane inactivation T 1-1 *2 (weak) (3) T 1-1 *2 (weak) 5)
(propylene oxide)
methylchloride inactivation T1-1*1 8)
erytrocytes (1-14) ©9)
methylbromide inactivation T1-1*1 8)
erythrocytes (1-14) ©9)
Note: high spontaneous
conjugation
methyliodide inactivation T1-1*1 8)
erythrocytes (0-26) ©9)
dichloromethane activation T1-1%2 (10) T 2-2no activity *1 (11)
(methylenechloride) rat liver *3 (0-007) (12) T1-1*1 8)
rat lung *3 (0-001) (12) human lung *3
(0-0002-0-0004) (13,14)
mice liver *3 (0-026)  (12) humanliver *3 (0-003) (12)
mice lung *3 (0-007) (12) purified from liver (1-6) (15)
purified from
erythrocytes (1-4) (16)
other GSTsno activity (17)
large species differences in DNA damage of GSH-activated metabolites
dibromomethane activation T1-1%2 (10) T1-1%*2 5)
(5) erythrocytes(11-4) (16)
chlorobromomethane activation T1-1%*2 10
1,2-dibromoethane activation T1-1%2 5) T1-1%*3 5)
(ethylene dibromide) (high activation) (10) erythrocytes cytosols
(0-002) (19)
A2-2 (20) A2-2 (20)
A1-1,Al1-2alsoact. (21) A1-1%*2 (22)
M1-1,M1-2o0r2-2 P 1-1 no substrate
also activation *4
1,2-dichloroethane activation, Al1-1%2 (22)
weak P 1-1 no substrate
chloroethane inactivation rat, mice liver cytosol (23)
unspecified (0-02,0-11)
also spontaneous
conjugation
Z-1,3-dichloropropene inactivation M la-1a (0-12) (24)
M 1a-1b (0-17)
M 1b-1b (0-16)
A1,A2andP1also
active
RIGHTS LI
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activation/
Chemical inactivation rat GSTisoenzyme Ref. human GSTisoenzyme Ref.
E-1,3-dichloropropene inactivation M la-1a (0-070) (24)
M la-1b (0-050)
M 1b-1b (0-054)
A1,A2,andP1 also
active
1,3-dichloroacetone activation T1-1%*2 (3,5 T1-1*2 5)
epibromohydrin activation T 1-1 *2 (weak act.)  (3,5) T 1-1 *2 (weak act.) 5)
4-bromo-1,2-epoxy- activation T1-1%*2 3)
butane
1,4-dibromobutane activation T 1-1 *2 (low act.) 3)
1,4-dibromo-2, activation T1-1%*2 3)
3-epoxy-butane
1,4-dibromo-2, activation T1-1%*2 3)
3-dihydroxybutane
1-bromopropane-2,3-diol T 1-1 *2 no substrate (3)
1,2-dibromo-3- activation T 1-1 *2 (weak act.)  (3)
chloropropane M 1-1 (0-017) (25) M 1a-1a (0-005) (25)
M 2-2 (0-002) M 3-3 (0-002)
T 2-2 (0-009) A 1and A 2 enzymes
other enzymeslower higher activity
act. activity
2,3-dibromopropion- activation T 1-1 *2 (no substrate)
aldehyde
1,3-dibromopropanol activation T1-1%*2 3)
chloroethene ? conjugation identified, no specific activitiesknown  (26)
(vinyl chloride)
styrene-7,8-oxide inactivation M 1-1 (0-8 mM™"s™') (27) M 1 biphasic
dependenton GSH:  (13)
M 1-2 (0-7 mMs™) [GSH] < mM: Vmax
1-3 pmol mg min
M2-2 (0-5mM's™) Km 0-32 mM
A1-1and P 1-1low [GSH] > 1 mM: Vmax
2:3 ymol mg min
activity Km 124 mM
(activity as kcat/Km) M (unspecified, 2-6) (28)
A (unspecified 0-02)
P 1-1(0-14)
2-propenal inactivation M1-1(7-1) 29)
(acrolein) P 1-1(263)
A 1-1(0-86)
4-hydroxynonenal inactivation A 4 (170) (30) A4(177) (31)
M 1-1(3-2)
A others except A 4 (0-58)
P1(0-54)

*1 substrate specificity deduced from GSH conjugation upon incubation with human blood cells, no
specific activity was determined. *2 substrate specificity deduced from the effect of GSH conjugation on
mutagenicity in Salmonella Typhimurium expressing GSTs from rat or human. *3 activity of GST
determined in cytosolic fraction. *4 activity of GST deduced from binding to DNA in the presence of
GSTisoenzymes.

References used: 1, Robertson ef al. 1986a;2, Robertson et al. 1986b; 3, Thier et al. 1995;4, Uuskiila
et al. 1995; 5, Thier et al. 1996; 6, Norppa et al. 1995; 7, Landi et al. 1996; 8, Hallier et al. 1993; 9,
Hallier et al. 1990; 10, Guengerich et al. 1995;11, Tan and Board 1996; 12, Reitz et al. 1989; 13, Pacifici
et al. 1987; 14, Hiratsuka et al. 1994; 15, Juronen et al. 1996; 16, Schriider et al. 1996; 17, Bogaards et al.
1993; 18, Graveset al. 1995;19, Ploemen et al. 1995; 20, Cmarij et al. 1990;21, Inskeep and Guengerich
1984; 22, Simula et al. 1993; 23, Fedtke et al. 1994; 24, Vos et al. 1991; 25, Sgderlund et al. 1995; 26,
Chasseaud 1979; 27, Hiratsuka et al. 1989; 28, Warholm et al. 1987;29, Berhane et al. 1994; 30, Jensson
et al. 1986;and 31, Singhal et al. 1994.
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N-acetyl-L-cysteine S-conjugates). This reaction is carried out by cysteine S-
conjugate N-acetyltransferase (CCNAT). This enzyme is different from the well-
known genetically polymorphic N-acetyltransferase (NAT2) involved in the
metabolism of drugs such as isoniazid (Sipes and Gandolfi 1991, Commandeur
et al. 1995). CCNAT is located on the endoplasmatic reticulum. The highest
specific activity is found in the kidney (see table 1), especially in the proximal
tubular region. Although the liver contains a lower specific activity of CCNAT, the
liver contributes considerably to the N-acetylation of cysteine S-conjugates due to
its relatively high weight (Inoue et al. 1984). MAs can be deacetylated again by N-
deacetylases mainly acylase I and III, two enzymes with high activities in the
kidney and liver (see table 1) (Commandeur et al. 1995).

Other enzymes may also be involved in the metabolism of GSH S-conjugates
leading to different end-products, such as mercaptolactic acids (3-mercapto-2-
hydroxypropionic acid), mercapturic S-oxides and mercaptoacetic acids. The
different routes reviewed by Commandeur et al. (1995) are outlined in figure 4.
Apart from metabolism to MAs, cysteine S-conjugates can follow various
metabolic routes, such as transamination or oxidative deamination to 3-
mercaptopyruvic acid S-conjugates (o-keto acids or 3-mercapto-2-oxopropionic
acids), oxidation to cysteine S-conjugate S-oxides and [3-elimination to thiol-
compounds. The 3-mercaptopyruvic acid S-conjugates are generally excreted in
extremely low concentrations because rapid further metabolism occurs. An
exception is the mercaptopyruvic acid from benzylisothiocyanate, a natural
compound present in foodstuff such as garden cress (Gorler et al. 1982). The
mercaptopyruvic acid of benzylisothiocyanate is stabilized by internal cyclization
to 4-hydroxy-4-carboxy-3-benzylthiazolidin-2-thione, thus preventing further
metabolism. Benzylisothiocynate administered to guinea pigs resulted in a urinary
excretion of approximately 23 % of the dose as this particular metabolite (Gorler
et al. 1982). In other cases 3-mercaptopyruvic acid S-conjugates may undergo
reduction to the corresponding 3-mercaptolactic acid S-conjugates,
decarboxylation to 2-mercaptoacetic acid S-conjugates and S-methyl conjugates, or
[-elimination (enzyme not specified) to the corresponding thiol-compounds
(Commandeur et al. 1995). B-Elimination of cysteine S-conjugates and cysteine
conjugate S-oxides, catalyzed by [Flyase results in the formation of thiol-
compounds and sulphenic acids. Many of these thiols and sulphenic acids are
toxicologically relevant as will be discussed later. Guinea pigs and rabbits are poor
excretors of MAs and therefore in these species GSH conjugation often leads to the
excretion in urine of the other end products mentioned. For instance,
administration of S-pentylcysteine to these species led predominantly to the
urinary excretion of 3-(pentylthio)-pyruvic acid, 3-(pentylthio)-lactic acid and
pentyl-MA sulphoxide (James and Needham 1973). In rats and hamsters, however,
the excretion of pentyl-MA and other MA metabolites predominated, and was
explained by a higher acetylation capacity in these species for cysteine S-
conjugates. When rats were treated with S-pentyl-3-mercaptopyruvic acid, the
major urinary metabolite was still the corresponding MA, indicating that the
reverse transamination and subsequent N-acetylation (see figure 4) is also an
important metabolic route for this compound in the rat. Sulphoxides of cysteine S-
conjugates and related metabolites were also found in the urine of animals and
humans exposed to different compounds. For instance, small amounts of
mercapturic acid sulphoxides were identified in the urine of rg B8 wrs T '
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halides (Kaye et al. 1972) and hexachloro-1,3-butadiene (Birner et al. 1995).
Human volunteers treated with the mucolytic drug S-carboxymethylcysteine
excreted S-carboxymethylcysteine, methylcysteine, carboxymethyl-MA and
thiodiglycolic acid (thiodiacetic acid) and their respective sulphoxides in urine
(Woolfson et al. 1987, Staffeldt et al. 1991). Thiodiglycolic acid is formed from S-
carboxymethylcysteine by deamination and decarboxylation. In contrast to what
these examples might suggest, humans are generally excellent excretors of MAs
(Van Welie et al. 1992). However, in most studies the other products are often not
looked for and therefore still should be considered as potentially useful biomarkers.

The mercapturic acid pathway is a multrorgan process

T he MA-pathway is generally believed to be a multi-organ process (see figure 5)
(Hinchman and Ballatori 1990, Hinchman and Ballatori 1994, Commandeur et al.
1995). GSH conjugation mainly takes place in the liver and under normal
circumstances the GSH S-conjugates are excreted into the biliary canalicula. GSH
S-conjugates formed in other organs (e.g. in the lung or in erythrocytes) are
transported via the systemic circulation to the liver and other organs. In the bile,
GSH S-conjugates are degraded to the corresponding cysteine S-conjugates by
GGT and dipeptidases. The cysteine S-conjugates may be reabsorbed by
hepatocytes and acetylated within these cells. Both cysteine S-conjugates and MAs
are excreted in the blood via the sinusoidal membrane while MAs may be excreted
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Figure 5. Schematic representation of the interorgan transport of GSH S-conjugates (R-SG) and
their metabolites (e.g. glycine-cysteine S-conjugates (R-CG), cysteine S-conjugates (R-Cys) and
N-acetyl-cysteine S-conjugates (R-NAc=mercapturic acids), leading to hepato-biliary cycling,
hepato-intestinal cycling or hepato-renal cycling. R-SH =thiol compound derived from R-Cys.
Adapted from Commandeuret al. (1995). BIGHTS
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again in the bile. This cycle is called the hepato-biliary cycling (Hinchman and
Ballatori 1994). Both GSH S-conjugates and cysteine S-conjugates may also be
excreted via the biliary tree into the intestinal lumen, where high concentrations of
GGT and dipeptidases are present. Free GSH, GSH S-conjugates and cysteine S-
conjugates all can be absorbed by the epithelial cells of the intestinal microvilli and
be delivered again to the liver by the portal vein (entero-hepatic cycling). The S-
conjugates which are not re-absorbed from the intestinal epithelial cells are
removed via the faeces. Cysteine S-conjugates can also be acetylated in the
intestinal epithelial cells or can be metabolized by [3-lyases present in the gut flora.

The S-conjugates and MAs that are eventually excreted in the blood by
hepatocytes (after hepato-biliary, entero-hepatic or hepato-renal cycling) are further
distributed by the systemic circulation to the kidneys and other organs. MAs in the
blood are strongly bound to plasma albumin (Inoue et al. 1987) and are therefore not
eliminated by glomerular filtration. However, MAs are absorbed actively by renal
proximal tubular cells from the blood. Glomerular filtration is only responsible for
25 %of the renal GSH clearance, while the rest is removed by active transport across
the basolateral membrane (Hiberle et al. 1979). GSH S-conjugates and cysteine
S-conjugates are also absorbed from the blood across the basolateral membrane into
the tubular cells and GSH S-conjugates, cysteine S-conjugates, and MAs can be
excreted in the primary urine in the lumen of the proximal tubules. In this lumen
GGT and dipeptidases are active in the hydrolysis of GSH S-conjugates. Cysteine
S-conjugates may be absorbed from the primary urine into proximal tubules cells
via the apical membrane. In the proximal tubular cells cysteine S-conjugates may be
subject to acetylation, cleavage by [3-lyase or they are transported to the blood and
subsequently distributed to the liver for acetylation.

T he different enzymes involved in the MA-pathway have their highest specific
activities in different organs. Their active sites are located either intra- or
extracellularly and therefore the different metabolites of this pathway have to be
transported across different membranes. Various active or facilitated transport
systems (like the GS-X pump, GSH carriers, system A, -L, ASC or -T and the
organic anion transporter) have been identified and found to be involved in the
transport of GSH-conjugates and their metabolites. For a recent review on this
field see Commandeur et al. (1995).

T he exact route that GSH S-conjugates follow in the body during the MA-
pathway is strongly dependent on the activity of GGT, dipeptidases, and CCNAT
in various organs and large species differences have been found in the activities of
the enzymes involved. In rats and mice relatively high activities of GGT and the
dipeptidases are found in the kidney, while CCNAT has its highest activity in the
liver and kidney. In these species GSH S-conjugates are transported from the liver
via the bile, intestine and systemic circulation to the kidney, where hydrolysis to
cysteine S-conjugates takes place. The cysteine S-conjugates are transported back
to the liver for acetylation and again transported to the kidney for urinary
excretion. This is called hepato-renal cycling. In other species, like guinea pig and
rabbit the relative activities of GGT and dipeptidases in the liver are higher
compared to that in the kidney (see table 4) and therefore the contribution of the
hepato-biliary cycling to the MA-pathway is much higher in these species
(Hinchman and Ballatori 1994). Attempts have been made to estimate the kidney-
liver ratios of GGT in humans, and these estimates indicated that the relative
distribution of this enzyme in humans resembles that of guirg v & W T & 11 it
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1978, Hinchman and Ballatori 1990). This would mean that hepato-biliary cycling
contributes to the MA-pathway in humans. However, the mRNA encoding for
dipeptidase was only transcribed in the kidney of humans (Satoh et al. 1994).
T herefore, it is not yet clear which route is followed in humans during the MA-
pathway. As mentioned earlier, the MA-pathway leads predominantly to other end-
metabolites in guinea pigs (James and Needham 1973, Gorler et al. 1982), whereas
in humans and rats the formation of MAs is much more prominent (Van Welie et
al. 1992, Commandeur et al. 1995). This kind of species variation is dominated by
differences in acetylation/deacetylation and other reactions involved in the
metabolism of GSH S-conjugates, and rat seems to be a good model for humans to
investigate the urinary excretion of MAs resulting from GSH conjugation of
electrophilic compounds.

Glutathione conjugation leading to toxicity

Although GSH-conjugation of electrophilic, and therefore potentially toxic,
chemicals or intermediates is generally regarded as a detoxification pathway, some
GSH S-conjugates can lead to toxicity as well. Different mechanisms have been
identified by which GSH conjugation can lead to increased toxicity. These include
formation of reactive intermediates from GSH S-conjugates such as
episulphonium ions, (-elimination of the C-S bond in cysteine S-conjugates
catalysed by [-lyase, transport and accumulation of redox-active GSH S-
conjugates of hydroquinones and aminophenols, transport of reversible GSH
S-conjugates and metals, and depletion of cellular GSH levels. The mechanisms
involved in the bioactivation by GSH-conjugation will be discussed briefly. For
more extensive discussions on this subject see references Koob and Dekant (1991),
Baillie and Kassahun (1994), Monks and Lau (1994).

Dihalogenated alkanes such as 1,2-dibromoethane and 1,2-dichloroethane, can
be activated by GSH conjugation (Guengerich 1994). 1,2-Dibromoethane is a
former pesticide and anti-knock agent, and 1,2-dichloroethane is still used as
precursor of vinyl chloride. Both compounds react with GSH to give a half-
mustard (S-(2-haloethyl)-glutathione) from which a reactive episulphonium ion
can be formed. The episulphonium ion reacts with bio-macromolecules, including
DNA, leading to mixed GSH-DNA adducts. In DNA, the S-[2-(N’-guanyl)ethyl]-
glutathione (GE-SG) is preferentially formed and the corresponding MA (S-[2-
(N7-guanyl)ethyl]-MA) is excreted in urine. As can be expected, the formation of
S-[2-(N7-guanyl)ethyl]-MA is much lower with the chlorine compound compared
with the bromine analogue (Guengerich 1994). Many other dihalogenated alkanes
are activated by GSH conjugation (see table 3). GSH conjugation enhanced
mutagenicity in the Salmonella typhimurium assay of dibromomethane (Thier et al.
1995), dichloromethane (Thier et al. 1996), 1,2-dibromoethane (Van Bladeren et al.
1980, Thier et al. 1996) but not of 1,4-dibromobutane (Thier et al. 1995). These
compounds, having one or two carbon atoms, readily form reactive sulphur
intermediates (sulphide ions, episulphonium ions or sulphonium ions), after GSH
conjugation. Bifunctional compounds with other chain lengths (e.g. n=3) do not
readily form such reactive sulphur intermediates and the 5-membered ring
resulting from 1,4-dihalobutanes is rather stable to nucleophilic attack resulting in
a lower mutagenic activity compared to the compounds with one or two carbon

atoms (Inskeep and Guengerich 1984, Buijs 1985). Mixed GSig Pa' m T 8 11770
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formed by the same mechanism from 1,2-dibromo-3-chloropropane (Humphereys
et al. 1991) and 1,2,3-trichloropropane (La et al. 1996). GSH conjugation of 1,2-
dibromoethane (Ploemen et al. 1995), and many other dihalogenated compounds, is
in humans generally catalysed by the genetically polymorphic GST T 1-1 (see
table 3). GST A 2-2 also has high activity for 1,2-dibromoethane (Cmarij et al.
1990), while GST M and GST P enzyme families show low and no activity,
respectively (Inskeep and Guengerich 1984).

B-Elimination of cysteine S-conjugates is catalysed by the enzyme cysteine
conjugate [lyase (also C-S lyase). This enzyme is present in many intestinal
bacteria, and different forms are also found in the liver and kidney (Cooper 1994,
Commandeur et al. 1995). In the kidney a mitochondrial and a cytosolic form of
[B-lyase has been found. The cytosolic form is identical to glutamine transaminase
K. Different forms are also found in the liver and one of these forms is identical to
kynureninase. [-Lyase enzymes are dependent on pyridoxal 5'-phosphate, and
when a Schiff’ base is formed with the co-factor pryidoxal 5’-phosphate, o-proton
abstraction followed by the [-elimination occurs. Many L-Cysteine S-conjugates
from halogenated alkenes are recognized as substrates by [3-lyase. The corresponding
D-cysteine S-conjugates and MAs (N-acetyl-L-cysteine S-conjugates) are not
substrates for [-lyase (Commandeur ef al. 1995). The [-elimination results in a free
thiol, pyruvate and ammonia. Many thiol-compounds are toxic, because they may
be auto-oxidized with subsequent formation of thiyl radicals and reactive oxygen
species (Ballatori 1994, Dekant et al. 1994, Munday 1994). The auto-oxidation can
be catalysed by metal ions. Secondary reactions may lead to formation of
disulphides, for instance with cysteine residues in proteins. Chemically stable
thiols, e.g. from 6-mercaptopurine, may be oxidized enzymatically to highly
reactive sulphenic acids (R-SOH) (Van Den Broek et al. 1990). -Elimination of
cysteine S-conjugates from haloalkenes results in thiol-compounds which may
rearrange to highly reactive intermediates such as thionoacyl halides (R-C=S),
thiiranes (R—-CSC-R, CSC in three membered ring) and thioketenes (R-C=C =S)
Koob and Dekant 1991, Commandeur et al. 1996). The first two types are formed
from 2-chloro-1,1,2-trifluoroethyl-cysteine (CTFEC, from 1,1-dichloro-2,2-
difluoroethene) and 1,1,2,2-tetrafluoroethyl-cysteine (TFEC, from
tetrafluoroethene) (Boogaard et al. 1989, Commandeur et al. 1996). The latter type
of intermediate is formed from 1,2-dichlorovinyl-cysteine (from 1,1,2-
trichloroethene) (Dekant et al. 1988b, Koob and Dekant 1991), 1,2,2-
trichlorovinyl-cysteine (TCVC, from tetrachloroethene, also known as
perchloroethylene) (Dekant et al. 1988b) and 1,2,3,4,4-pentachlorobutadienyl-
cysteine (PCBC, from hexachlorobutadiene) (Birner et al. 1995, Dekant 1996). For
unidentified cysteine S-conjugates from 1,1-dichloroethene (vinylidene chloride)
(Cavelier et al. 1996), [Flyase mediated mechanisms as well as oxidative
mechanisms were suggested to cause renal toxicity (Dekant 1996).

Hydroquinones and 4-aminophenols can produce oxidative stress by a redox-
cycling mechanism and multiple addition of GSH to these compounds has been
shown (Monks and Lau 1994). However, GSH conjugation does not eliminate the
redox activity. The effect of GSH conjugation is that the hydroquinone and
aminophenol S-conjugates are efficiently transported to the kidney and
accumulated in this organ. The high GGT and dipeptidase activity in the kidney
seems to facilitate this accumulation.

Many electrophilic compounds can be transported as cg g HTE © 11
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(Baillie and Kassahun 1994, Monks and Lau 1994). Additional to accumulation in
the kidney, reversible binding to GSH can deliver the reactive compounds to
tissues distant from the site of conjugation, including the brain. GSH conjugation
of isothiocyanates, isocyanates, and o, J-unsaturated aldehydes are reversible, and
their GSH-conjugates are in equilibrium with their parent compounds.
Isothiocyanates (R-N =C =S) from natural products (e.g. allyl isothiocyanate from
cruciferous vegetables and mustard (Jiao et al. 1994) and benzylisothiocyanate from
garden cress and other vegetables (Gorler et al. 1982), and from synthetic origin
readily react with thiols, forming dithiocarbamidic esters (Baillie and Kassahun
1994, Monks and Lau 1994). The corresponding MAs are generally prominent
urinary metabolites. However, the equilibrium depends on pH (dithiocarbamidic
esters are base labile), and the relative concentrations of the parent chemical, GSH,
and the conjugate in a particular tissue. Therefore, GSH can transport the
isothiocyanate from the original site of formation to other tissues. Isocyanates
(R-N =C=0) are generally more reactive compared with the corresponding
isothiocyanates. Because of their reactivity with peptides, proteins, and nucleic
acids they are generally highly toxic (Baillie and Kassahun 1994). Isocyanates are
widely used in the manufacture of pesticides, polyurethanes, paints, and are also
formed from drugs such as fotemustine (Brakenhoff et al. 1994), so it is an
interesting group of chemicals from an occupational point of view Like
isothiocyanates, thiol conjugates from isocyanates are reversible and the
equilibrium is also dependent on physico-chemical circumstances such as the pH
and the relative concentrations. A notorious isocyanate is methylisocyanate, which
will be discussed in some depth later in this review.

o, B-Unsaturated aldehydes react with GSH, by Michael addition on the [}
position, and the reaction is theoretically reversible (Baillie and Kassahun 1994,
Monks and Lau 1994). However, S-conjugates from o, [3-unsaturated aldehydes are
quite stable and the reverse reaction (retro-Michael cleavage) may require further
metabolism of the S-glutathionyl moiety before the original aldehyde is liberated
again. For example, oxidation of the GSH-conjugate of acrolein to its mercapturic
acid sulphoxide favours 3-elimination of acrolein from the molecule (Hashmi et al.
1992, Ramu et al. 1996).

T he last mechanism by which GSH conjugation may lead to toxicity concerns
GSH-depletion. However, at the current low exposure levels significant GSH-
depletion happens only rarely, while at higher doses in animal studies, GSH-
depletion may occur. GSH plays an important role in the detoxification of radicals
and peroxides and depletion of GSH leaves the cell less well protected against these
reactive species, (section I11.1 Homeostasis and functions of glutathione) (Meister
1991, Munday 1994).

Analysis of urinary mercapturic acid excretion

Mercapturic acids consists of a N-acetylated cysteine moiety and an S-bound
group originating from the conjugated electrophile. The N-acetylated cysteine
moiety is relatively hydrophillic, whereas the S-bound group is usually lipophilicin
nature. MAs are non-volatile compounds and the analytical matrix, urine, contains
numerous salts and organic compounds. Many selective methods that have been
developed for the determination of MAs are based on HPLC or GC separations
and therefore salts (HPLC and GC) and water (GC) have tg yg i T8 L 17
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urine. As a non-selective method to determine urinary thioether concentration, the
often thioether assay is used. In this assay, the thiol content in samples is
determined spectrophotometrically after alkaline hydrolysis and reaction with
Ellman reagent (5,5'-dithiobis(2-nitrobenzoic acid)) (Ellman 1959, Seutter-Berlage
et al. 1977). Major disadvantages of this method are that no information is obtained
about the structure of the thioethers determined, and that relatively high
background values occur making this method less suitable for the determination of
low exposure levels. However, it can be successfully applied in occupational
settings when high exposure levels to mixtures of compounds occur. For instance,
significant differences between exposed and unexposed workers were found in tyre
manufacturing and rubber synthesis workers, when groups of workers were divided
according to smoking behaviour (Vianio et al. 1978).

Many chromatographic methods have been used to selectively detect individual
MAs in urine (Van Welie et al. 1992). These methods consist of three steps: (1)
sample pretreatment (extraction) and derivatization, (2) chromatographic
separation and (3) detection by (selective) detectors. An overview of the different
methods used to analyse MAs is given in table 5.

For the preparation of urine samples for HPLC and GC analysis, extraction of
acidified urine by ethylacetate, diethylether, or by solid phase extraction (SPE; RP18),
with simultaneous salting out or the use of counter-ions as needed, is used to remove
salts and water and for partial sample clean-up. These extraction procedures are only
successful when the xenobiotic restgroup is sufficiently lipophilic. For MAs with small
or relatively hydrophillic xenobiotic S-bound groups, e.g. 3,4-dihydroxybutyl-MA,
lyophilization combined with repeated salt precipitation by methanol/acetone, seems
to be more appropriate (Bechtold et al. 1994).

In principle, MAs can be analysed by HPLC without further derivatization
when electrochemical detection is used. When fluorescence detection is applied,
derivatization (using o-phthaldialdehyde for example) is often used. Before MAs
can be derivatized by o-phthaldialdehyde, the MAs must be deacetylated
enzymatically, by acylase (Sakai et al. 1995) or chemically by acid hydrolysis
(Stommel et al. 1989, Wu et al. 1993). MAs may be unstable in strong acidic
environments used in acid hydrolysis; 2-carbamoylethyl-MA, a metabolite of
acrylamide, was converted to carboxyethyl-cysteine during acid hydrolysis (Wu et
al. 1993). An alternative way to prepare MAs for fluorescence detection is alkaline
hydrolysis followed by monobromobimane derivatization (Dehnen 1990). This
method is in fact a more specific application of the thioether assay. By this method,
labile MAs, e.g. formed from diethylmaleate, are converted to N-acetyl-L-cysteine
and the total urinary N-acetyl-L-cysteine can be determined by HPLC. More
stable MAs, e.g. formed from benzene, may undergo [3-elimination by this method
and monobromobimane derivatives of the resulting thiols can be determined by
HPLC (Dehnen 1990).

High pressure liquid chromatography (HPLC) is frequently used in
bioanalytical work, especially for thermolabile or nonvolatile analytes which can
not be determined by GC. HPLC separation of urinary MAs is mostly performed
on reverse-phase (RP18) columns, using gradient or isocratic elution systems.
Simple UV detection (A=210-256 nm) is frequently applied, resulting in method
detection limits ranging from 1 to 14 mg I"* (Norstrom et al. 1986, Truchon et al.
1990). When more sophisticated detection systems are used, e.g. fluorescence

detection after o-phthalaldehyde derivatization (Gérin and Tagg' | &' M v 8 17 7
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Table 5. Comparisonof different analyticalmethods used for the determinationof mercapturic acids
in urine samples.
Det.limit. Mercapturicacid Parent
Method Selectivity Cheapness (mgL7!) determined compound Ref.
T hioether ———— +++ + high back- generalthioethers generalexposure (1,2)
assay ground to electrophiles
HPLC-UC + + 2 benzyl-MA toluene (3,4)
1 o-methylbenzyl-MA o-xylene (3,4)
14 1-phenyl-2-
hydroxyethyl- styrene 5)
MA (+isomer)
3-hydroxypropyl-MA  allylamine 6)
allylhalides
1-5 phenyl-MA benzene 7)
HPLC- + + 0-5 phenyl-MA benzene 8)
Fluorescence 2-5 propionamide-MA acrylamide )
(as carboxyethyl-MA)
3-0 hydroxyethyl-MA ethyleneoxide  (10)
and other
+ + 0-004 (?) alkaline hydrolysis total thiophenol (11)
followed by mono-
bromobiman
derivatization
HPLC + + 0-5 isovalerylurea-2-MA  o-bromo-iso- (12)
valerylurea
electro-chemical detection
GC-FID ++ + 6 3-hydroxypropyl-MA  acrolein (13)
6 2-carboxyethyl-MA acrolein/ethyl- or (13,14)
butylacrylate
1 2-cyanoethyl-MA acrylonitrile 15)
GC-NPD ++ + 0-07(2) Z- and E-3-chloro- Z- and E-1, 3- (16)
0-04 (E) propenyl-2-MA dichloropropene
0-2 N-methylcarbamoyl- ~ N,N-demethyl (17,18)
MA (after hydrolysis formamide and
to ethyl-N-methyl- N-methylformamide
carbamate) methylisocyanate
GC-FPD ++ + 0-1 Z- and E-3-chloro- Z-and E-DCP  (19)
propenyl-2-MA
0-06 Z- and E-3-chloropro- Z-and E-DCP  (16)
0-02 penyl-2-MA
GC-MS +++ -—— 1 N-methylcarbamoyl-  N,N-dimethylfor-
MA mamide (20)
(PIEL, SIM) N-methylformamide
methylisocyanate
0-01 benzyl-MA toluene (21)
0-5 benzyl-MA toluene 4)
0-3 o-methylbenzyl-MA o-xylene 4)
0-1 3,4-dihydroxy- 1,3-butadiene (22)
butyl-MA
0-01 phenyl-MA benzene 8)
0-001 (23)
GC-MS +++ —— 0-006 trichlorovinyl-MA tetrachloroethene (24)
(NICL, SIM)
GC-MS +++ - 1310-9 1,2- and 2,2-dichloro- 1,1,2-trichloro- (25)
(NICI, SIM) vinyl-MA ethene
GC-MS/ ++++ - 0-0005 phenyl-MA benzene (26)
MS (PICI)
GC-MS/ ++++ - 0-0001 trichlorovinyl-MA tetrachloroethene (24)
MS (NICI)
LC-MS ++++ - 11 N-methylcarbamoyl- ~ N,N-dimethylfor- (27)
(thermospray, MA mamide
SIM) N-methylformamide
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Table 5. (cont.)

Det.limit. Mercapturicacid Parent
Method Selectivity Cheapness (mgL7!) determined compound Ref.
LC-MS/ ++++ ——— not 2-chloroethylcarba- 2-chloroethyliso- (28)
cyanate
MS (ionspray, SIM) mentioned moyl-MA intermediate from
BCNCI
NOTE: in general, detection limits down to 0-0005 mg L' are possible (29)
DIP-MS/ ++++ ——— 0-05 3-hydroxypropyl-MA  acrolein (26)
MS (PIEI)
ELISA +++ ++ 0-001 1,2-dihydro-1-hydro-  naphthalene (30)
xy-2-naphthyl-MA
(and isomers)
ELISA +++ ++ 0-0025 4-ethene-6-isopropyl-  atrazine (31)
amino-1,3,5-triazin-
2-MA

Abbreviations used: HPLC or LC, high pressure liquid chromatography; UV, ultraviolet absorption
detection; FLU, fluorescence detection; MA, mercapturic acid moiety; GC, gas chromatography; FID,
flame ionisation detector; NP D, nitrogen-phosphor detector; FPD, flame photometric detector (sulphur
selective); MS, mass spectrometric detector; PI, positive ion; EI, electron impact ionization; SIM,
selected ion monitoring; NI, negative ion; CI, chemical ionization; MS/MS, tandem mass spectrometry;
DIP, direct insertion probe; ELISA, enzyme linked immunosorbent analysis.

References used: 1, Seutter-Berlage et al. 1977; 2, Vianio et al. 1978; 3, Tanaka et al. 1990; 4,
Norstrom et al. 1986; 5, Truchon et al. 1990; 6, Sanduja et al. 1989; 7, Jongeneelen et al. 1987; 8,
Stommelet al. 1989;9, Wu et al. 1993; 10, Gérin and Tardif 1986; 11, Dehnen 1990; 12, Te Koppele et
al. 1988; 13, Linhart et al. 1996; 14, Linhart et al. 1994b; 15, Jakubowski et al. 1987;16, (Onkenhout et
al. 1986;17, Sakai et al. 1995; 18, Mraz 1988; 19, Van Welie ef al. 1989; 20, Casal-Lareo et al. 1995;21,
Takahashiet al. 1994;22, Bechtold et al. 1994;23, Boogaard and Van Sittert 1995; 24, Bartels 1994; 25,
Bernauer et al. 1996; 26, Stanek et al. 1993;27, Slatter et al. 1991; 28, Davis et al. 1993;29, Gelpi 1995;
30, Marco et al. 1993; and 31, Lucas et al. 1993.

et al. 1989) or electrochemical detection using a bromine generation cell (Te
Koppele et al. 1988), slightly lower detection limits ranging from 0-5 to 3 mg 1™
may be reached. In a bromine generation cell, electrochemically generated bromine
reacts with thioethers in the eluate. The detection limits reached by HPLC are
mostly too high to be used for human exposure assessment when exposure occurs at
low levels. Additionally, no structural information is obtained by HPLC based
methods. However, HPLC analysis is a convenient analytical tool in the
quantitative determination of MAs excreted by animals treated with higher doses
of various compounds. Examples of MAs which have been determined by HPLC
in urine of laboratory animals are: benzyl-MA (from toluene) (Norstrom et al.
1986, Tanaka et al. 1990), o-methyl-benzyl-MA (from o-xylene) (Norstrom et al.
1986, Tanaka et al. 1990), isovalerylurea-2-MA (from o-bromoisovalerylurea) (Te
Koppele et al. 1988), 1-phenyl-2-hydroxyethyl-MA (and regio isomer, from
styrene) (Truchon et al. 1990), 2-hydroxyethyl-MA (from ethylene oxide) (Gérin
and Tardif 1986), 3-hydroxypropyl-MA (from allyl amine or from allyl halides)
(Sanduja et al. 1989) and phenyl-MA (from benzene) (Jongeneelen et al. 1987,
Stommel et al. 1989).

HPLC combined with mass spectrometry (LC-MS or LC-MS/MS) is receiving
increasing attention in bioanalytical work. Mass spectrometers are usually coupled
to HPLC-systems by thermospray or ionspray interfaces (Arpino 1990). An
ionspray LC-MS/MS method was recently applied to the identification and
quantitative determination of 2-chloroethylcarbamoyl-MA in urine and the
corresponding GSH S-conjugate in bile from rats treated withthg y g’ v = L1 7
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N, N'-bis(2-chloroethyl)-N-nitrosurea (BCNU) (Davis et al. 1993). Unfortunately,
the limit of detection was not mentioned. N-Methylcarbamoyl-MA (MCMA), a
metabolite of methylisocyanate and of caracemide, was identified in the urine of rats
treated with methylisocyanate or caracemide, respectively, by thermospray LC-MS
(Slatter et al. 1991, Slatter et al. 1993). However, only a relative high limit of
detection (11 mg I"! urine) was reported for MCMA in rat urine (Slatter et al. 1991).
In general extremely low limits of detection (down to 0-5 pg I"") are possible by
using LC-MS, especially when tandem mass spectrometry (MS/MS) and selected
ion monitoring (SIM) is used (Gelpi 1995).

Gas chromatography (GC) is also used for the determination of MAs in urine.
When MAs are analysed by GC-methods, they also have to be isolated from urine
as described above. Additionally the volatility needs to be improved by
derivatization (Dinoff et al. 1992). The most common derivatization used for this
purpose is methylation by diazomethane or methanolic hydrochloride, but
trimethylsilylation, acetylation, n-butylation, and pentafluorobenzylation have also
been used. Some alternative destructive procedures for the isolation and
derivatization of urinary MAs have been developed: alkaline permethylation,
Raney-Nickel catalysis and derivatization with acetic anhydride/methanesulphonic
acid. These methods are again variants of the thioether assay. During alkaline
permethylation, a base catalysed [-elimination of the N-acetylcysteine moiety
occurs, and the xenobiotic S-bound group is liberated attached to the sulphur atom
of the MA. The thiols are methylated by the methyliodide present and the resulting
methylthioethers are subsequently extracted with n-pentane. This procedure has
been applied to MA-metabolites (Zheng and Hanzlik 1992) and protein S-adducts
(Slaughter et al. 1993) of bromobenzene and for GSH S-conjugates of paracetamol
(Bessems et al. 1996). The alkaline permethylation procedure can in principle also
be used to investigate GSH and cysteine S-adducts. In another destructive method,
cysteine S-adducts are cleaved using Raney-Nickel catalysis, liberating the
xenobiotic S-bound group. When the S-bound group contains a hydroxyl, it can be
derivatized further to a pentafluorobenzoate ester prior to GC-ECD or GC-MS
analysis. Raney-Nickel catalysis was applied to GSH S-conjugates and MAs
synthesized from 4-hydroxynonenal (Uchida and Stadtman 1992) and to
haemoglobin and albumin adducts of styrene oxide (Rappaport et al. 1993). In the
third destructive method, [J-elimination of cysteine-thioethers and concomitant
acetylation of the resulting thiols is performed by addition of acetic anhydride and
methanesulphonic acid to dry samples. Therefore, extraction-evaporation, drying
or lyophilization must precede this type of derivatization. After destruction of the
excess anhydride and subsequent extraction of the derivatives GC and GC-MS
analysis can proceed. When trifluoroacetic anhydride is used instead of acetic
anhydride, derivatives with high responses to GC-ECD analysis are formed. This
method has been applied to GSH S-conjugates, cysteine S-conjugates and MAs of
naphthalene and other aromatic compounds (Bakke 1982) and to haemoglobin-
cysteine adducts of benzene oxide (Yeowell-O’Connell et al. 1996). Unfortunately
the detection limits were not given and the methods occasionally resulted in
relatively high amounts of side products (Bakke 1982). A very elegant alternative
method to prepare MAs in urine for GC analysis concerns a phase-transfer
procedure (Dinoff et al. 1992). In this procedure the extraction of benzyl-MA
from urine to a dichloromethane phase is facilitated using tetrabutylammomum

to form an ion pair The benzyl-MA extracted was g'i g 1 TE 1 i K
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pentafluorobenzyl ester by the addition of pentafluorobenzylbromide to the
organic layer The resulting derivatives usually are readily detectible with GC-
ECD or negative ion chemical ionization measurement mass spectrometry (NICI-
MS) (Poole and Schuette 1986).

Different detectors are used in the GC determination of MAs: flame ionization
(FID), electron-capture (ECD), nitrogen-phosphor (NPD), nitrogen selective
flame thermoionic (FTD) and sulphur selective flame photometric detector (FPD).
The detection limits which are reached (0-02-0-2 mg 1! are 2 to 25 times more
sensitive compared to the corresponding limits reached by HPLC-based methods,
and application of these methods in human exposure measurements is often
possible. Examples of MAs which have been determined by GC are: 3-
hydroxypropyl-MA (from acrolein and others) (Linhart et al. 1996), 2-
carboxyethyl-MA from acrolein (Linhart et al. 1996) and acrylate esters (Linhart
et al. 1994b), N-methylcarbamoyl-MA from N,N-dimethylformamide (Mraz 1988,
Sakai et al. 1995) and Z- and E-3-chloro-2-propenyl-MA from Z- and E-1,3-
dichloropropene (Van Welie et al. 1989). The detectors used and the respective
detection limits are given in table 5.

T he application of GC-MS based methods is becoming increasingly popular in
human biological monitoring. Its flexibility allows it to be used for the
identification of metabolites in the scan mode, and for the quantitative
determination of low concentrations when characteristic ions are monitored in the
selected ion mode (SIM). Electron impact ionization (EI) is mostly used to
generate ions, but chemical ionization (CI) using methane or ammonia as reagent
gases is also often applied in the determination of MAs (Vermeulen et al. 1983).
Reasonably good sensitively, ranging from 0-001 to 0-5 mg 1! is attained for MAs in
urine when splitless injection is used for the GC. With high volume injection
techniques, like solvent purge injection systems, even lower detection limits should
be possible (Hinshaw 1989). Examples of MAs determined by GC-MS are: benzyl-
MA from toluene (Norstrom et al. 1986, Takahashi et al. 1994), 3,4-
dihydroxybutyl-MA from 1,3-butadiene (Bechtold et al. 1994), trichlorovinyl-MA
from tetrachloroethene (Bartels 1994) and phenyl-MA from benzene (Stommel
et al. 1989, Boogaard and Van Sittert 1995).

Tandem mass spectrometry (MS/MS) techniques have also been used for the
structural elucidation and quantitative determination of MA metabolites
(Deterding et al. 1989, Stanek et al. 1991, Jones et al. 1993). Recently, 3-
hydroxypropyl-MA was determined without derivatization down to 0-05mg 1! in
ethylacetate extracts of human urine (Stanek et al. 1993). The method was selective
enough to omit a GC separation. Instead a direct insertion probe was used to
introduce the sample into the MS/MS. In this method the first MS was used to
focus on a fragment of 3-hydroxypropyl-MA (HPMA) (at m/z 162 (M-59, PIEI
conditions)). In the second MS, daughter ions of m/z 162, at m/z 144, 99 and 58,
were used to identify and quantify the MA. For other MAs, e.g. phenyl-MA
(PMA), alone MS/MS, was not selective enough, and a GC separation had to
precede the MS/MS. Extremely good sensitivity down to 0-0005 or 0-0001 mg I,
is possible using MS/MS based methods (Stanek et al. 1993, Bartels 1994). For
HPMA and PMA, these methods were sensitive enough to determine
concentrations in the urine of apparently non-exposed humans (Stanek et al. 1993).
However, one disadvantage of MS/MS techniques is the very expensive equipment
needed which may not be available to most laboratories. RIGHTS

)



Biomarkers Downloaded from informahealthcare.com by Changhua Christian Hospital on 11/18/12
For personal use only.

264 B. M. de Rooij et al.

Recent developments in other bioanalytical techniques, like capillary
electrophoresis (Smith et al. 1993, Huang and Kok 1995) and on-line LC-GC
coupling (Chappell et al. 1992), have not yet been used for the determination of
MAs in urine. With capillary electrophoresis an extremely high separation efficiency
is reached and this may be beneficial for such a complex matrix. The recent
development of enzyme-linked immunosorbent assays (ELISA) for the specific
detection of the MAs of naphthalene (Marco et al. 1993) and atrazine (Lucas et al.
1993) is also interesting. The sensitivity is excellent, 0-001 and 0-0025 mg I™! urine,
respectively. In general, enzyme-linked immunosorbent assay (ELISA) based
methods are inexpensive, but it is usually time consuming to raise the antibodies
(1-2 months). Antibodies have also been produced to 2-hydroxyethyl-MA (HEMA)
and to PMA, and these antibodies were suggested as being useful in an
immunoenrichment procedure (Wright et al. 1995).

In the preceding sections it was stated that the MA-pathway might lead as well to
the urinary excretion of other end-products instead of MAs, like cysteine S-
conjugates, mercaptopyruvic acids, mercaptolactic acids, mercaptoacetic acids and
sulphoxides of cysteine S-conjugates and of MAs (see figure 4). However, in most
cases MAs are quantitatively the most important metabolites in rats (Commandeur ef
al. 1995). All mentioned alternative end-products of the MA-pathway are more polar
and more hydrophillic than MAs, therefore extraction of these compounds from
urine into an organic phase is more difficult. lon exchange methods in sample clean-
up or in analytical HPLC separation, however, were successful. Examples are the
clean-up of urine for the determination of S-[2-carboxy-1-(1H-imidazole)ethyl]-3-
thiolactic acid (the mercaptolactic acid metabolite of histidine, Kinuta et al. 1994)
and the determination of the mucolytic drug carboxymethylcysteine in blood (Iwase
et al. 1995). Alternatively, after deproteinization by means of precipitation or filtering
and subsequent derivatization, urine samples have also been used directly for reverse
phase HPLC separation. This was done for carboxymethylcysteine, and its
metabolites carboxymethyl-MA, methylcysteine, thiodiglycolic acid and the
corresponding sulphoxides (Woolfson et al. 1987, Staffeldt et al. 1991) and for the
metabolites of hexachlorobutadiene, 1,2,3,4,4-pentachlorobutadiene-MA and
corresponding sulphoxide (Birner et al. 1995). Mainly UV, electrochemical or
fluorescence detection was applied to detect the analytes. Derivatization generally
improves the lipophilicity, thus facilitating extraction prior to separation (Koike and
Koike 1984). Mercaptopyruvic acids, mercaptolactic acids, and mercaptoacetic acids
can be determined by GC-based methods after derivatization (e.g. methylation) of
the carboxylic acid groups (James and Needham 1973, Gorler et al. 1982).
Extraction, drying or an LC-separation usually precedes this analysis. For cysteine S-
conjugates a quantitative acetylation procedure, forming MAs, has been described for
aqueous solutions of cysteine S-conjugates (Dekant et al. 1988a, Commandeur et al.
1989). Sulphoxides are generally thermolabile and can therefore not be determined
by GC. HPLC-based methods are more appropriate for their isolation and analysis.
After isolation, mass spectrometric techniques can then be used for their
identification. Thus the MA-sulphoxide of hexachlorobutadiene was identified by
thermospray mass spectrometry (Birner et al. 1995). Although the previously
mentioned alternative end-products of the MA-pathway have been detected in the
urine of animals, little is known about excretion of these products in human urine.
T herefore, no applications of determination of those alternative products are
currently made in occupational exposure assessments. RIGHTS
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Mercapturic acids as biomarkers of exposure to industrial chemicals

Many toxicologically relevant compounds are electrophilic and can react with
nucleophilic centers in biomacromolecules such as DNA, proteins and GSH,
forming covalent adducts. These adducts, together with MAs (Van Welie et al.
1992), as metabolites of GSH S-conjugates, can all be used in the assessment of
internal exposure to the respective toxic parent compounds (Nestmann et al. 1996).
The urinary excretion of MAs is a very useful tool in biological monitoring (BM)
studies (Vermeulen 1989) and their use in the assessment of internal human
exposure to toxic chemicals has become more or less routine (Van Welie et al.
1992). The main advantages of their application in human exposure measurement
are the non-invasive sampling of urine, and their relatively short half-lifes which
allow repeated sampling and the establishment of direct relationships between
internal exposure and specific job-types (Henderson et al. 1989, Van Welie et al.
1992). Depending on the parent compound, the amount of the internal dose
excreted as MA can be reasonably high, which enables the determination of low
exposure levels.

In the following sections an inventory is made of applications of MAs as
biomarkers of human exposure to industrial compounds. The specificity for the
anticipated parent compounds of the MAs used, sources of background,
relationships with adverse effects and, where appropriate, genetic polymorphisms
influencing the dose-excretion relationships will be discussed.

Ethylene oxide and related compounds

Ethylene oxide is a reactive epoxide widely used in industry and as sterilant in
hospitals (IARC 1994b). Ethylene oxide is also an environmental air pollutant, and
a proven carcinogen in animals and humans (IARC 1994b). Reproductive toxicity
in females was also reported (Rowland et al. 1996). In haemodialysis patients,
severe allergic reactions have been reported, resulting from sterilization of dialysis
membranes with ethylene oxide (Grammer et al. 1984, Rumpf et al. 1985).
Ethylene oxide is the principal metabolite of ethene (Filser and Bolt 1983), which is
also an important industrial chemical, an air pollutant and is detected in the smoke
of cigarettes (IARC 1994b, Lofroth et al. 1989, Bostrom et al. 1994).

In the urine of rats treated with ethylene oxide, 2-hydroxyethyl-MA (HEMA)
accounted for 30 % of the ethylene oxide dose. Remarkable species differences were
found in the HEMA excretion in various rodent species (Tardif et al. 1987). In
mice HEMA accounted for 8 % of the ethylene oxide dose, while the cysteine
analogue (2-hydroxyethyl-cysteine) and the oxidized form of HEMA
(carboxymethyl-M A) were also detected. In rabbits none of these metabolites were
identified.

Recently, HEMA was determined in the urine of ethylene oxide-exposed
hospital workers (disinfectors) (Popp et al. 1994). HEMA was extracted from
acidified urine by ethyl acetate, deacetylated to 2-hydroxyethyl-cysteine, separated
with HPLC and subsequently detected by electrochemical or fluorescence
detection as a o-phthaldialdehyde derivative. Unfortunately, the detection limits
were not mentioned by these authors. The disinfectors excreted 558+ 642 g
HEMA in 24 h, whereas non-exposed controls excreted 33 + 57 uyg HEMA in 24 h.
Although urinary HEMA excretion was suitable to discriminate between ethylene
oxide exposed and non-exposed individuals, no correlation W'y g W T8 15
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exposure levels was found. It was suggested that interindividual differences in
conjugative metabolism of ethylene oxide might have obscured such a relationship.
Incubation of human blood samples with radiolabeled ethylene oxide resulted in
low and high GSH-conjugator subgroups (Fost et al. 1991). An eight-fold higher
binding to the low molecular weight fraction (including GSH), isolated from the
erythrocytesin the blood samples, was identified for the high conjugators compared
to the low conjugators. Recently, the polymorphic GST T 1-1 was shown to be
involved in the GSH conjugation of ethylene oxide (Hallier et al. 1993) (table 3).
Approximately one quarter of the population tested (n=36) showed a markedly
slower ethylene oxide metabolism upon incubation with blood samples. In these so-
called ‘non-conjugators’ more DNA damage could be detected in the lymphocytes
upon incubation with ethylene oxide.

For many industrial chemicals, other than ethene and ethylene oxide, the
urinary excretion of HEMA (or 2-hydroxyethyl-cysteine or the corresponding
MA) has been shown in animals. Such chemicals are 2-bromoethanol, 1,2-
dibromoethane, 1,2-di(methanesulphonate)ethane, vinylchloride, acrylonitrile and

H,C——CH,
Cl \/CHz ethyne oxide (EO) H,C==CH,
vinylchloride ethene
ENVIRONMENTAL SOURCES ENDOGENOUS SOURCES
smoking lipid peroxidation
combustion of fossil fuels methionine metabolism
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B \/\ /N Cc —— /\/B

1,2-dibromoethane

HEMA 2-bromopropanol

~ ™

/\/CH2
CHsS020. G N\F
050,CH5 0

N/ acrylonitrile
1,2-di(methanesulphonate)ethane

NH N\/\
R \[( c
o]
2-chloroethylnitrosoureas (CENUs),

R = different chemical groups

Figure 6. Different compoundsand processes probablyleading to urinary excretion of 2-hydroxyethyl
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chloroethylnitroso ureas (CENUSs) (Vermeulen et al. 1989). The compounds and
processes leading to HEMA are summarized in figure 6. It has been suggested that
urinary HEMA excretion can be a tool in the biological monitoring of human
exposure to these compounds. HEMA is therefore regarded as a relatively
unselective biomarker of exposure. When using HEMA as biomarker of human
exposure to ethylene oxide or other compounds, one might expect large
interindividual differences due to genetic polymorphisms (Fost et al. 1991, Hallier
et al. 1993), environmental factors and due to variable background excretions (Fu et
al. 1979, Tornqvist et al. 1986, Van Sittert et al. 1993a).

Monitoring of long term low level exposures to ethylene oxide is generally
performed by the determination of N-terminal 2-hydroxyethylvaline in
haemoglobin, because it may be more selective for ethylene oxide than HEMA
(Tornqvist et al. 1986, Van Sittert et al. 1993a). These adducts were detected both
in smokers and in non-smokers (Tornqvist et al. 1986, Van Sittert et al. 1993a).
The N-terminal 2-hydroxyethylvaline adducts in non-smokers may also arise from
passive smoking, combustion of fossil fuels, or from endogenous processes such as
lipid peroxidation, metabolism of methionine or from metabolism in intestinal
bacteria (Fu et al. 1979, Tornqvist et al. 1986). It is suggested that polymorphism
of GST T 1-1 would lead to a different response of haemoglobin adducts in
humans (Fost et al. 1995). DNA adducts of ethylene oxide, mainly N’-
hydroxyethyl-guanine, are also well known. Differences in the distribution of
ethylene oxide originating from endogenous or exogenous sources were also
suggested to lead to different amounts of DNA- and haemoglobin adducts formed
(Bolt 1996). However, solid proof to explain this paradox is not available so far.

Acrolein and related compounds

o,3-Unsaturated aldehydes, also referred to as acrolein congeners, are generally
highly reactive compounds that may react with endogenous macromolecules via
Michael-type additions (Eder et al. 1982a). Many o, [3-unsaturated aldehydes are
positive in the Salmonella typhimurium mutagenicity assay, and various DNA
adducts have been shown to be formed (Eder et al. 1982a, Eder and Hoffman 1993).
An important representative of this group of reactive compounds is acrolein
(propenal) (Eder et al. 1982a).

Acrolein is an industrial compound, used in the synthesis of acrylic acid
(propenoic acid), ethylacrylate, butylacrylate, methionine and several homo- or
copolymers (IARC 1985). Acrolein is also a product of incomplete combustion
(TARC 1985) and is detectable in tobacco smoke (Lofroth et al. 1989), vehicle
exhaust, and in the smoke of burning organic materials (Scheepers and Bos 1992).
For some other chemicals the formation of acrolein as a metabolic intermediate is
proposed, i.e. allyl halides (Kaye et al. 1972), allyl amine (Sanduja et al. 1989), allyl
alcohol (Kaye et al. 1972, Sanduja et al. 1989) and the chemotherapeutic agents
iphosphamide and cyclophosphamide (Giles 1979). The oxidation of allyl alcohol
by liver alcohol dehydrogenase (ALDH) to acrolein has been proposed to lead to
extensive periportal necrosis of the liver (Reid 1972). Acrolein is also formed,
together with other aldehydes and 4-hydroxyalkenals during lipid peroxidation
(Poliet al. 1985).

Upon administration of radiolabelled acrolein to rats, exhalation of CO, and
urinary excretion were recently found to be importantroutesof gy G W T8 1 1 1

)



Biomarkers Downloaded from informahealthcare.com by Changhua Christian Hospital on 11/18/12
For personal use only.

268 B. M. de Rooij et al.

et al. 1996). No gender differences were identified in distribution of the
radiolabelled acrolein. Two MA metabolites were identified already earlier in urine
of rats treated with acrolein (Sanduja et al. 1989, Linhart et al. 1996): 3-
hydroxypropyl-MA (HPMA) and carboxyethyl-MA. Both MAs are believed to be
formed after reduction of oxidation of a GSH-acrolein adduct, 2-aldehydoethyl-
GSH, by liver alcohol dehydrogenase (ALDH) and aldehyde dehydrogenase
(ADH) (Mitchell and Petersen 1989) (see figure 7). GSH conjugation of acrolein is
catalysed by the polymorphic GST M 1-1, but the specific activity of GST P 1-1 is
higher, and therefore genetic polymorphism of GST M 1-1 is expected to have
only a minor influence on the formation of HPMA upon exposure to acrolein (see
table 3) (Berhane et al. 1994). Carboxyethyl-MA and the corresponding sulphoxide
were also identified in the urine of rats treated with ethyl- or butylacrylate (Linhart
etal. 1994a,b).

In patients treated with cyclophosphamide, the urinary excretion of HPMA
was confirmed also (Honjo et al. 1988). An important side-effect of
cyclophosphamide, which limits its therapeutic use, is bladder cancer. It has been
suggested that sulphoxidation of 2-aldehydoethyl-MA followed by alkaline [3-
elimination would release acrolein in the bladder, leading to toxicity (Hashmi et al.
1992, Ramu et al. 1995) (see figure 7). This concept was recently confirmed upon
incubation with human lung adenoma A549 cells. An analogous MA (3-
aldehydropropyl-MA), which can not release an acrolein congener, did not lead to
this toxicity (Ramu et al. 1996).

0,
X + GSH

¢

¢ Oxidation

OWS—- NAc
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Figure 7. Formation of mercapturic acid metabolites from acrolein and the liberation of acrolein from
aldehydoethyl mercapturic acid-sulphoxide by base catalysed P-elimination. HPMA=3-
hydroxypropyl mercapturic acid; CEMA=carboxyethyl mercapturic acid; S-NAc=N-acetyl-
cysteinyl. See Hashmier al. (1992), Ramu ef al. (1995) and Linhart et aln“ ‘i"a HTS
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Acrolein has been proposed to be an intermediate metabolite of various
industrial compounds, and therefore urinary HPMA can probably be used as a
more general biomarker of chemical exposure. In urine of rats treated with
acrolein, or different precursors of acrolein, like allyl amine, allyl alcohol and allyl
chloride, HPMA was found (Sanduja et al. 1989). Other compounds (i.e. 3-
bromopropenal, 3-chloropropenal and bromopropane) led to urinary HPMA
excretion without formation of acrolein as intermediate (Jones and Walsh 1979).

Using HPLC-UV and GC-FID for the determination of HPMA in urine,
relatively high detection limits, i.e. 14 and 6 mgl™, were reached (see table 5)
(Linhart et al. 1996). However, with tandem mass spectrometry (MS/MS) HPMA
could be detected down to 0-05mgl, thus allowing the determination of
background excretion in smokers (0-8-2-3 mg g™ creatinine) and non-smokers
(0-006-0-6 mg g! creatinine) (Stanek er al. 1993). Background levels of HPMA
measured in human urine can originate from tobacco smoke, environmental or
endogenous sources (Poli et al. 1985, Linhart et al. 1996). This indicates that when
HPMA is used as biomarker of the various compounds mentioned, one should
realize possible contributions to the urinary HPMA excretion from life-style
factors, e.g. smoking. Various compounds and processes leading to HPMA
excretion are shown in figure 8.

Acrylamide, acrylonitrile and methacrylonitrile

Acrylamide is an o,[-unsaturated carbonyl compound, utilized in the
production of polyacrylamides. These are used as flocculants in the purification of
drinking water, in the production of certain textiles and in gels for chromatography.
Acrylamide is a genotoxic agent (Dearfield et al. 1995), potent cumulative
neurotoxin (Calleman et al. 1994), germ-line mutagen (Dearfield et al. 1995), an
animal carcinogen, and possibly also a human carcinogen (IARC 1994a). The main
application of acrylonitrile is in the production of acrylic fibres. Acrylonitrile has
been found to be carcinogenic in rats, however human carcinogenicity is still
uncertain at this moment (Kedderis et al. 1995). A structural analogue of
acrylonitrile, methacrylonitrile, is also used in the production of plastics. However,

minimal information on the toxicity of methacrylonitrile is available (Burka et al.
1994).

Acrylamide

Acrylamide reacts readily with GSH and a high percentage of the dose (50 %) is
excreted as 2-carbamoylethyl-M A by rats (Miller et al. 1982, Wu et al. 1993). Other
MAs identified in animals treated with acrylamide arise from glycidamide, the
epoxidation product of acrylamide, i.e. 1- and 2-carbamoyl-2-hydroxyethyl-MA
(Sumner 1992). 2-Carbamoylethyl-MA was determined by fluorescence HPLC after
hydrolysis to 2-carboxyethyl-cysteine and o-phthaldialdehyde derivatization with a
detection limit of 0-23mgl™? (Wu et al. 1993, Calleman et al. 1994). Workers
involvedin the production and polymerization of acrylamide excreted up to 75 mg 17!
urine as 2-carbamoylethyl-MA in urine (Wu et al. 1993). For acrylamide it was
difficult to investigate dose-excretion relationships since dermal exposure plays an
important role (Wu et al. 1993). The main toxic effect of acrylamide, peripheral
polyneuropathy, develops slowly and a biomarker of integrated long term exposure
seems therefore to be appropriate. N7-(2-Carbamoyl-Z-hydrCﬁ';r“i‘]";":i;"ﬁ"“"
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Figure 8. Various compounds and processes leading to urinary excretion of 3-hydroxypropyl
mercapturic acid (HPMA). S-NAc=N-acetyl-cysteinyl.

DNA adduct originating from glycidamide, was identified in various organs of mice
and rats (Segerback et al. 1995). The DNA adduct has not been determined in blood
cells of humans exposed to acrylamide, so far. For acrylamide an N-terminal valine
adduct (2-carbamoylethyl-valine, determined as carboxyethylvaline after hydrolysis)
was used as indicator of long-term combined dermal and ambient exposures (levels
not specified) to acrylamide in a group of workers involved in the production of
polyacrylamide (Calleman et al. 1994). The levels of 2-carbamoylethyl-valine in
blood correlated with the determined neurotoxicity index. The urinary excretion of
2-carbamoylethyl-MA also correlated significantly with the neurotoxicity index.
Unfortunately, relationships between exposure and mercapturic acid excretion were
not given. A possible confounder in the biological monitoring of acrylamide exposure
is acrylonitrile exposure, which can also lead to carboxyethyl-MA and to
carboxyethyl-valine in the hydrolysis procedures applied (Bergmark ef al. 1993). This
is important because acrylamide is frequently synthesized by catalytic hydration of
acrylonitrile. This was neglected in the correlation with the neurotoxicity index
given. N-terminal valine adducts in haemoglobin originating from acrylamide and
acrylonitrile can now be determined separately using the modified Edman
degradation procedure, thus avoiding this confounding factor when investigating
exposure to acrylamide (Bergmark ez al. 1993, Osterman-Golkatg 'y &' i T
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Acrylonitrile

In the metabolism of acrylonitrile two important routes leading to MA
metabolites have been described. Direct conjugation of acrylonitrile to GSH leads
to the wurinary excretion of 2-cyanoethyl-MA and the corresponding 2-
cyanoethylthioacetic acid in rats and mice (Fennel et al. 1991, Kedderis et al.
1993b). In the second metabolic route, epoxidation leads to 2-cyanoethene oxide, a
reaction mainly catalysed by the CYP 2E1 isoenzyme (Kedderis et al. 1993a). 2-
Cyanoethene oxide is believed to be the genotoxic species. Upon incubation of 2-
cyanoethene oxide with deoxynucleic acid-monophosphates, adducts to the nucleic
acid moiety as well as phosphodiesters were found (Yates et al. 1994). The latter
adducts were suggested to cause the observed DN A-strand breaks. A detoxification
pathway for 2-cyanoethene oxide is GSH conjugation, leading to three MA
metabolites in rats and mice. In both species 2-hydroxyethyl-MA (HEMA),
carboxymethyl-MA and 1-cyano-2-hydroxyethyl-MA were identified in urine as
metabolites of acrylonitrile (Fennel et al. 1991, Kedderis et al. 1993b).
Additionally, thiodiglycolic acid, formed from carboxymethyl-MA, was also
identified in the urine of those animals. In humans, a second detoxification pathway
for 2-cyanoethene oxide is catalysed by microsomal epoxide hydrolase. The
corresponding enzyme in microsomal fractions from rats or mice was not active
towards 2-cyanoethene oxide (Kedderis and Batra 1993). The GSH conjugation of
acrylonitrile and its metabolite 2-cyanoethene oxide can occur spontaneously at
physiological pH, while enzyme mediated GSH conjugation can accelerate this
process about four fold (Kedderis et al. 1995). Unfortunately, the isoenzymes
involved have not been identified.

In human volunteers exposed to acrylonitrile concentration between 5 or 10 mg
m~ air for 8 h (former TLV: 10 mg m~> T WA), 22 % of the absorbed dose of
acrylonitrile was excreted as 2-cyanoethyl-MA (Jakubowski et al. 1987); HEMA
excretion was not determined. No applications of the MA-metabolites of
acrylonitrile DNA adducts have been described in occupational settings so far.
However, an N-terminal valine adduct of acrylonitrile was recently detected in
haemoglobin from smokers, but not from non-smokers. It was suggested that the
method is sufficiently sensitive to determine occupational exposures to acrylonitrile
(Osterman-Golkar et al. 1994).

Methacrylonttrile

T he metabolism of methacrylonitrile follows qualitatively the same routes as
acrylonitrile in rats, although at different levels (Burka et al. 1994). Rats excreted
approximately 66 % of the acrylonitrile dose in urine, while 22 % of the
methacrylonitrile dose was excreted in wurine by these animals. For
methacrylonitrile, exhalation of small volatile metabolites, including CO,, is much
more important, compared to acrylonitrile. Direct GSH conjugation is the main
metabolic route for acrylonitrile, while for methacrylonitrile, epoxidation prior to
GSH conjugation is more important. No MA-metabolites of methacrylonitrile
have been determined in humans so far.

N,N-Dimethylformamide, N-methylformamide and methylisocyanate
N,N-Dimethylformamide is a highly polar industrial solvent, used in the
production of various polymers, coatings, printing inks andg /'& W ¥ & 1 1
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1989). Occupational exposure of N,N-dimethylformamide may occur via
inhalation or dermal absorption, and can lead to irritating and toxic effects at
different sites. N,N-Dimethylformamide is a suspected carcinogen (IARC 1989). A
metabolite of N,N-dimethylformamide, N-methylformamide is also used as an
industrial solvent (Cross et al. 1990), and has been tested as an antitumour agent.
However, serious noxious effects to the liver and other organs diminished its
therapeutic application (McGuire et al. 1990). Both N,N-dimethylformamide and
N-methylformamide can form methylisocyanate as a reactive metabolite (Mutlib e?
al. 1990, Slatter et al. 1991). Methylisocyanate is used in the chemical industry,
particularly in the manufacture of carbamate pesticides and polyurethane foams.
Methylisocyanate became notorious after the Bhopal (India) incident (Bucher
1987). In addition to the direct effects of methylisocyanate on the lungs, skin and
mucous membranes, effects on the cardiovascular, neuromuscular and
immunological systems, and to the foetus were also evident (Bucher 1987,
Anderson 1989). A summarizing scheme for MA formation from N,N-
dimethylformamide, N-methylformamide and methylisocyanate is given in figure 9.

N,N-Dimethylformamide is found to be partly excreted unchanged in urine
(Casal-Lareo and Perbellini 1995). However, most N,N-dimethylformamide is
rapidly metabolized. Oxidation of one methyl group of N,N-dimethylformamide
results in the formation of N-hydroxymethyl-N-methylformamide. Other

o
H,C /N\/O \
DMF ('-:Hs
I-D\/N\/O
HMMF
R,
H H
Hac/N\/ ------------- > |{)\/N\/O
MF N\ HMF
HZN\/O
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Figure 9. Schematic representation of the metabolic routes of methylformamides and
methylisocyanate,leading to a ‘reversible’ glutathione conjugate. Abbreviations used are: DMF =
N,N-dimethylformamide; HMMF =N-hydroxymethyl-N-methylformamide; HMF =hydroxy-
methylformamide; MF =N-methylformamide; MIC =methylisocyanate; MCG=N-
methylcarbamoyl-glutathione and MCMA=N-methylcarbamoyl mercapturic acid; NAc=N-
acetyl-cysteinyl for MCMA. See Cross et al. (1990), Pearson et al. (1990), Pearson et al. (1991),
Casal-Lareo and Perbellini (1995) and Sakai et al. (1995). BIGHTS
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metabolites of N,N-dimethylformamide are hydroxymethylformamide, N-
methylformamide and formamide. The formation of methylisocyanate from
N-methylformamide is supposed to lead to N-methylcarbamoyl-glutathione and
the corresponding MA (N-methylcarbamoyl-MA, MCMA). Unchanged N,N-
dimethylformamide excreted in wurine and the urinary metabolites
N-methylformamide and formamide correlated significantly with exposure to
N,N-dimethylformamide in end-shift samples (Casal-Lareo and Perbellini 1995).
However, MCMA concentrations in urine did not correlate with N,N-
dimethylformamide exposure when such end-shift samples were used (Casal-Lareo
and Perbellini 1995). MCMA was determined in urine by GC-NPD (Mraz 1988,
Sakai et al. 1995), GC-MS (Casal-Lareo et al. 1995) and by LC-MS (Slatter et al.
1991). In another study, however, a clear relationship between MCMA excretion
and exposure to N,N-dimethylformamide was found when next-morning urine
samples were used, suggesting a relatively slow excretion rate for this MA (Sakai
et al. 1995). For MCMA a relatively long elimination half-life of 23 h was found in
humans (Mraz and Nohova 1992). However MCMA excretion was fast, upon
administration of the corresponding cysteine S-conjugate (Mraz and Nohova
1992). This discrepancy was explained by a rate-limiting reversible protein binding
of the intermediate methylisocyanate before GSH conjugation (Mraz and Nohova
1992). Again, both N-methylformamide and MCMA concentrations in end-shift
urine samples correlated with N,N-dimethylformamide exposure. For both
compounds a biological exposure index (BEI) was proposed; 83 mg g™! creatinine
for MCMA and 63 mg g™! creatinine for N-methylformamide. The latter value is
only slightly higher compared to the value proposed by the ACGIH (40 mg g!
creatinine) ACGIH 1990). Although N-methylformamide is excreted in urine
and its determination is recommended as a biomarker of exposure to
N,N-dimethylformamide, it is in fact an artefact when GC analysis is used. N-
Hydroxymethyl-N-methylformamide is also excreted in urine, but it decomposes
rapidly and completely to N-methylformamide during GC analysis and the
N-methylformamide determined therefore corresponds to the sum of N-
hydroxymethyl-N-methylformamide and N-methylformamide present in urine
(Casal-Lareo and Perbellini 1995). N-Hydroxymethyl-N-methylformamide and
N-methylformamide can be determined separately by a more recently developed
HPLC-based method (Santoni et al. 1992). During the working-week relatively
stable MCMA excretion levels were reached, showing that MCMA can be used as a
marker for cumulative exposure to N,N-dimethylformamide during several days,
while urinary N-methylformamide can be used for daily exposures (Sakai et al.
1995).

T he use of MCMA as a biomarker for human exposure to N-methylformamide
or methylisocyanate was not reported until recently Rats treated with
methylisocyanate excreted 25 % of the dose as MCMA in urine (Schulte 1995). In
addition to the direct effects of methylisocyanate, systemic effects are also known
(Bucher 1987, Anderson 1989). These systemic effects can only occur when
methylisocyanate is transported from the initial site of exposure to distant organs
where methylisocyanate is released again (Slatter et al. 1991). The GSH S-
conjugate of methylisocyanate, MCG, is suggested to act as a transport vehicle for
methylisocyanate. This hypothesis is supported by the transfer of the N-
methylcarbamoyl-group from MCG to cysteine, (and vice versa) and to bovine
serum albumin (Pearson et al. 1990, Pearson et al. 1991). Tg i g W T B 117
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intermediate is the isocyanate was derived from the identification of such an
intermediate in the case of a more stable isocyanate, i.e. N-(1-methyl-3,3-
diphenylpropyl)isocyanate (Mutlib et al. 1990) and by the identification of a GSH-
conjugate of diethyl (1-ethyl)phosphonate-isocyanate, a reactive isocyanate-
metabolite of fotemustine (Brakenhoff et al. 1994). From the corresponding GSH
S-conjugates the parent isocyanates were liberated under basic conditions.

1,3Butadiene

1,3-Butadiene is used in the production of polybutadiene- and styrene-
butadiene rubbers (Fajen et al. 1993). Air concentrations of 1,3-butadiene ranging
between 0-044 ug m™ and 800 pg m™ have been determined in different industrial
settings (Fajen et al. 1993). Additionally, 1,3-butadiene is found in the smoke of
cigarettes (main- and side-stream smoke) and at low levels (< 1 pg m™) in outdoor
air (Lofroth et al. 1989, Sorsa et al. 1995). The main toxic effect is genotoxicity and
mice are more susceptible to this effect than rats and humans (Adler et al. 1995,
Omenn 1996).

Various metabolites of 1,3-butadiene have been identified in urine of different
laboratory animals and in humans, see figure 10. Interesting quantitative species
differences have been found (Henderson et al. 1993). Epoxidation of 1,3-butadiene
to 3,4-epoxybutene is the initial activating step. This oxidation is catalysed by CYP
2E1 and, at high concentrations, by CYP 2A6 (Csanddy et al. 1992). 3,4-
Epoxybutene can undergo a second oxidation to 1,2,3,4-diepoxybutane, which is
also catalysed by CYP 2E1 and, at high concentrations, by CYP 3A4 (Seaton et al.
1995).

3,4-Epoxybutene can be inactivated by epoxide hydrolases to 3,4-
dihydroxybutene (IV, figure 10) or by GSH conjugation, which leads to the urinary
excretion of MAs. Although 1,2,3,4-diepoxybutane was shown to react with GSH
in vitro, the corresponding MA metabolites have not yet been identified in urine of
rats and humans exposed to 1,3-butadiene (Boogaard et al. 1996). The relatively
low amounts of 1,2,3,4-diepoxybutane and its GSH S-conjugates formed and
analytical problems may have prevented their detection. Only mice were shown to
excrete traces of 1-hydroxymethyl-3,4-dihydroxypropyl-MA (VI) which is derived
from a GSH S-conjugate of 1,2,3,4-diepoxybutane (Nauhaus et al. 1996). 3,4-
Epoxybutene is a substrate for the genetically polymorphic GST M 1-1 isoenzyme
and not for GST T 1-1 (table 3) (Uuskiila et al. 1995, Thier et al. 1996). In
contrast, 1,2,3,4-diepoxybutane is a substrate for GST T 1-1 and not for GST M
1-1 (Norppa et al. 1995, Landi et al. 1996). Both substrate specificities result in
higher amounts of DNA damage upon incubation with isolated human
lymphocytes in GST T 1-1 or GST M 1-1 negative persons (Norppa et al. 1995,
Uuskiila et al. 1995).

Three MA metabolites, i.e. 2-hydroxy-3-butenyl-MA (I, HBMA), is
regioisomer (1-hydroxymethyl-2-propenyl-MA (II), and 3,4-dihydroxybutyl-MA
(ITI, DHBMA) were found to be excreted by rats inhalation-exposed to 1,3-
butadiene (Bechtold et al. 1994). The first two MAs result from GSH conjugation
of 3,4-epoxybutene, while the latter is supposed to be formed from 3,4-
epoxybutene after epoxide hydrolysis, oxidation by alcohol dehydrogenase to an
o, 3-unsaturated aldehyde intermediate and a final reduction step (see ﬁgure 10). In
addition to the metabolites mentioned above for 1.3-butadg i g W +& i 7 i
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Figure 10. Schematic representation of the metabolic routes of 1,3-butadiene (BD). EB, 3,4-
epoxybutene; DEB, 1,2,3,4-diepoxybutane. Compounds indicated in boxes represent identified
urinary metabolites of 1,3-butadiene: I, 2-hydroxy-3-butenyl-MA (HBMA); II, 1-
hydroxymethyl-2-propenyl-MA; III, 3,4-dihydroxybutyl-lMA (DHBMA); IV, 34-
dihydroxybutene;V, 1-hydroxy-3-butenyl-MA; VI, 1-hydroxymethyl3,4-dihydroxypropyl-M A;
VII, 1,3-dihydroxypropanone.

urinary metabolites were identified recently as 3-butene-1,2-diol (IV) and 1,3-
dihydroxypropanone (VII), while in mice other minor urinary metabolites were
3,4-dihydroxybutene, 1-hydroxymethyl-2-propenyl-cysteine (II, R=Cys), and 1-
hydroxy-3-butenyl-MA (V). 3-Hydroxypropyl mercapturic acid (HPMA) and 2-
carboxyethyl mercapturic acid (CEMA) have also been analysed previously, but it
is not clear whether these originate from acrolein or from further metabolism of
DHBMA (Nauhaus et al. 1996).

For the metabolism of 1,3-butadiene remarkable species differences have been
found. The MAs (HBMA and DHBMA) were identified and quantified by SIM
GC-MS in urine samples, after drying and trimethylsilylation with detection limits
of about 0-1 mg 1! (Bechtold ef al. 1994). Rats were found to excrete equal amounts
of DHBMA and HBMA, whereas mice excreted predominantly HBMA
(DHBMA/HBMA ca. 1/3). Humans, in contrast, almost exclusively excreted
DHBMA (Sabourin et al. 1992, Bechtold et al. 1994). In urine of non-smoking
workers in a 1,3-butadiene extraction plant, with potential occupational exposure
levels of 3-4 ppm, only DHBMA was detected (3-2+ 1-6 mg 1"\, In urine samples
collected from a non-smoking control population, DHBMA excretion was
significantly lower (0-320+0-070 mg1™). The background excretion may have
originated from butadiene in cigarette smoke or from traffic emissions (Lofroth et
al. 1989, Sorsa et al. 1995). The marked species differences may be explained by
higher epoxide hydrolase activities and the lower GST activities towards 3,4-
epoxybutene in human liver when compared to rat liver Begg 'y 8 i T8 ¢ 1
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Another species difference is the higher blood concentration of 1,3-butadiene, 3,4-
epoxybutene, and 1,2,3,4-diepoxybutane in mice compared to rats or monkeys
(Dahl et al. 1991, Henderson et al. 1993, Himmelstein et al. 1994). Different
explanations are suggested to explain this species difference, e.g. a higher
respiratory absorption for 1,3-butadiene in mice (Dahl et al. 1991, Henderson et al.
1993), physiological differences in ventilation rate, lung-air partition coefficients,
relative organ volumes and differences in hepatic blood flow (Kohn and Melnick
1993). The higher rate of formation of epoxides from 1,3-butadiene in mice
resulted in the well-known higher susceptibility of mice to develop 1,3-butadiene
related lung carcinogenicity (Csanady et al. 1992, Himmelstein et al. 1994).

As biomarkers of long-term exposure, haemoglobin or DNA adducts of 1,3-
butadiene may also be useful. A haemoglobin adduct of 3,4-epoxybutene, N-
terminal N-(2-hydroxybutenyl)-valine, was determined in the haemoglobin of 1,3-
butadiene exposed workers (Sorsa et al. 1995). However, no clear relationship was
found between exposure levels and amounts of haemoglobin adducts. A DNA
adduct of 3,4-epoxybutene, N°®-2-hydroxybutenyl-deoxyadenosine, was detected in
a dose-related manner in lung and liver tissue from rats and mice exposed to 1,3-
butadiene (Sorsa et al. 1995). Recently, DNA adducts of 3,4-epoxybutene (N’-
(1-hydroxy-3-buten-2-yl)guanine) and  1,2,3,4-diepoxybutane  (N’-(2,3,4-
trihydroxybutyl)guanine) were identified in liver tissue from mice exposed to 1,3-
butadiene (Bolt and Jelitto 1996). DN'A adducts in blood have, so far, not been used
in human exposure assessment (Legator et al. 1993). Apparently, the urinary
excretion of DHBMA is a valuable biomarker of human exposure to 1,3-butadiene
(Bechtold et al. 1994). Interestingly, significant correlations were found between
urinary DHBMA concentrations and the Aprt (hypoxanthine-guanine
phosphoribosyl transferase locus) mutant frequency (Legator et al. 1993) and the
reduced DNA repair capacity (challenge assay) (Au et al. 1995) in blood cells
isolated from 1,3-butadiene exposed workers, showing that in this case DHBMA
excretion in urine can be used to calculate the target dose of 1,3-butadiene.
Combined exposure to styrene and 1,3-butadiene is likely in the rubber industry,
which may lead to a toxico-kinetic interaction. Both compounds are oxidized in
vivo by CYP 2E1 and accumulation of styrene may result in a competitive
inhibition of oxidation of 1,3-butadiene, as was found in rats (Laib et al. 1992).

Styrene

Styrene is used as organic solvent and in the production of plastics, resins and
synthetic rubber. Styrene has toxic effects on the central and peripheral nervous
systems (Campagna et al. 1996, Tsai and Chen 1996, Welp et al. 1996). Genotoxic
effects were also described as well and these effects were supposed to arise from the
metabolite styrene-7,8-oxide (Brenner et al. 1991, Hallier et al. 1994, Uuskiila et al.
1995, Vodicka et al. 1995). Oxidation of styrene to styrene-7,8-oxide is mainly
catalysed by CYP 2B6 (Nakajima et al. 1993), while GSH conjugation of styrene-
7,8-oxide is mainly catalysed by GST M isoenzymes (see table 3) (Pacifici et al.
1987, Hiratsuka et al. 1989, Uuskiila et al. 1995). Rats treated with styrene excreted
reasonable fractions of the dose as 1-phenyl-2-hydroxyethyl-MA (12 %) and 2-
phenyl-2-hydroxyethyl-MA (4 %) in urine (Truchon et al. 1990). In humans,
conversion of styrene to mercapturic acids appears to be much lower (below 1 %).
Recently, however, both mercapturic acids could be degi @ mTE i1 i

)



Biomarkers Downloaded from informahealthcare.com by Changhua Christian Hospital on 11/18/12

For personal use only.

Mercapturic acids as biomarkers of chemicals 277

occupationally exposed workers using an HPLC method, consisting of enzymic
deacetylation to the corresponding cysteine conjugates followed by derivatization
with o-phtalaldehyde and mercaptoethanol (Maestri et al. 1997). The mercapturic
acids could not be detected in unexposed subjects.

T wo major urinary metabolites of styrene, mandelic acid and phenylglyoxylic
acid, have been recommended as biomarkers and BEIs were proposed for the latter
two metabolites, i.e. 800 mg g~! creatinine and 240 mg g~! creatinine in end-shift
urine samples, respectively, with a TLV-TWA of 213 mg m~ (ACGIH 1990).
DNA-, haemoglobin- and albumin adducts of styrene oxide have also been
identified in humans upon occupational exposure to styrene (Brenner et al. 1991,
Christakopoulos et al. 1993, Phillips and Farmer 1994, Vodicka et al. 1995).
Interestingly, linear relationships were found between a single i.p. dose of styrene
to rats with adducts of styrene-7,8-oxide to cysteine in haemoglobin and albumin
and with the urinary excretion of phenylglyoxylic acid, mandelic acid, 1-phenyl-2-
hydroxyethyl-MA and the 22-isomer (see figure 11) (Truchon et al. 1990,
Rappaport et al. 1993). Due to the different levels of formation for the various
compounds, the data in figure 11 is presented double-logarithmically. The
relationships show that, for single doses of styrene to rats, the urinary MA
excretion can be used to assess doses at other internal sites, i.e. blood cells.

Benzene

Benzene is a constituent of many petrochemical products, such as gasoline and
petroleum (Bechtold and Henderson 1993, Ghittori et al. 1995), and is formed
during combustion (Snyder et al. 1993). It is also a ubiquitous air pollutant (Gold
et al. 1993, Bostrom et al. 1994) and a component of smoke (Lofroth et al. 1989).
Benzene is an animal carcinogen and a human leukemogen (Snyder et al. 1993).

Many methods were applied in the past to monitor internal doses of benzene.
Benzene concentrations in exhaled air, blood or urine, the urinary excretion rates of
benzene metabolites phenol, 1,2- and 1,4-hydroquinone (catechol), and the ring-
opened metabolite muconic acid all showed significant relationships to airborne
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Figure 11. Relationshipsbetween a single i.p. dose of styrene, the urinary excretion of phenylglyoxylic
acid (PGA), mandelic acid (M.A.), 1-phenyl-2-hydroxyethyl mercapturic acid (1,2-PHEMA)
and 2-phenyl-2-hydroxyethyl mercapturic acid (2,2-PHEMA), and the formation of cysteine
adducts of styrene-7,8-oxide to haemoglobin (SO-cys-Hb) and to albumin (SO-cys-Alb) in rats.
The data are expressed in mmol kg™ (SO-cys-Hb) and ymol kg™ (SO—cyhA ‘r‘l‘ﬂ HTS
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benzene (Pekari et al. 1992, Boogaard and Van Sittert 1995, Ghittori et al. 1995,
Ong et al. 1995). Biological exposure indices (BEIs) have been proposed: exhalation
of 0-08 ppm benzene in next-morning expired air, or urinary excretion of phenol
(50 mg 1Y) in end-shift samples (ACGIH 1990). These BEIs are based on an 8 h
exposure to the TLV-T WA of 10 ppm (32 mg m™) for airborne benzene (ACGIH
1990). Additionally, phenyl-MA (PMA) was used as a biomarker of human
exposure to benzene (Jongeneelen et al. 1987, Stommel et al. 1989, Boogaard and
Van Sittert 1995, Ghittori et al. 1995, Ong et al. 1995). Although only 0-1 % of the
inhaled dose of benzene is excreted as PMA by humans, sensitive GC-MS
techniques offer sufficient sensitivity for the quantitative determination of urinary
PMA excretion upon low occupational exposure and of background PMA
excretion (Boogaard and Van Sittert 1995, Ong et al. 1995). The limits of detection
for PMA by different methods are given in table 5. PMA is excreted with a half-life
of 9-1 +3-1 h (n=27), with the highest concentrations generally at the end of the
work-shifts (Boogaard and Van Sittert 1995). In some cases a second PMA
excretion phase was found with a half-life of 45+4 h (n=5) (Van Sittert et al.
1993b). Correlation coefficients between airborne benzene and urinary PMA,
range between 0-70 to 0-96 (Jongeneelen et al. 1987, Stommel et al. 1989, Van
Sittert et al. 1993b, Boogaard and Van Sittert 1995, Ghittori et al. 1995, Ong et al.
1995). Exposure at the level of the TLV would lead to urinary PMA excretion rates
between 185 and 383 pg g™ creatinine (Boogaard and Van Sittert 1995, Ghittori
etal. 1995).

Cumulative exposures to benzene are determined by measuring S-
phenylcysteine adducts to serum albumin (Bechtold and Henderson 1993).
Haemoglobin adducts (S-phenylcysteine- and N-terminal phenylvaline adducts)
have not been detected in blood collected from benzene exposed workers so far
(Bechtold and Henderson 1993, Bader et al. 1994). Although benzene can cause
DNA damage in human lymphocytes (Tompa et al. 1994), no attempts have been
made to determine DNA adducts of benzene in these blood cells. However, in
laboratory animals, adducts of the benzene metabolites benzene-oxide, 1,2-
benzoquinone, and 1,4-benzoquinone to cysteine in albumin and haemoglobin, and
to DNA in lymphocytes and in bone marrow have been identified. Moreover, in
rats, linear relationships were found between a single dose of benzene and cysteine
adducts
in haemoglobin, bone marrow proteins, and urinary excretion of PMA (Stommel
et al. 1989, Bechtold and Henderson 1993, McDonald et al. 1994). Due to the
different levels of formation for the various compounds, the data in figure 12 is
presented double-logarithmically. The relationship between the dose of benzene
and cysteine adducts in albumin was less clear. These relationships show that, with
single doses of benzene to rats, the urinary PMA excretion can be used to calculate
the dose at a critical site, i.e. bone marrow.

Z- and E-1,2-dichloropropene

Extensive research on occupational exposure to the soil fumigant (nematocide)
1,3-dichloropropene (DCP) was performed in the Dutch flower bulb industry,
because of the known carcinogenicity in animals and the large amounts used for
soil fumigation (Yang 1986). DCP consists of a Z- and E-DCP isomer. DCP is
injected into the soil, and occupational exposure may ocCup V& H T & L1 it
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Figure 12. Relationships between a single dose (i.p. or p.o.) of benzene, the urinary excretion of phenyl
mercapturic acid (PMA in mmol kg™!) in urine and the formation of adducts to cysteine residues
in haemoglobin (P-cys-Hb in ymol g™ globin), albumin (P-cys-Alb in ymol g™ albumin) or bone
marrow proteins (P-cys-BM in ol g! protein) of benzene-7,8-oxide. Data taken from
Stommeler al. (1989) and Bechtold and Henderson (1993), McDonald ef al. (1994).

injection devices and during injecting procedures due to evaporation or spilling of
the liquid. Dermal absorption is generally considered to be caused by the liquid,
however, recently it has been shown that DCP vapours also may play a role (Kezic
et al. 1996). Liver- and renal-function tests indicated subclinical adverse effects in
applicators, by the end of the spraying season (Brouwer et al. 1991). Additionally,
erythrocyte GST activity, and blood GSH concentrations were significantly
depressed. However, the clinical significance of these observations was debated
(Van Sittert et al. 1991). Moreover, in workers involved in industrial production of
DCP, no clinical significant effects on kidney and liver were found (Boogaard et al.
1993).

Rats exposed to a mixture of Z- and E-DCP excrete relatively high percentages
of the absorbed doses as the corresponding Z- and E-3-chloro-2-propenyl-MA (Z-
CPMA and E-CPMA, 55% and 45%) (Onkenhout et al. 1986) and the
bioavailability by inhalation of the vapour is reasonably high in those animals
(50-66 %) (Stott and Kastl 1986). Z- and E-CPMA were determined in urine by
GC-NPD, GC-FPD, GC-(CI)MS and by GC-(EI)MS, see table 5 (Osterloh et al.
1984, Onkenhout et al. 1986). The correlation coefficients for the relationship
between ambient human exposure to Z- and E-DCP and the urinary excretion of
Z- and E-CPMA were found between 0-83 and 0-93 (Osterloh et al. 1984, Van
Welie et al. 1991a, Van Welie et al. 1991b). A biological exposure index (BEI),
based on a TLV-TWA value of 5 mg m~, was proposed as total cumulative
excretion of 14-4 or 3-:2 mg of Z- and E-CPMA, respectively (Van Welie et al.
1991a). Urinary MA excretion showed first-order linear kinetics and the half-lifes
of elimination for Z- and E-CPMA were 50+ 1-2 h and 4-7+ 1-3 h, respectively
(Van Welie et al. 1991a). The percentages of the internal dose of DCP excreted as
Z- or E-CPMA were slightly lower compared to rats and differed substantially
between the two isomers (45 % and 14 %, respectively). This observation was
explained by the different enzyme kinetics of Z- and E-DCP towards GST A, P,
and M isoenzymes (see table 3) (Vos et al. 1991). The specific activities of these
GSTs for Z-DCP is higher compared to the specific activities for E-DCP. For E-
DCP the specific activities of GST M, A, and P were comparag j g 1 T8 L |
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Z-DCP the specific activity of the polymorphic GST M 1 is higher compared to
the specific activities of GST A and GST P. This did not lead to differences in the
kinetic behaviour of Z-CPMA in humans exposed to mixtures of DCP-isomers
(Vos et al. 1991). Apparentlyy, GST A and GST P isoenzymes contributed
substantially to the GSh conjugation of Z-DCP in this case. This example
indicates that the total metabolic capacity should be considered, rather than
substrate specificities of polymorphic enzymes, when attempting to predict the
metabolic fate of xenobiotics.

1,1,2-Trchloroethene

1,1,2-Trichloroethene (trichloroethylene) is mainly used to degrease metals and
occupational exposure may occur via inhalation of its vapour (IARC 1995). Low
levelsof 1,1,2-trichloroethene have also been found in water supplies, groundwater,
the atmosphere, and indoor domestic air (Hughes et al. 1994, IARC 1995). The
carcinogenicity of 1,1,2-trichloroethene in humans is subject of considerable
debates (e.g. Clewell et al. 1995, Fahrig et al. 1995, Henschler et al. 1995, IARC
1995, Goeptar et al. 1995, Weiss 1996) and it is classified differently by various
agencies (e.g. IARC (1995) ECETOC (1994) and ACGIH (Clewell et al. 1995).

Glutathione (GSH) conjugation of 1,1,2-trichoroethene and the subsequent
metabolism via the MA-pathway leads to urinary excretion of 1,2-dichlorovinyl-
MA (1,2-DCVMA) and its regioisomer 2,2-dichlorovinyl-MA (2,2-DCVMA) in
rats and humans, although the excreted percentages of the dose are very low
(< 0-1% (Dekant et al. 1986), 0-0026 % 1,2-DCVMA and 0-0013 % 2,2-DCVMA
(Commandeur and Vermeulen 1990) in rats). Traces of both 1,2-DCVMA and 2,2-
DCVMA were detected in humans exposed to high (Birner et al. 1993) and low
(Bernauer et al. 1996) airborne concentrations of 1,1,2-trichloroethene. The two
isomers were detected in a GC-(NICI)-MS based method with detection limit of
13 ng 1! urine (Bernauer et al. 1996). Humans excreted equal amounts of both
isomers while rats excreted more of the 2,2-DCVMA isomer. Surprisingly, a
biphasic urinary excretion with peak concentrations at 10 and 34 h after exposure
was seen in humans.

Both the cysteine S-conjugates and mercapturic acids formed from 1,1,2-
trichloroethene were mutagenic in the Ames test (Commandeur et al. 1991) and
showed nephrotoxicity in rats (Vamvakas et al. 1992, Ilinskaja and Vamvakas 1996),
which may be explained by formation of a reactive chlorothioketene intermediate
upon [}lyase mediated [elimination of 1,2- and 2,2-dichlorovinyl-cysteine
(Dekant et al. 1988b, Zhang et al. 1995). Cysteine S-conjugates of other
halogenated compounds, e.g. tetrachloroethene (Dekant et al. 1988b) and
hexachlorobutadiene (Birner et al. 1995, Dekant 1996), are also substrates for
[B-lyase. For tetrachloroethene, the corresponding MA (1,1,2-trichlorovinyl-MA)
was detected in the urine of workers (n=4) in a dry-cleaning facility (Birner et al.
1996), while the corresponding MA from hexachlorobutadiene has not been used in
human exposure monitoring so far.

T he metabolites trichloroethanol and trichloroacetic acid in blood or urine have
been determined, as alternative biomarkers of 1,1,2-trichloroethene exposure
(IARC 1995). For both metabolites BEI values were proposed for urine;
trichloroacetic acid concentrations of 100 mg 1! in end-shift samples at the end of
a workweek, and the sum trichloroacetic acid and trichloroetlﬁ‘:r"h‘ﬁ“.}"E““‘i"“"
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of 300 mg I"! in end-shift samples at the end of a workweek, with a TLV-TWA of
269 mg m~ (ACGIH 1990). Binding to the blood proteins haemoglobin and
albumin was identified in rats and mice, but these adducts have not been used in
human exposure measurements yet (Stevens et al. 1992).

Allyl chloride, epic hlorohydrin and phenyl glycidyl ether

Allyl chloride, epichlorohydrin and phenyl glycidyl ether are three successive
products in a so called ‘production chain’ in the petrochemical industry (Waddams
1978). In this chain allyl chloride (AC, 3-chloro-1-propene) is used as an
intermediate in the synthesis of epichlorohydrin (ECH, 1,2-epoxy-3-
chloropropane) (IARC 1985). ECH in turn is used in the synthesis of glycidyl
ethers, agricultural chemicals and drugs (IARC 1976). ECH and glycidyl ethers
are also used in the formulation of epoxy resins (Gardiner et al. 1992, Jolamki et al.
1994). In these resins, glycidyl ethers are used as reactive diluents, phenyl glycidyl
ether (PGE, 1,2-epoxy-3-phenoxypropane) being one of the most important.

In rodents treated with high doses of AC, toxic effects on the liver, kidneys and
peripheral nerves have been reported (Torkelson et al. 1959, Boqin et al. 1982).
Peripheral neurotoxicity and liver damage were also found in humans exposed to
extremely high concentrations of AC (Hausler and Lenich 1968, Fengsheng and
Sou-lin 1985). However, when humans were exposed to low concentrations of AC,
such effects were not observed (Boogaard et al. 1993). Although AC was shown to
be mutagenic to various Salmonella Typhimurium strains (McCoy et al. 1978, Eder
et al. 1982b), and to show carcinogenic properties in mice (Theiss et al. 1979, Van
Duuren et al. 1979), there are no indications that AC is a human carcinogen (IARC
1985). A relationship between human exposure of ECH and the incidence of
cancer and heart disease has been suggested (Enterline et al. 1990). However, the
validity of this relationship is still under debate (e.g. Tsai et al. 1990, Olsen et al.
1994, Tsai et al. 1996, Giri 1997). For exposed workers the development of
occupational epoxy dermatitis and skin sensitization to epoxy resins, ECH, and
glycidyl ethers is of most concern (Van Joost et al. 1990, Jolamki et al. 1994).
Additionally PGE is classified as a possible human carcinogen (IARC 1989).

Allyl chloride

In rats treated with AC, two MA-metabolites were detected in urine. Allyl-MA
(ALMA) was suggested to be a minor urinary metabolite, being excreted for 1-7 %
of the AC dose (Kaye et al. 1972), while 3-hydroxypropyl-MA (HPMA) was
reported to be excreted as 22 % of the AC dose (Sanduja et al. 1989). HPMA was
believed to be formed after GSH conjugation of the intermediate metabolite
acrolein, see Section IV.2, Acrolein and related compounds. In contrast, in a more
recent study, ALMA was found to be the major urinary metabolite (30 % of the AC
dose), ALMA excretion being linear with the AC dose. HPMA was a minor
metabolite (<3 %) and no clear dose-excretion relationship could be found for
HPMA (De Rooij et al. 1996b). Differences in the strain of rats and in the route of
administration may explain the observed differences. In addition to HPMA and
ALMA, two other urinary metabolites, namely 3-chloro-2-hydroxypropyl-MA
(CHPMA) and o-chlorohydrin (a-CH), were detected in the urine of rats upon
administration of AC (De Rooij et al. 1996b). Although the excreted percentages
were low (02 and 0-1%, respectively) this suggests g i@ HT® 117
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epichlorohydrin (ECH) as a metabolite of AC in vivo. The urinary excretion of
ALMA was relatively stable upon pretreatment with three enzyme inducers, i.e.
pyrazole, [-naphthoflavone and phenobarbital, while the urinary excretion of
CHPMA (phenobarbital) and o-CH (phenobarbital and pyrazole) was increased
2-4 to 15-4-fold (De Rooij et al. 1996b). Therefore, ALMA seems to be the most
promising metabolite to be used as biomarker of human exposure to AC.

During three annual maintenance shut-down periods in a production facility for
AC, ALMA was recently used as a biomarker of AC exposure (De Rooij et al.
1997b). In some of the cases, where no respiratory protection equipment was used,
the inhalatory air concentrations of AC ranged between < 0-1 (not detectable) to
17 mg m™>. ALMA was easily detected in urine samples collected before and after
the work-shifts. For each worker, time courses for urinary ALMA excretion were
constructed (figure 13) and clear relationships were found between ALMA excretion
and potential airborne exposure to AC. However, in some cases relatively high
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Figure 13. Time courses for urinary ALMA excretion (circles) in relation to airborne allyl chloride
(AC) (blocks) in three different workers involved in a maintenance shut-down period in a
production unit for AC. A; typical example of a clear relationship between the work-shifts and
the urinary excretion of ALMA. B; during the second day a dermal exposure to AC occurred
(indicated by arrow). C; Relative high urinary concentrations of ALMA possibly resulting from
garlic consumption. See De Rooij et al. (1997b). BIGHTS
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ALMA concentrations were related to low AC exposure levels. In some of these
cases the relatively high ALMA excretion resulted from dermal exposure, while in
other cases garlic consumption was suggested as source of ALMA. In garlic some
compounds, e.g. y-glutamyl-S-allyl-cysteine or diallyl sulphide are present (Block
1992, Miitsch-Eckner et al. 1992), which may be metabolized to ALMA in vivo. A
volunteer study recently confirmed that garlic consumption can lead to urinary
ALMA concentrations (up to 2-2mgl™?), which may interfere with ALMA
determinations in occupationally exposed humans (up to 3-5 mg I™') (De Rooij et al.
1996a). Upon garlic consumption the urinary elimination half-life of ALMA was
found to be 6 h (n=5) (De Rooij et al. 1996a). Despite this possible confounder, the
increase of ALMA excretion over work-shifts correlated significantly (r*=0-82,
p=0-0001) with inhalatory air concentrations of AC determined (De Rooij et al.
1997b). Based on this relationship and on the TLV-value of AC (3 mg m™)
(Ministry of Social Affairs 1995) a BEI was proposed as 0-35 mg g! creatinine (De
Rooij et al. 1997b).

Alternative biomarkers of exposure to AC have not yet been reported. AC was
shown to be able to conjugate with DNA isolated from salmon sperm (e.g. Eder et
al. 1987). The value of this observation for human exposure monitoring remains to
be proven, however.

Epichlorohydrin

For ECH, high percentages of the dose (31-36 %) were found to be excreted as
3-chloro-2-hydroxypropyl-MA (CHPMA) by rats (Gingell et al. 1985, De Rooij
et al. 1996¢). 2,3-Dihydroxypropyl-MA and o-chlorohydrin (o-CH) were minor
urinary metabolites of ECH in rats. Urinary excretion products of ECH were
investigated recently in workers in a production unit for glycidyl ethers, exposed to
low ambient concentrations of ECH, (De Rooij et al. 1997a). 2,3-
Dihydroxypropyl-MA could not be identified, while o-CH was only identified in
traces in the urine of these workers. In contrast, CHPMA was easily identified
upon respiratory and dermal exposure to ECH. The concentrations of ECH
determined in air correlated with the increase in CHPMA excretion over the work-
shifts (r’=0-94, n=7), and with CHPMA concentrations in end-of-shift samples
(r’=0-95, n=7). Although these concentrations of ECH were below the current
T LV-value of 4 mg m~ (Ministry of Social Affairs 1995),a BEI of 14 mg CHPMA
g~! creatinine was tentatively proposed by extrapolation of the relationship found,
an increase of CHPMA excretion over a work-shift. CHPMA was determined by
SIM GC-MS of its methyl ester, or tetramethylsilyl derivative of the methyl ester,
with method limits of detection of 0-025 and 0-5 mg 1"}, respectively (De Rooij et
al. 1996¢, De Rooij et al. 1997a). By comparing successive urine samples, the
urinary elimination half-life of CHPMA was calculated, to be 2-5 h (n=8). These
observations show that the urinary metabolic profile of ECH is comparable for
these three metabolites in rats and humans, and that CHPMA is a selective
biomarker for daily exposures to ECH. Other halogenated compounds were also
shown to lead to CHPMA excretion in animals, i.e. allyl chloride (De Rooij et al.
1996b), 1,2-dibromo-3-chloropropane (Gingell et al. 1987), 1,2,3-trichloropropane
(Mahmood et al. 1991). For these compounds, the use of CHPMA as a biomarker
of human exposure still needs to be evaluated, however.

As an alterative biomarker of ECH, an N-terminal valine adduct in

haemoglobin (N-(2,3-dihydroxypropyl)valine) might be used (g j &l v &' T 1 )
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This adduct was recently detected in blood of ECH treated rats, and not in
unexposed humans. ECH is also reactive towards deoxynucleosides and to DNA in
vitro (Singh et al. 1996). However, practical applications of these adducts as
biomarkers of human exposure to ECH have not been described so far.

Phenyl glycidyl ether

As yet, the urinary metabolite profile of phenyl glycidyl ether (PGE) has been
investigated in rats only, see figure 14 (James et al. 1978, De Rooij 1997, De Rooij et
al. 1997¢). GSH conjugation leads to 2-hydroxy-3-phenoxypropyl-M A, which was
excreted in urine in considerable amounts of the dose (5 to 27 %) and the dose
excretion relationship was linear (*=0-998), (De Rooij 1997, De Rooij et al. 1997¢).
3-Phenyloxylactic acid was another major metabolite, accounting for 15 to 94 % of
the dose (James et al. 1978). The observed differences in excretion levels of both
metabolites may be due to variations in applied doses of PGE, resulting in
relatively higher MA excretion at lower dose levels. Recently, a new urinary
metabolite was identified as N-acetyl-O-(phenyl)-serine (De Rooij 1997, De Rooij
et al. 1997c). This metabolite was suggested as being formed from the
corresponding lactic acid metabolite by subsequent oxidation, transamination and
N-acetylation. Similar metabolites, i.e. N-acetyl-O-(butyl)-serine and 2-hydroxy-
3-[2-methylphenoxy]propyl-M A, were also identified in urine of butyl glycidyl
ether and o-cresyl glycidyl ether treated rats (Eadsforth et al. 1985, De Rooij 1997,
De Rooij et al. 1997¢). For o-cresyl glycidyl ether, which is a structural analog of
PGE, the metabolic profile was comparable to that of PGE. Rats treated with o-
cresyl glycidyl ether (o-CGE) excreted 3-[2-methylphenoxy]lactic acid and 2-
hydroxy-3-[2-methylphenoxy]propyl-MA, which are structurally related to the
respective metabolites of PGE (De Rooij 1997, De Rooij et al. 1997¢).

MA metabolites of PGE and o-PGE have not been used in human biomonitoring
experiments, as yet. Recently, however, adducts to N-terminal valine of haemoglobin
were described in mice treated with a series of glycidyl ethers, including PGE (Perez
et al. 1997). Additionally, different adducts of PGE to deoxynucleosides were
identified in vitro (e.g. Hemminki and Vainio 1980, Van den Eeckhout et al. 1990,
Lemiere et al. 1993). Adducts to deoxynucleoside have been identified in the same
way for the diglycidyl ether of bisphenol A (Vanhoutte et al. 1995) and for allyl
glycidyl ether (Plna et al. 1996). From the latter compound, the reactive intermediate
glycidaldehyde was found to react with DNA, in mice treated with diglycidyl ether of
bisphenol A (Steiner et al. 1992), and other glycidyl ethers. However, none of these
adducts are being used for human biomonitoring purposes.

Summary and concluding remarks

An overview is given of the use of MAs in the assessment of internal human
exposure to electrophilic industrial chemicals. Additionally, the formation of GSH
S-conjugates, their catabolism to MAs, and several of the frequently used analytical
approaches are discussed.

MAs are formed via the MA-pathway after GSH conjugation of electrophilic
compounds or electrophilic intermediates (Vermeulen 1989, Van Welie et al. 1992).
Although GSH-conjugation is generally a detoxification pathway, GSH S-
conjugation can sometimes lead to toxicity as well (Vermeulen 1989, Sipes and
Gandolfi 1991). The conjugation of electrophiles to GV m W TS T 7T
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Figure 14. Metabolic scheme for phenyl glycidyl ether (PGE) in rats. Hypothetical intermediates are
indicated between brackets and identified urinary metabolites in boxes. PGE is metabolized via
glutathione conjugation and the mercapturic acid pathway, to the corresponding mercapturic acid
(PGEMA). Metabolism via epoxide hydrolysis and further oxidation leads to 3-phenyloxy-lactic
acid (POLA). POLA may be further oxidized to pyruvic acid and after transamination and N-
acetylation to N-acetyl-O-(phenyl)-serine (NAPS). See Eadsforth er al. (1985) and De Rooij et
al. (1997c).
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spontaneously, or be catalysed by GSH S-transferases (GST), of which one
microsomal form and a family of cytosolic isoenzymes have been identified
(Mannervik et al. 1992, Hayes and Pulford 1995). Two GST enzymes show genetic
polymorphisms in humans, i.e. GST T 1-1 and GST M 1-1 (Strange 1995). Both
enzymes are expressed in human blood cells and genotyping of workers can be
relatively easily performed using these cells (Bolt 1994, Chen et al. 1996a). GST T
1-1 plays an important role in the detoxification of certain industrial compounds
such as methylbromide, methylchloride, and ethylene oxide (Hallier et al. 1993),
while GST M 1-1 is involved in the GSH conjugation of epoxides such as anti
benzo(a)pyrene-7,8-diol-9,10-oxide (Robertson et al. 1986b) and styrene-7,8-oxide
(Pacifici et al. 1987). Enzyme polymorphisms can have major consequences for the
balance between toxication and detoxification, and for formation of metabolites.
When human blood cells are incubated with ethylene oxide for example, clear
differences in DNA damage were found, related to GST T 1-1 polymorphism
(Fost et al. 1991, Hallier et al. 1993). In contrast when other GST isoenzymes or
spontaneous GSH conjugation play a role, only minor influences of GST T 1-1
and GST M 1-1 polymorphisms are expected. This was noted for Z-DCP and
acrolein, both substrates for GST M 1-1 (Voset al. 1991, Berhane et al. 1994).

In the metabolism of glutathione S-conjugates to the corresponding MAs, the
MA -pathway, different metabolic steps are recognized (Ketterer and Mulder 1990,
Commandeur et al. 1995): removal of the y-glutamyl- and glycinyl residues from
the GSH S-conjugate by y-glutamyltranspeptidase and dipeptidases, followed by
acetylation to mercapturic acids (N-acetyl-L-cysteine S-conjugates, MAs) by
cysteine S-conjugate N-acetyltransferase. The extent and routes GSH S-
conjugates follow in the body during the MA-pathway are dependent on the
relative activities of the enzymes involved in the different organs resulting in
hepato-renal cycling, entero-hepatic cycling or hepato-biliary cycling (Hinchman
and Ballatori 1994, Commandeur et al. 1995). Other enzymes may also be involved
in the catabolism of GSH S-conjugates and this can lead to different end-products:
mercaptolactic acids, mercapturic S-oxides, and mercaptoacetic acids
(Commandeur et al. 1995). In rats, the formation of MAs is a predominant
metabolic route in most cases, while the relative importance of MA formation in
humans remains to be elucidated (Van Welie et al. 1992).

In recent years many new applications of MAs were made in human exposure
assessment. Two MAs, 2-hydroxyethyl-MA (HEMA) and 3-hydroxypropyl-MA
(HPMA), can be used as more or less unselective biomarkers of exposure, because
many compounds can lead to their excretion (Poli et al. 1985, Sanduja et al. 1989,
Vermeulen et al. 1989). Examples of more selectively excreted MAs are: 2-
carbamoylethyl-MA (from acrylamide) (Wu et al. 1993), cyanoethyl-MA (from
acrylonitrile) (Jakubowski et al. 1987), N-methylcarbamoyl-MA (MCMA, from
N,N-dimethylformamide, N-methylformamide or methylisocyanate) (Sakai et al.
1995, Schulte 1995), 3,4-dihydroxybutyl-MA (DHBMA, from 1,3-butadiene)
(Sabourin et al. 1992, Bechtold et al. 1994), phenyl-MA (PMA, from benzene)
(Jongeneelen et al. 1987, Stommel et al. 1989, Boogaard and Van Sittert 1995,
Ghittori et al. 1995, Ong et al. 1995), Z- and E-3-chloro-2-propyl-MA (CPMA,
from Z- and E-1,3-dichloropropene) (Osterloh et al. 1984, Van Welie et al. 1991a,
Van Welie et al. 1991b), 1,2,2-trichlorovinyl-MA (from tetrachloroethene) (Birner
et al. 1996). In most of these cases good relationships are found between ambient
exposure levels and the urinary MA excretion. For someg v a T e 11 f
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carbamoylethyl-MA from acrylamide, these relationships were difficult to
investigate due to contributions of dermal exposure (Wu et al. 1993). This shows
that MA excretion relates to total internal doses integrated over all possible routes
of exposure. For some other compounds the urinary MA excretion was less marked
in humans. For instance, exposure to 1,1,2-trichloroethene led to extremely low
levels of 1,2- and 2,2-dichlorovinyl-MA. Although the excreted levels were low,
extremely sensitive analytical approaches were successful in the identification of
these metabolites despite low level occupational exposures. In humans
occupationally exposed to styrene, 1-phenyl-2-hydroxyethyl-MA (or its regio
isomer) could only be found in a small group of the exposed individuals (Hallier
et al. 1995). This can possibly be explained by genetic polymorphisms of GSTs
and other enzymes.

Background excretion is sometimes seen, e.g. for the MAs derived from
benzene (Jongeneelen et al. 1987, Stommel et al. 1989, Boogaard and Van Sittert
1995, Ghittori et al. 1995, Ong et al. 1995), ethylene oxide (Popp et al. 1994) and
butadiene (Bechtold ef al. 1994). Despite some confounding background excretion,
however, clear relationships were found between occupational exposure and
urinary MA excretion.

Excretion kinetics are usually important to determine the most appropriate time
of sampling in BM studies. Most M As, like other urinary metabolites, are excreted
with relatively short half-lifes, ranging from 1-5 to 9 h (Van Welie et al. 1992), and in
most cases excretion levels at the end of work-shifts are successfully related to
exposure levels. Ideally, urine samples are taken at the beginning as well as at the end
of the work-shifts, to show the increase in biomarker excretion during that particular
work-shift. Sometimes relatively long excretion half-lifes are found, e.g. 23 h for
MCMA (from N,N-dimethylformamide) (Mraz and Nohova 1992). In this case,
next-morning or even end-of-week urine samples are more appropriate. Although
linear excretion kinetics are mostly found for MA excretion, some exceptions have
been reported. For PMA (from benzene) a second slow excretion phase was identified
after the initial linear excretion phase in some of the workers monitored (Boogaard
and Van Sittert 1995). Another exception is 1,2- and 2,2-dichlorovinyl-MA (from
1,1,2-trichloroethene). For these MAs a bi-phasic excretion pattern was found
(Bernauer et al. 1996). Hepatic-intestinal cycling was suggested as a reason for this
phenomenon. However, this explanation is probably not satisfactory because many
other MAs may also be subject to cycling during the MA-pathway.

Adducts to biomacromolecules are also often used as biomarkers in occupational
toxicology. Determination of DNA adducts, for instance in peripheral lymphocytes,
gives a measure of cumulative or chronic exposure, whereas protein adducts
(albumin adducts in serum or, haemoglobin adducts in erythrocytes) are considered
as a measure of semi-chronic exposure. Both type of adducts at least show that
reactive compounds were absorbed or formed during metabolism and that these
were able to reach and react with essential biomacromolecules (Skipper et al. 1994,
La and Swenberg 1996, Nestmann et al. 1996). MAs, as degradation products of
GSH conjugates, relate to the electrophilic character of parent compounds or
metabolites, and are therefore usually an indicator of toxicologically relevant
absorbed doses of such chemicals (Van Welie ef al. 1992). The amount of compound
covalently bound to albumin is sometimes found to be higher when compared to the
amount covalently bound to haemoglobin (Van Welie et al. 1992). This is seen in the

case of 1,1,2-trichloroethene (Stevens et al. 1992). However, in RIGHTE LR
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styrene (Rappaport et al. 1993) or benzene (Bechtold and Henderson 1993) adducts
to haemoglobin were more abundant than albumin adducts when normalized to
blood volume, albumin and haemoglobin content (Prosser 1973, Altman and Dittmer
1974), see also figures 11 and 12. After single doses to animals, linear relationships
were found for ethylene oxide with urinary HEMA excretion, haemoglobin adduct
formation, and the formation of DNA adducts in the liver (Van Welie et al. 1992).
Moreover, since the same (linear) dose-dependency was found for MA excretion and
adduct formation, with single doses to animals of ethylene oxide (Van Welie et al.
1992),1,2-dibromoethane (Van Welie et al. 1992), styrene (see figure 11) (Truchon et
al. 1990, Rappaport et al. 1993) and benzene (see figure 12) (Stommel et al. 1989,
Bechtold and Henderson 1993, McDonald et al. 1994) it is apparently possible to use
urinary MA excretion to calculate target doses as well, provided that these
relationships have been previously determined. In other examples clear relationships
were found between MA excretion and markers of toxic effects. Thus good
correlations were found between 2-carbamoylethyl-MA (from acrylamide) and a
neurotoxicity index, and between DHBMA excretion, the hprt (hypoxanthine-
guanine phosphoribosyl transferase locus) mutant frequency (Legator et al. 1993)
and the reduced DNA repair capacity in blood cells isolated from 1,3-butadiene
exposed workers (challenge assay) (Au et al. 1995). These examples indicate that
urinary MA excretion can indeed be related to the toxic internal dose.

In conclusion: Urinary mercapturic acid (MA) excretion has in recent years
successfully been used in the assessment of internal doses in humans exposed to
environmental and industrial chemicals As degradation products of GSH
S-conjugates, MAs are related to the electrophilic character of the parent compound
or reactive metabolites and are therefore biomarkers of a potentially toxicologically
relevant absorbed dose. Generally, short urinary excretion half-lifes are found for
MAs, allowing a direct evaluation of occupational circumstances. While other
frequently used biomarkers, like haemoglobin-, albumin- or DNA adducts are
determined in blood cells, MAs can be determined in urine which is obtained by non-
invasive sampling. This is important, especially when repeated sampling strategies
are used in order to evaluate specific occupational circumstances. We conclude that
urinary MA excretion is a useful tool in the assessment of a toxicologically relevant
absorbed dose in humans exposed to environmental or industrial chemicals.
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