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Abstract

Benzene is an important industrial chemical and, due to its occurrence in mineral oil and its formation in many
combustion processes, a widespread environmental pollutant. Since benzene is hematoxic and has been classified as a human
carcinogen, monitoring and control of benzene exposure is of importance. Although trans,trans-muconic acid (ttMA) was
identified as a urinary metabolite of benzene at the beginning of this century, only recently has its application as a biomarker
for occupational and environmental benzene exposure been investigated. The range of metabolic conversion of benzene to
ttMA is about 2–25% and dependent on the benzene exposure level, simultaneous exposure to toluene, and probably also to
genetic factors. For the quantitation of ttMA in urine, HPLC methods using UV and diode array detection as well as GC
methods combined with MS or FID detection have been described. Sample pretreatment for both HPLC and GC analysis
comprises centrifugation and enrichment by solid-phase extraction on anion-exchange sorbents. Described derivatization
procedures prior to GC analysis include reaction with N,O-bis(trimethysilyl)acetamide, N,O-bis(trimethylsilyl)trifluoro-
acetamide, pentafluorobenzyl bromide and borontrifluoride–methanol. Reported limits of detection for HPLC methods range

21 21from 0.1 to 0.003 mg l , whereas those reported for GC methods are 0.03–0.01 mg l . Due to its higher specificity, GC
methods appear to be more suitable for determination of low urinary ttMA levels caused by environmental exposure to
benzene. In studies with occupational exposure to benzene (.0.1 ppm), good correlations between urinary ttMA excretion
and benzene levels in breathing air are observed. From the reported regressions for these variables, mean excretion rates of

21 21ttMA of 1.9 mg g creatinine or 2.5 mg l at an exposure dose of 1 ppm over 8 h can be calculated. The smoking-related
21increase in urinary ttMA excretion reported in twelve studies ranged from 0.022 to 0.2 mg g creatinine. Only a few studies

have investigated the effect of exposure to environmental levels of benzene (,0.01 ppm) on urinary ttMA excretion. A trend
for slightly increased ttMA levels in subjects living in areas with high automobile traffic density was observed, whereas
exposure to environmental tobacco smoke did not significantly increase the urinary ttMA excretion. It is concluded that
urinary ttMA is a suitable biomarker for benzene exposure at occupational levels as low as 0.1 ppm. Biomonitoring of
exposure to environmental benzene levels (,0.01 ppm) using urinary ttMA appears to be possible only if the ingestion of
dietary sorbic acid, another precursor to urinary ttMA, is taken into account.  1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction chemical industry, and pyrolysis of organic materi-
23als. Outdoor levels range from 0.5 to 6 mg m in

Although trans,trans-muconic acid (ttMA, rural regions [4] and are predicted to be ,0.1
23trans,trans-2,4-hexadienedioic acid, CAS 3588-17-8) mg m in remote areas such as high mountains. In

has been reported as a urinary metabolite of benzene cities and industrial centers with high traffic density,
23metabolism since the beginning of this century [1], benzene concentrations of 7.4–210.6 mg m are

its importance as a biological marker of occupational found [4]. Indoor levels of benzene are normally
and environmental exposure to benzene has been higher than those outside, and may range from 5.8 to

23recognized only in the last decade. The classification 120 mg m [4]. Environmental tobacco smoke
of benzene as a human carcinogen by the Interna- (ETS) may also contribute to indoor air benzene
tional Agency for Research on Cancer (IARC) [2] levels. The mainstream smoke of a cigarette contains
has resulted in the reduction of occupational expo- up to 73 mg benzene [5]; therefore, smokers exhibit
sure levels and, as a consequence, led to the need for higher mean personal exposures to benzene than
improved biomonitoring techniques. nonsmokers. Nutritional factors are estimated to

The occupational threshold limit value (TLV) of contribute only about 1% to the total intake of
benzene (expressed as the 8-h time weighted average benzene which almost exclusively originates from
(TWA )) has been lowered to 0.5–1 ppm (1 ppm5 ambient air [6]. This estimate is in contrast to8

233.2 mg m ) in many industrialized countries in this previous assumptions of the National Research
decade. Recently, a TWA of 0.3 ppm has been Council (NRC) [7] and the IARC [2] who reported8

23proposed by the American Conference of Gover- benzene levels ranging from 24 to 60 mg m in the
nmental Industrial Hygienists (ACGIH) [3]. Today, exhalate of nonexposed individuals, suggesting that
the major exposure at the workplace occurs during their uptake might be of dietary (or environmental)
production, distribution and handling of gasoline, in origin.
which short-time peak concentrations often exceed 1 Apart from benzene, the only other known pre-
ppm. Due to its high volatility, benzene is ubiquit- cursor of ttMA is trans,trans-2,4-hexadienoic acid
ously distributed in ambient air. The predominant (sorbic acid) [8,9], which is a widely used preserva-
sources are emissions from automobiles, the petro- tive in food products. Sorbic acid concentrations in
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various foodstuffs range from 2 to more than 200 muconic acid is not an intermediate in the metabolic
21mg kg [10]. The average daily dietary intake is pathway to ttMA. The latter observation confirmed a

estimated to be 29.4 mg sorbic acid [11]. However, previous study by Drummond and Finar [16].
the contribution of sorbic acid to the background In 1985, Gad-El Karim et al. [17] described for the
levels of ttMA in urine is still unclear. first time the use of ether extraction coupled with

Benzene, at least at high exposure doses, consti- high-performance liquid chromatography (HPLC)
tutes a health risk. Although the toxicological rele- for quantitation of urinary ttMA. They also reported
vance of low dose exposures to benzene is as yet that phenol, hydroquinone, and catechol were not
unclear, biomonitoring of low level exposures to precursors to ttMA. These findings led Gad-El Karim
benzene by suitable biomarkers is of both occupa- et al. to suggest that urinary ttMA is a specific
tional and environmental importance. In this review, biomarker for low levels of exposure to benzene.
we discuss the analytical methods available for
determination of urinary ttMA. In addition, we 2.2. Metabolic pathway to trans,trans-muconic
present and evaluate data for urinary ttMA excretion acid
after exposure to benzene from different sources.
Special emphasis is given to the evaluation of ttMA The main route for the uptake of benzene both at
as a biomarker for low, environmental exposure to the workplace and from the environment is via
benzene. inhalation. At some workplaces, transdermal absorp-

tion of benzene may also contribute significantly to
the exposure dose. About 50 to .90% of inhaled

2. Metabolism, toxicology and potential benzene is absorbed [18,19]. Benzene is primarily
biomarkers of benzene metabolized in the liver to a series of ring-hydroxy-

lated and conjugated metabolites as well as ring-
2.1. Historical background opened products which are excreted in urine [20]

(Fig. 1). About 12% of benzene uptake is exhaled
The historical background of the chemistry and unchanged and 0.1–0.2% appears unchanged in urine

biochemistry of muconic acid has recently been [18].
reviewed by Ducos and Gaudin [12]. Muconic acid The first step in benzene metabolism is the
as a metabolite of benzene was first described by formation of the reactive intermediate benzene epox-

´Jaffe in 1909 [1], who orally administered benzene ide which is supposed to be in equilibrium with the
to rabbits and dogs and recovered about 0.3% of the unstable oxepin. The benzene epoxide–oxepin sys-
dose in urine as muconic acid. Fuchs and Soos in tem is probably formed enzymatically by cytochrome
1916 [13] were the first to isolate muconic acid from P450 2E1 via a reactive hydroxyl radical pathway
human urine samples of leukemia patients who had [21]. The reactive intermediates of benzene (epox-
been treated with a total dose of 72 g benzene (3–5 ide–oxepin) may be subject to at least four different
g /day). These authors found 0.11% of the applied metabolic pathways: (i) nonenzymatic rearrangement
dose as muconic acid in urine. Parke and Williams in of benzene epoxide–oxepin to phenol which can be
1953 [14] reported the first metabolic study on further hydroxylated to hydroquinone, catechol and

14benzene after administering [ C]-benzene to rabbits. 1,2,4-trihydroxybenzene. The hydroxylated metabo-
The total recovery of benzene was 84–89%, with lites are excreted into the urine unconjugated or as
32.6% of the dose recovered in urine as phenol, glucuronides or sulfates. Phenol is the main metabo-
catechol, hydroquinone, 1,2,4-benzenetriol, trans, lite of benzene (13–50% of the total dose), whereas
trans-muconic acid and L-phenylmercapturic acid, hydroquinone (5%), catechol (1.3–1.6%), and 1,2,4-
44.5% of the dose recovered in expired air as trihydroxybenzene are minor metabolites [9,18,19].
benzene (43%) and carbon dioxide (1.5%) and 5– Hydroquinone can be oxidized to p-benzoquinone,
10% recovered in the feces and tissues. Parke and the precursor to 2,5-dihydroxy-phenylmercapturic
Williams [15] also showed that ttMA was not acid. Alternatively, p-benzoquinone may covalently
formed from phenol as a precursor and that cis,cis- bind to the DNA bases guanine, adenine and cytidine
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Fig. 1. Metabolic pathways of benzene (according to Sabourin et al. [64], Witz et al. [27], and Johansson et al. [21], modified). Compounds
commonly used as biomarkers for benzene exposure are shown in bold characters. Abbreviations: CYP2E1, cytochrome P450 2E1; GST,
glutathione-S-transferase; EH, epoxide hydrolase.

to yield benzetheno adducts with low binding indices posed to benzene does not yield detectable amounts
[20]. (ii) Benzene epoxide may be hydrolysed by of phenylvaline [26].
epoxide hydrolase generating benzene dihydrodiol The formation of trans,trans-muconaldehyde from
(also termed ‘benzene glycol’) which can be en- benzene and its further metabolism has been investi-
zymatically dehydrogenated to catechol or ring- gated primarily by the group of Witz ([22], for
opened to form trans,trans-muconaldehyde, the pre- review see [27]). Apart from the above mentioned
cursor to ttMA [22]. As a further pathway the pathway via benzene dihydrodiol, this group has
epoxidation of benzene dihydrodiol to anti- postulated a number of further metabolic pathways to
dihydrodiol-epoxide has been postulated [23]. (iii) yield trans,trans-muconaldehyde (Fig. 2). The epox-
Benzene epoxide can be conjugated with glutathione idated oxepin may be rearranged to muconaldehyde.
ultimately yielding the urinary metabolite S- Furthermore, 1-hydroxy-2-hydroperoxy-3,5-cyclo-
phenylmercapturic acid (PheMA). Only 0.1–0.5% of hexadiene may be formed from benzene by reaction
the total benzene dose is excreted as PheMA [18,24]. with hydroxyl radicals and subsequent peroxidation
(iv) Finally, benzene epoxide can covalently bind to prior to ring-opening to yield muconaldehyde. Final-
cellular macromolecules such as DNA, RNA and ly, benzene dioxetane formed by reaction of benzene

7proteins to form phenyl-adducts. N -Phenylguanine with singlet oxygen is also a potential precursor of
has been determined in trace amounts in urine of muconaldehyde. Experimental evidence from studies
workers exposed to benzene [25]. However, Edman with microsomes and perfused liver suggests that
degradation of haemoglobin from individuals ex- reactive oxygen species may play an important role
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Fig. 2. Metabolic pathways of trans,trans-muconaldehyde (according to Witz et al. [27], modified). Abbreviations: ALD, aldehyde
dehydrogenase; ALC, alcohol dehydrogenase.

in the ring-opening of benzene which most probably following 2 h exposure to 0.02–0.07 ppm benzene
takes place in the liver [27]. [31]. The mechanism by which the fraction of ring-

trans,trans-Muconaldehyde is subjected to reduc- breakage metabolites produced at high benzene doses
tion by alcohol dehydrogenases to form alcohols, and is decreased remains unknown [32]. Exposure to
oxidation by aldehyde dehydrogenases to yield car- benzene induces cytochrome P450 2E1, which is
boxylic acids (Fig. 2) [27–29]. Among the products responsible for the first oxygenation step in benzene
of muconaldehyde metabolism, only ttMA is a metabolism, but also for the generation of oxygen
potential biomarker for benzene exposure. About radicals [33]. Therefore, it is unlikely that the
2–25% of the total benzene dose is excreted as ttMA induction of cytochrome P450 2E1 is responsible for
in the urine [9,30,31]. The elimination halflife of the observed nonlinear dose dependency of ttMA
ttMA in humans has been estimated to be 562.3 h formation. This is in line with data obtained by
[24]. Schrenk et al. [34], showing that pretreatment of rats

with methylcholanthrene (which decreases hepatic
2.3. Factors modifying the urinary ttMA level CYP2E1) and with isopropanol (an inducer of

CYP2E1) does not significantly change the amount
2.3.1. Level of benzene exposure of ttMA formed by in vitro incubation with isolated

In 1953, Parke and Williams [14] observed that hepatocytes.
ttMA was inversely related to benzene exposure.
Today, this effect is well established and applies to 2.3.2. Coexposure to toluene
all species investigated, including man [32]. The Coexposure to toluene is reported to inhibit ttMA
conversion rate of benzene to urinary ttMA in man is formation from benzene in rats [35] and humans [9].
found to be 1.9% at a TWA exposure level of This effect has been observed at benzene and toluene8

10–100 ppm [9], 3.9 (1.9–7.3)% at a TWA expo- concentrations in the ppm range. Since concomitant8

sure level of ,0.1–20 ppm [30] and 25 (7.2–58)% exposure to benzene and toluene occurs at many
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workplaces, coexposure to toluene has to be taken 0.2–0.6% of the radioactivity as muconic acid. Since
into account when evaluating urinary ttMA excretion sorbic acid is a common food preservative [39] and a
as a biomarker for occupational benzene exposure. fungistatic agent used in pharmaceutical and cos-
Whether this effect is also of importance at the metic preparations, it is important to take into
100-fold lower levels of environmental benzene and consideration the contribution of urinary ttMA orig-
toluene exposure remains to be determined. inating from sorbic acid, particularly when evaluat-

ing environmental benzene exposure. The conversion
2.3.3. Genetic susceptibility rate of sorbic acid to ttMA in humans has been

Johnson and Lucier [36] speculated that genetic investigated by several working groups [40–42].
polymorphism in benzene metabolism might be Ducos et al. [40] reported metabolic rates of 0.13 and
responsible for the consistent observation that a 0.18% for two subjects. Ruppert et al. [41] found a
small proportion of the general population have mean conversion rate of 0.12 (0.08–0.19) % in eight
urinary ttMA levels compatible with those seen in nonsmokers. Pezzagno and Maestri [42] determined
persons occupationally exposed to .1 ppm benzene. metabolic rates of 0.34% and 0.21% for two sub-
In a recent study, Gobba et al. [37] found a bimodal jects. Whether sorbic acid represents a significant
distribution of urinary ttMA excretion in a group of confounding factor for urinary ttMA excretion as a
80 bus drivers. The mean ratio between ttMA and biomarker of low benzene exposure, depends pri-
unchanged benzene in urine of the two subgroups marily on the amount of sorbic acid ingested with the
amounted to 0.15 and 0.85. Based on this ratio, the diet. Van Dokkum et al. [43] assumed that the
authors classified their subjects as ‘poor’ and ‘effi- average daily intake of sorbic acid ranges from 3 to
cient’ ttMA metabolizers, respectively. If confirmed, 30 mg. Based on this assumption, dietary sorbic acid
this finding has implications on the evaluation of would account for 10–50% of ttMA background
urinary ttMA as an index for benzene exposure. excretion in nonsmokers and for 5–25% in smokers
Furthermore, given the hemotoxicity of muconal- [41]. In contrast to this, Pezzagno and Maestri [42]
dehyde [27], the precusor of ttMA, a high ratio of assumed that 0.3–0.5 g sorbic acid might be ingested
ttMA:unchanged benzene in urine would indicate daily, leading to an excretion of 1 mg ttMA, a
increased susceptibility to benzene toxicity [37]. The quantity corresponding to a benzene exposure at 1
molecular basis for this polymorphism is as yet ppm over about 8 h. More information on the daily
unknown. intake of sorbic acid is needed for a valid estimation

of the contribution of sorbic acid to the urinary ttMA
2.3.4. Pregnancy background level. In order to correct the amount of

Melikian et al. [38] reported an interesting, but as ttMA in urine from this confounding factor, measur-
yet unconfirmed effect of pregnancy on the urinary ing sorbic acid in urine may be a possibility since it
excretion of ttMA. The ratio between urinary ttMA is known that about 0.7% of sorbic acid administered
and cotinine (a marker for tobacco smoke exposure) to mice is excreted in urine [8].
was higher for pregnant smokers (0.24) than in
nonpregnant smokers (0.13). Assuming that smoking 2.4. Toxicological aspects
was the major source of benzene in these females,
ttMA formation was 2-fold greater in pregnant than Benzene has been classified as a human car-
in nonpregnant women. The authors speculate that cinogen [44]. At high exposure levels (upper ppm
this could be due to an increase in metabolism of range), benzene was found to have radiomimetic
benzene to ttMA during pregnancy or, alternatively, properties. Benzene in high doses may lead to
that the percentage of benzene metabolized to ttMA progressive degeneration of the bone marrow and
may be greater at low than at high smoking-related induce aplastic anaemia and leukaemia [33,45]. The
benzene doses [38]. hematotoxicity of benzene is believed to be mediated

by benzene metabolites and possibly other inter-
2.3.5. Sorbic acid mediates including reactive oxygen species [27].

¨ ¨More than three decades ago, Westoo [8] observed Several different mechanisms may be involved in the
14that mice administered [1- C]-sorbic acid excreted toxicity of benzene: covalent binding of p-benzo-
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quinone to macromolecules (including DNA), cross- over a period of 9 months. In order to remove any
linking of proteins or DNA by trans,trans-muconal- particulate matter, urine samples can be centrifuged
dehyde, depletion of cellular glutathione (an im- for 10 min at 1200 g prior to further clean-up steps
portant antioxidant) by p-benzoquinone and trans, [54].
trans-muconaldehyde, oxygen radical production by
redox cycling from p-benzoquinone, and benzene- 3.2. Sample pretreatment
induced expression of CYP P450 2E1 [27,33]. A
synergistic effect in terms of bone marrow toxicity Either liquid–liquid extraction (LLE) or solid-
has been reported for p-benzoquinone and trans, phase extraction (SPE) are employed for sample
trans-muconaldehyde [46]. trans,trans-Muconal- pretreatment. For LLE, urine samples are centrifuged
dehyde is also cytotoxic and weakly mutagenic in and acidified by addition of ascorbic acid [55],
bacterial and mammalian cells, whereas ttMA is formic acid [56] or hydrochloric acid [31]. The
.100 times less toxic than trans,trans-muconal- acidified urine (1–2 ml) is extracted 2–3 times with
dehyde and not mutagenic [47,48]. The latter finding 3–20 ml of diethyl ether. The diethyl ether layers are
is in contrast to a previous report claiming that ttMA combined and evaporated to dryness at ambient
is mutagenic in an E. coli assay [49]. temperature under reduced pressure [57] or under a

Thus, it appears that trans,trans-muconaldehyde is stream of nitrogen [31,56]. The residue is redissolved
probably a major toxic metabolite of benzene while in a defined volume of the mobile phase for HPLC
ttMA is a detoxification product of benzene metabo- separation or in a solvent containing the derivatizing
lism. reagent for GC analysis. Although LLE of ttMA

from urine is not very time-consuming and does not
require more organic solvent than SPE, the latter is

3. Analytical methods used more frequently, due to its easier handling
combined with high reproducibility and recovery for

trans,trans-Muconic acid (molecular mass 142.11) the enrichment of ttMA as well as the robustness of
crystallizes from water as colourless prisms [melting the technique [38,40,51].
point 3018C (decomposition), boiling point 3208C]. It SPE is performed using disposable cartridges

21is barely soluble in cold water (0.2 g l at 158C), containing 500 mg of strong basic anion-exchange
but freely soluble in hot alcohol and glacial acetic material (SAX), which is preconditioned with 3 ml
acid. The UV-absorption maxima are at 251, 259, methanol and 3 ml water. After applying 1–2 ml
and 264 nm (0.1 M NaOH) [50]. As a dicarbonic urine, the cartridge is washed with 3 ml 1% aqueous
acid it should show two pK values at 3–4 and 5–6. acetic acid. The ttMA is eluted with 3–4 ml of 10%a

However, no pK values for ttMA could be found in aqueous acetic acid. For HPLC application, thea

the literature. eluate is adjusted to a defined volume before in-
jection. If GC analysis is performed, the eluate is

3.1. Sample collection and storage evaporated to dryness, redissolved, and the residue
derivatized.

For biomonitoring purposes, postworkshift (or More reproducible recovery rates were found
postexposure) spot urine samples or 24-h samples are when urine samples were adjusted to pH 7–10
suitable. In general, samples are stored without [24,30], 4.9–5.1 [58], or 4.5–5.7 [59] prior to
further preservation, although, in some cases 1% application on SAX columns.
glacial acid [51] or 1% of 6 M hydrochloric acid [52]
are added. Samples are normally analyzed within 48 3.3. Analysis by high-performance liquid
h, or stored frozen at 220 to 2258C. Urinary ttMA chromatography
is reported to be stable for at least 2 weeks at 208C
without preservation [40,53], or 1 month when stored HPLC is the most commonly used technique for
at 2208C with acid preservation [52]. Melikian et al. the determination of urinary ttMA. This is mainly
[38] reported no significant change in the levels of due to its good separation performance with polar,
ttMA in urine after storage in the dark at 2208C nonvolatile compounds, without the necessity of
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derivatization, and the reasonable selective detection graphic properties of ttMA [66], various mobile
with single wavelength UV absorbance or diode phase parameters including pH, ionic strength, type
array. The pretreated sample (5–100 ml) is injected of buffer, amount and type of organic modifier are
onto a reversed-phase (C ) HPLC column. The important in determining analyte mobility. By op-18

analytes are eluted isocratically with 1% aqueous timizing these parameters, ttMA can be almost
acetic acid–methanol (90:10, v /v) and detected at a completely separated from matrix components by
wavelength (246–271 nm) close to the UV absorp- isocratic elution, but further identification by DAD or
tion maximum of ttMA [9,40,51,55,58,60]. Under LC–MS appears to be essential.
these conditions, a slight sample enrichment is
achieved at the head of the column because the 3.4. Analysis by gas chromatography
elution strength of the mobile phase is higher than
that of the solvent of the injected sample. ttMA is Several methods have been described to determine
eluted within 5–10 column volumes, but the time for ttMA by gas chromatography. GC has the advantage
the total run normally has to be extended in order to of a higher resolution capacity than HPLC, and
remove late eluting components of the matrix. This matrix interferences can easily be eliminated. Addi-
can be overcome by the application of gradient tionally, the application of mass detection ensures
elution with mixtures of 1% acetic acid and methanol the identification of the analytes and leads to more
[29]. Vanillic acid is used as an internal standard in reliable results. However, derivatization is necessary
order to control recovery during sample preparation for GC separation of ttMA requiring an extra sample
[52,61], but the present method is sufficiently reli- preparation step which is an additional source for
able to allow external standardization [40]. In addi- diminished recovery rates and increased methodo-
tion, hippuric acid, which is normally present in logical variation.
urine extracts, can be used as retention time marker Application of SPE with anion-exchange materials
for the identification of ttMA when present at low prior to analysis by GC requires complete evapora-
levels [53]. Table 1 summarizes the experimental tion of the aqueous eluate. For this purpose, the use
conditions for sample pretreatment and ttMA analy- of a centrifuging evaporator became common
sis by HPLC. [59,68,69].

Further improvements of the HPLC separation of Volatile derivatives of ttMA for GC analysis can
ttMA can be achieved by using a gradient elution be formed by reaction with N,O-bis-
[62], acidified sodium acetate as a mobile phase (trimethylsilyl)acetamide (BSA) in dimethylform-
buffer [59] and diode array detection (DAD) [59]. To amide [56,70] or N,O-bis(trimethylsilyl)trifluoro-

21improve the LOD (0.01–3 mg l ), a column switch- acetamide (BSTFA) [58] yielding trimethylsilyl es-
ing technique can be used which enables the in- ters, with pentafluorobenzyl bromide in the presence
jection of a 200-ml SPE extract onto a reversed- of triethylamine [38,68,71] yielding pentafluoro-
phase precolumn. After washing the precolumn and benzyl esters and with borontrifluoride–methanol
column switching to the analytical HPLC column, [69] or diazomethane [31,58] yielding dimethyles-

21the LOD can be decreased to 0.003 mg l ters.
[42,54,63]. For control of recovery during complete sample

A reversed-phase ion-pair separation (RP-IP– preparation [d ]-ttMA [56,70], 2-bromohexanoic4

HPLC) method using tetrabutylammonium hydrogen acid [68,69] or trans,trans-2,5-dimethyl-2,4-hexa-
sulfate (TBAS) as an ion-pair reagent a gradient of dienoic acid (DMHA) [58] have been used as
water, methanol and tetrahydrofuran as the mobile internal standards.
phase has been reported [64]; however, it is not Various detection methods have been used includ-
suitable for routine application. Ion chromatography, ing flame ionization detection (FID) [31,58], mass
although suitable for the separation of ttMA [65], has spectrometric (MS) detection [56,68,69] or mass
not yet been applied for the trace analysis of ttMA in detection with negative ion chemical ionization
urine. Since both hydrophobic reversed-phase and (NICI-MS) [38]. Details of GC methods reported in
ion-exchange interactions influence the chromato- the literature are summarized in Table 2.
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Table 1
Conditions for sample pretreatment and HPLC separation of trans,trans-muconic acid in urine

a bAuthor, year Sample pretreatment HPLC column Flow-rate Mobile phase Column Detection Injection
21 c c(ml min ) temperature wavelength volume

(8C) (nm) (ml)

Gad-El Karim et al., 1985 [55] LLE: 1 ml urine (pH 3) Spherisorb ODS 0.4 1% HAc–MeOH N.R. 254 N.R.
2320 ml diethyl ether (25035 mm, 5 mm) (90:10, v /v)

Sabourin et al.,1988 [64] No sample pretreatment Alltech C 1.0 Gradient of N.R. 265 1001 8

(25934.6 mm, aqueous TBAS,
10 mm) MeOH and THF

Inoue et al., 1989 [9] No sample pretreatment Spherisorb ODS 1.0 1% HAc–MeOH N.R. 265 5–10
(25034 mm, 5 mm) (90:10, v /v)

Schad et al., 1990 [57] LLE: 1 ml urine (14 ml Nucleosil 100 5C 1.0 10 mM H PO –MeOH 30 271 1001 8 3 4

H O)335 ml diethyl ether (2501434 mm, (70:30, v /v)2

5 mm)
Ducos et al.,1990 [40] SPE: 1 ml urine 500 mg LiChrosorb C 1.0 1% HAc–MeOH N.R. 259 101 8

Bond Elute SAX-SPE (25034.6 mm,5 mm) (90:10, v /v)
Schad et al., 1992 [67] SPE: 4 ml urine 500 mg Nucleosil ODS 1.0 5 mM H PO –MeOH N.R. 270 203 4

Bond Elute SAX-SPE (25034.6 mm, (70:30, v /v)
5 mm)

Goon et al., 1992 [29] No sample pretreatment Reversed-phase 1.0 Gradient of 1% N.R. 246 N.R.
column HAc and MeOH

Lee et al., 1993 [52] SPE: 1 ml urine (11 ml Partisphere 5C 1–1.5 HAc–MeOH–5 mM N.R 265 51 8
d0.5 M Tris ) 300 mg (11034.7 mm, NaAc (10:100:890, v /v)

Dowex 1 anion-exchanger 5 mm)
Melikian et al., 1993 [60] SPE: 1 ml urine 500 mg LiChrosorb C 1.0 1% HAc–MeOH N.R. 264 201 8

Fisher Scientific PrepSep (25034.6 mm, (90:10, v /v);
SAX 10 mm) gradient

Bartczak et al., 1994 [58] SPE: 1 ml urine (pH 4.9–5.1) LiChrosorb RP 1.0 1% HAc–MeOH N.R. 255 301 8

500 mg Bond Elute SAX-SPE (25034.6 mm, (90:10, v /v)
5 mm)

Rauscher et al., 1994 [51] SPE: 2 ml urine Hypersil ODS 0.2 1% HAc–MeOH N.R. 259 10
(acidified) 500 mg SAX (10012032.1 mm, (90:10, v /v)
SPE-cartridge 5 mm)

eMaestri et al., 1995 [54] SPE: 1 ml urine 500 mg Hypersil ODS 0.7 1% HAc–MeOH 25 259 200
eIsolute SAX precolumn : (25034.6 mm, (94.5:5.5, v /v)

Resolve C (534.6 mm) 3 mm)1 8

Boogaard et al., 1995 [24] SPE: 1 ml urine Spherisorb 5 1.0 1% HAc–MeOH 20 259 20
(pH: 7–10) SAX ODS-2 (10032.1 (80–20, v /v)

mm, 5 mm)
Boogaard et al., 1996 [30] SPE: 1 ml urine Spherisorb 5 1.0 1% HAc–MeOH 20 259 20

(pH: 7–10) SAX ODS-2 (10032.1 (80:20, v /v)
mm, 5 mm)

Buratti et al., 1996 [62] SPE: 2 ml urine 500 mg Supelcosil C Gradient HCOOH–THF–H O N.R. 263 401 8 2
1Supelco SAX-NR (5012034.6 mm, (14:17:969, v /v)4

3 mm)
eGhittori et al., 1996 [63] SPE: 1 ml urine 500 mg Hypersil ODS 0.7 1% HAc–MeOH 25 259 200

Bond Elute SAX-SPE (25034.6 mm, (94.5:5.5, v /v)
eprecolumn : C (5 mm) 3 mm)1 8

fWeaver et al., 1996 [59] SPE: 1 ml urine (pH 4.5–5.7) Altima C 1.0 1.8 mM NaAc 40 DAD 201 8

500 mg Fisher Scientific (25034.6 mm, (pH 3, HAc)
PrepSep SAX 5 mm) 110% MeOH

a LLE, liquid–liquid extraction; SPE, solid-phase extraction.
b HAc: acetic acid; MeOH: methanol; TBAS: tetrabutylammonium hydrogen sulfate; THF: tetrahydrofuran; NaAc: sodium acetate.
c N.R.: not reported.
d Tris: tris-(hydroxymethyl)-aminomethane.
e Column switching technique was used.
f DAD: diode array detection.
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Table 2
Conditions for sample pretreatment and GC analysis of trans,trans-muconic acid in urine

a cAuthor, year Sample pretreatment I.S. Derivatization GC column GC temperature Carrier Injection Detected Injection
c d creagent program gas ion volume

b(solvent) (m /z) (ml)

Bechtold et al., 1991 [56] LLE: 2 ml urine [d ]-ttMA BSA HP Ultra-1 Initial 808C, N.R. Splitless, 271 (ttMA) N.R.4

(1100 ml 88% HCOOH) (DMF) (25 m, 0.25 mm, 1 min; 128C split on: 275 (I.S.)
21233 ml diethyl ether 0.5 mm) min : 2658C 0.5 min

Bartczak et al., 1994 [58] LLE: 5 ml urine DMHA Diazomethane DB5 (30 m, Initial 508C; N N.R. FID 12
21(11 ml conc. HCl) (diethyl ether) 0.25 mm, 0.25 mm) 158C min :

235 ml diethyl ether 2808C
13LLE: urine (1 HCOOH) [ C ]-ttMA BSTFA HP Ultra-1 Initial 808C, N.R. N.R. 271 (ttMA) N.R.6

21diethyl ether (15 m, 0.2 mm) 2 min; 128C min : 277 (I.S.)

1708C, 1 min;

2308C, 1 min

Rauscher et al., 1994 [68] SPE: 2 ml urine 2-Bromo- C F CH Br HP Ultra-2 Initial 1008C, He N.R. 502, 321 N.R.6 5 2

(acidified) hexanoic acid (heptane, triethylamine) (50 m, 0.22 1 min, 108C (ttMA)
21500 mg SAX Speed Vac mm, 0.25 mm) min : 2808C,

20 min

Ruppert et al., 1995 [69] SPE: 2 ml urine 2-Bromo- BF –methanol HP Ultra-5 Initial 808C, He Splitless, split 139, 170,(ttMA), 13
21500 mg Baker hexanoic acid (methanol) (30 m, 0.25 1 min; 208C min : on: 0.5 min 154 (I.S.)

1bond NR mm, 0.25 mm) 2808C, 5 min4

Speed Vac

Weaver et al., 1996 [59] SPE: 1 ml urine None BSA (DMF) HP-1 (25 m, Initial 1008C, N.R. N.R. 271 (ttMA) 1
21(pH 4.5–5.7) 0.2 mm, 1 min; 128C min :

e500 mg FS PrepSep 0.11 mm) 2658C

SAX, Speed Vac
fYu et al., 1996 [31] LLE: 5 ml urine None Diazomethane DB5(30 m, Initial 808C, N ; H –air N.R. FID 12 2

21(11 ml conc. HCl) (diethyl ether) 0.25 mm, 2 min; 128C min : (FID)

235 ml diethyl ether 0.25 mm) 1708C, 1 min;

2508C, 1 min

a DMHA: tt-2,5-dimethyl-2,4-hexadienoic acid
b BSA: N,O-bis(trimethylsilyl)acetamide; DMF: dimethylformamide; BSTFA: N,O-bis(trimethylsily)trifluoroacetamide; C F CH Br: pentafluorobenzyl bromide; BF : borontrifluoride.6 5 2 3
c N.R.: not reported.
d Monitored ion of mass detection (m /z), if not otherwise stated.
e FS: Fisher Scientific.
f Burning gas for the flame ionisation detector.

3.5. Comparison and evaluation of the analytical from matrix interference in some HPLC methods,
methods several attempts have been made to reconfirm the

results by GC, reanalysis by HPLC under improved
Analysis of urinary ttMA for biomonitoring pur- chromatographic conditions (e.g. gradient elution),

poses requires analytical procedures which reliably and application of a more specific detector (e.g.
determine this single analyte present in a complex DAD). Analytical quality assurance, even in small
matrix. When monitoring low occupational or en- sample series, appears to be necessary. The applica-
vironmental exposures to benzene, urinary ttMA tion of GC–MS for the determination of ttMA at low

21concentrations are often close to the LOD. Table 3 levels (,0.1 mg l ) is advisable. Combining a
shows the performance of the reported methods. column switching technique with HPLC (LC-HPLC)

Unfortunately, the LOD and recovery rates were results in a sensitivity similar to GC methods [54].
not determined in an identical way in all studies and Since Melikian et al. [60] observed a decreasing
in some reports methods for determining the LOD recovery with increased ttMA concentrations (0.1

21 21 21were not described. Due to poor separation of ttMA mg l : 98%; 0.2 mg l : 93%; 0.4 mg l : 90%; 1.0
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Table 3
Methodological characteristics and some statistical data of methods reported for the determination of trans,trans-muconic acid in urine

b b b b,cAuthor, year Sample Analysis Recovery LOD Linearity Precision
a 21 21preparation method (%) (mg l ) (mg l )

Gad-El Karim et al., 1985 [55] LLE HPLC–UV 37 N.R. N.R. N.R.
Sabourin et al., 1988 [64] 2 HPLC–UV N.R. N.R. N.R. N.R.

21Inoue et al., 1989 [9] 2 HPLC–UV N.R. 0.1 N.R. 5.0% (1.3 mg l , n510)
Schad et al., 1990 [57] LLE HPLC–UV 90 N.R. N.R. N.R.

21Ducos et al., 1990 [40] SPE HPLC–UV 80 0.05–0.1 N.R. 5.4% (1.0 mg l , n55)
Schad et al., 1992 [67] SPE HPLC–UV N.R. 3 N.R. N.R.
Goon et al., 1992 [29] 2 HPLC–UV N.R. N.R. N.R. N.R.
Lee et al., 1993 [52] SPE HPLC–UV 90 N.R. 0.025–5 7%
Melikian et al., 1993 [60] SPE HPLC–UV 98 0.02 N.R. N.R.

21Bartczak et al., 1994 [58] SPE HPLC–UV 92 0.02 0.05–5 7% (0.09 mg l , n56)
Rauscher et al., 1994 [51] SPE HPLC–UV N.R. N.R. 0.05–20 N.R.

21Popp et al., 1994 [72] SPE HPLC–UV N.R. N.R. 0.05–10 2.9% (4.5 mg l )
Maestri et al., 1995 [54] SPE LC-HPLC–UV 90 0.003 N.R. 4%

21Boogaard et al., 1995 [24] SPE HPLC–UV 95 0.01 N.R. 3.2% (0.64 mg l , n510)
21Boogaard et al., 1996 [30] SPE HPLC–UV 95 0.01 N.R. 11% (1.1 mg l , n560)

Buratti et al., 1996 [62] SPE HPLC–UV 95 0.002 0.006–2 N.R.
Ghittori et al., 1996 [63] SPE LC-HPLC–UV 91 0.003 N.R. 3.8% inter-assay

21Weaver et al., 1996 [59] SPE HPLC–DAD 95 0.02 0.078–5 14% (0.04 mg l , n53)
Ong et al., 1996 [73] SPE HPLC–UV 90 0.025 N.R. ,10%
Gobba et al., 1997 [37] SPE HPLC–UV 97 0.01 N.R. 4.2% inter-assay
Bechtold et al., 1991 [56] LLE GC–MS 105 0.01 0.1–25 N.R.

21Bartczak et al., 1994 [58] LLE GC–FID 92 0.02 0.03–1.2 9.7% (0.04 mg l , n55)
21Rauscher et al., 1994 [68] SPE GC–MS N.R. 0.01 0.05–10 6% (2.5 mg l , n56)

21Ruppert et al., 1995 [69] SPE GC–MS 97 0.01 0.01–1 7.4% (0.06 mg l , n517)
Yu et al., 1996 [31] LLE GC–FID N.R. 0.03 N.R. N.R.
a LC-HPLC–UV: HPLC with column switching technique.
b N.R.: not reported.
c Percentages refer to intra-assay precision, if not stated otherwise; the concentration in parentheses indicates the level at which precision
was determined.

21mg l : 80%), the addition of an internal standard (TRK) for benzene was lowered in 1993 from 5 ppm
with similar chemical and physical properties (e.g. to 1 ppm for workplaces in general, and to 2.5 ppm
adipinic acid, 2-bromohexanoic acid) before sample for some special occupations [75]. The American
pretreatment is essential. Conference of Government Industrial Hygienists

(ACGIH) proposed in 1990 to lower the TLV for
benzene from 1 to 0.1 ppm [76]. This TLV has not

4. Application of ttMA as a biomarker for been adopted and the ACGIH revised its proposal to
benzene exposure 0.3 ppm in 1994 [3]. The reduction of the TLV of

benzene required the replacement of the commonly
4.1. Occupational exposure used phenol in urine as a biomarker for benzene

exposure by more specific markers [77,78]. Inoue et
The threshold limit value (TLV) of benzene at the al. in 1989 [9] were the first to apply ttMA in urine

workplace has been lowered in most industrialized as a biomarker for occupational benzene exposure.
countries since it has become clear that benzene is Since then, a number of studies using ttMA for
hematotoxic and a human carcinogen. The EC biomonitoring of benzene exposure at different
benzene directive [74] sets the TWA at 5 ppm (16 workplaces have been published (Table 4). With one8

23mg m ) and provides an action level of 1 ppm (3.2 exception [56], HPLC methods were used for the
23mg m ). The German technical exposure limit determination of ttMA in urine of exposed workers.
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Table 4
Urinary ttMA levels after occupational exposure (postshift) to benzene and in nonexposed controls

a dAuthor, year Method (LOD) Occupation Exposure level N ttMA in urine Correlation Controls N ttMA in urine
b b,c(ppm benzene) of exposed and excretion of nonexposed

b,c eworkers at 1 ppm

21 21Inoue et al., 1989 [9] HPLC (0.1 mg l ) Shoemakers Men: 11.1 24 11.37 mg g r50.860 Nonexposed 213 ,LOD in
21 21and painters 32.6 20 47.50 mg g 3.34 mg g workers 137 of 213
2160.2 15 90.10 mg g (some were subjects
21Women: 18.1 19 26.85 mg g r50.858 exposed to up to
21 2142.4 37 45.78 mg g 1.88 mg g 7 ppm benzene)
2176.4 29 94.94 mg g

21 21 21Ducos et al., 1990 [40] HPLC (0.05–0.1 mg l ) Workers in a (13–198) 3 (each 10–95 mg g 2 Administrative 5 0.16 mg l

perfume factory for 5 d) staff in the

factory

21 21 21Bechtold et al., 1991 [56] GC–MS (0.01 mg l ) Workers from a 4.4 14 6.263.1 mg g r50.9 Nonexposed 8 0.2760.21 mg g

rubber factory workers from

and a Chinese glue alternate

factory locations

21 21Ducos et al., 1992 [53] HPLC (0.04 mg l ) Workers in the 9.0 (0.1–75) 23 8.9 (0.1–47.9) mg g r50.905 Administrative 79 0.13
21perfume industry 1.17 mg l staff from 3 (,0.04–

21factories 0.66) mg l

21 21Rauscher et al., 1993 [79,83] HPLC (0.05 mg l ) Workers r50.765 Nonexposed 105 a: 0.5860.80 mg l
21 21 21A: oil refinery 0.1060.16 23 2.7964.56 mg l 4.06 mg l workers from b: 0.5961.17 mg l
21B: styrene production 0.2460.24 25 1.1960.98 mg l two plants
21C: oil refinery 0.5060.55 32 1.7862.55 mg l (,0.08 ppm
21D: car mechanics 0.8160.96 26 1.6461.32 mg l benzene)

21 21 21Lauwerys et al., 1994 [81] HPLC (0.05–0.1 mg l ) Employees working Up to 2 ppm 38 at 0.5 ppm: 0.8 mg g r50.81 Subjects 35 G.M.:0.130 mg g
21 21in garages and at at 1 ppm: 1.4 mg g 1.41 mg g exposed to (smokers)

21coke ovens ,0.01 ppm 0.06 mg g

benzene (nonsmokers)

21 21 21Popp et al., 1994 [72] HPLC (0.1 mg l ) Car mechanics 0.8 (max: 3.9) 20 1.2861.14 mg g r50.54 Nonexposed 6 0.6960.39 mg g

car mechanics

21 2Ong et al., 1995 [19] HPLC (0.025 mg l ) Car mechanics, G.M. (G.S.D.) r 50.80 Nonexposed 40 G.M. (G.S.D.):
21 21petrol pump ,1 26 0.36 (0.22) mg g 1.58 mg g hospital 0.11 (0.07)

21attendants 1–5 27 4.59 (5.9) mg g staff or

workers in a shoe .5 11 20.89 (11.3) graduate

manufacturing plant students

(all nonsmokers)
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The LODs of the methods applied were in the range only rarely been taken into account, although it has
21of 0.1–0.01 mg l . Studies reporting the lowest to be assumed that benzene and toluene are both

occupational exposure to benzene (,1 ppm) present at many workplaces.
[63,72,73,79,80] also showed the weakest correla-
tions (r,0.8) between the benzene exposure level
and urinary ttMA excretion, indicating that some 4.2. Smoking
analytical difficulties and/or confounding factors at
low urinary ttMA levels were present. A similar Benzene concentrations in mainstream smoke (the
conclusion must be drawn from the ttMA concen- smoke inhaled by the smoker) range from 6–8 mg/
trations observed in urine of nonexposed subjects. cigarette for ultra and low yield cigarettes [84,85]
The reported mean levels for ttMA in nonexposed and 36–68 mg/cigarette for medium to high yield
control subjects show approximately a 10-fold vari- filter and nonfilter cigarettes [84]. An average
ation which can hardly be explained by the influence smoker (20 cigarettes /day) may inhale 0.72–1.36
of smoking alone (Table 4). mg benzene per day due to smoking. This corre-

Most of the studies on occupational benzene sponds to an 8 h exposure to 0.03–0.05 ppm benzene
3 21exposure supplied equations for a linear or log-linear assuming a breathing rate of 1 m h and a com-

regression between urinary ttMA excretion and the plete absorption of benzene. With somewhat different
TWA of the benzene exposure over a working day. assumptions, Hoffmann et al. [86] estimated that the
We used these equations to calculate the ttMA smoking-related benzene exposure comes close to
excretion at an exposure level of 1 ppm (Table 4). the proposed TWA of 0.1 ppm benzene at work-8

Based on data of five studies [9,19,24,63,80], expo- places, resulting in an amount of 1.54 mg benzene
sure to 1 ppm benzene over one working shift leads inhaled per day (smoking 20 cigarettes /day: 0.6–
to creatinine-standardized ttMA excretion rates of 1.46 mg/day). The amount of ttMA in mainstream

21 210.71–3.34 mg g (mean: 1.88 mg g ). From the smoke is negligible (,0.01 mg/cigarette) [60]. With
log-linear regression of one study [73] an excretion a conversion rate of benzene to urinary ttMA of

21of 0.145 mg g is derived. However, we suppose 2–25% [9,30,31], smoking should, on average, in-
that the reported equation is erroneous. According to crease the daily ttMA excretion by 0.026–0.62 mg
equations reported in four studies [53,79,81,82], the (considering the molar mass ratio of ttMA:benzene
calculated postshift ttMA concentrations range from of 142:78). The lower limit of this estimate is at or

211.17 to 4.06 (mean: 2.49) mg l . The German below the LOD of currently available analytical
exposure equivalent value (EKA) for postshift urin- methods for urinary ttMA. In all but two [30,79] of

21ary ttMA is 1.6, 2, 3, 5 and 7 mg l for benzene fourteen studies on smoking and ttMA excretion,
exposure levels of 0.6, 1, 2, 4 and 6 ppm [75,78]. significantly elevated ttMA levels were found in
The exposure equivalent for 1 ppm benzene (2 smokers (Table 5). The ratio of the urinary ttMA

21mg l ) is close to the average calculated from the level between smokers and nonsmokers ranged from
21four studies (2.49 mg l ). However, there is a rather 1.4 to 4.8. The additional amount of ttMA excreted

high variation in the reported data which could have by smokers varied from 0.022 to 0.20 (mean: 0.1)
21several reasons: linear regressions do not take into mg g creatinine. Assuming that the creatinine

account the nonlinearity of the relationship between excretion, on average, is 1.5 g /day [87], this corre-
the benzene exposure dose and the fraction converted sponds to a smoking related daily ttMA excretion of
to ttMA [9,32]. From the studies summarized in 0.03–0.30 (mean: 0.15) mg, which is well within the
Table 4, no clear trend for higher urinary ttMA estimated range of 0.026–0.62. One study in Table 5
levels at the 1 ppm benzene exposure can be realized was omitted from this estimation because rather high

21for those studies with low occupational exposure to urinary ttMA levels of 0.96 and 0.44 mg l for
benzene [63,73,79–81] compared to those with high smokers and nonsmokers, respectively, were reported
occupational exposure to benzene [9,24,53,82]. Fi- [68]. The authors stated that they found an unspecific
nally, coexposure to toluene which has been shown response causing higher apparent ttMA levels in
to inhibit ttMA formation from benzene [9,35] has single cases when using the HPLC method.
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4.3. Environmental exposure ambient air of rural and urban areas, respectively,
have been reported [88,89]. In the US, the total

Small amounts of benzene occur ubiquitously in exposure assessment methodology (TEAM) study
the environment. Human daily intake of benzene revealed an average benzene level in ambient air of

23from food and water has been estimated to be 0.02 15 mg m [90]. In areas with dense traffic ambient
and 0.015 mg/day, respectively, which would be and at gasoline stations, benzene concentrations can

23negligible compared to the benzene exposure orig- increase well above 100 mg m and 10 000
23inating from ambient air [6]. However, a dietary mg m , respectively [91]. ETS is considered to be

intake of benzene as high as 250 mg/day has also an additional source for benzene exposure in the
been estimated [7]. Emissions from traffic exhausts general population [92]. In 200 nonsmoking homes
have been identified as a main source for environ- in the US, a mean benzene concentration of 7

23 23mental benzene exposure. In Germany, mean ben- mg m compared to 10.5 mg m in 300 homes
23zene concentrations of 1–10 and 10–20 mg m in with at least one smoker was reported [93]. Median

Table 6
Urinary ttMA levels in subjects exposed to environmental levels of benzene

b,cAuthor, year Method Subjects Source of Variables for N ttMA in urine
a(LOD) exposure exposure

21Scherer et al., 1995 [95] GC–MS Nonsmokers from ETS Living in nonsmoking 39 92 (27–328) mg g
21(0.01 mg l ) 30 households homes

21age: 4–80 years Living in smoking homes 43 126 (21–594) mg g
21 AAutomobile Suburban, nonsmoking 24 73 (27–266) mg g

traffic home
21 ACity, nonsmoking home 15 124 (31–328) mg g
21Suburban, smoking home 23 116 (21–402) mg g
21City, smoking home 20 138 (31–594) mg g

21 21 dWeaver et al., 1996 [59] HPLC (0.016 mg l ) Children (4.361.6 years) ETS Urinary cotinine 39 6463 mg g

participating in a #44 ng/ml
21 dlead poisoning study Urinary cotinine 39 9163 mg g

.44 ng/ml
21 AAutomobile Time spent near the 33 5063 mg g

traffic street ,60 min
21 ATime spent near the 35 10264 mg g

street $60 min

Yu et al., 1996 [31] GC–FID Female volunteers ETS Nonexposure days 5 34–74 mg
21(0.029 mg l ) participating in an (total amount

experimental exposure study excreted)

Exposure days (2 h in an 5 42–95 mg

ETS filled room, benzene (total amount
23level: 60–224 mg m ) excreted)

-1 2lBuratti et al., 1996 [62] HPLC (LOD: 1.9 mg l Healthy male subjects ETS Subjects without 60 76649 mg
21LOQ: 6.2 mg l ) working in an ETS exposure

2lurban environment Subjects with ETS exposure 22 77660 mg

21 21Renner et al., (in preparation) GC–MS (0.01 mg l ) Nonsmokers from the ETS Subjects reporting no or only 21 32622 mg g

general population minor exposure to ETS
21Subjects reporting 22 54640 mg g

exposure to ETS

a LOD: Limit of detection; LOQ: Limit of quantitation.
b Values are arithmetic means6standard deviation, if not otherwise stated.
c 21mg g : milligrams ttMA per gram creatinine; Values within one study marked with the same capital letter are significantly different, P,0.05.
d Calculated from natural-log-transformed values presented as mean6S.D. in the original paper [59].
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benzene levels in 230 nonsmoking and smoking diet (see Section 2.3.5) and the potential contamina-
23homes in Germany were 6.9 and 9.3 mg m , tion of the food with benzene [6,7]. In addition, the

respectively [94]. as yet unclear genetic polymorphism in benzene
3Assuming a breathing rate of 20 m /day [6], metabolism [37] may also increase the variability in

complete absorption of benzene, and a 25% conver- urinary ttMA levels.
sion rate of benzene to urinary ttMA [31], exposure

23 4.4. Comparison with other biomarkers forto an average concentration of 20 mg m benzene in
benzene exposureambient air (corresponding to an area with rather

dense automotive traffic) would result in a (maxi-
The biological monitoring of occupational andmum) urinary ttMA excretion of 180 mg/day. At a

23 environmental exposure to benzene has been dis-background exposure of 5 mg m , the ttMA excre-
cussed in detail in three recent reviews [18,78,96].tion would be about 45 mg/day. With an ETS-related
Potential biomarkers for benzene exposure can beincrease in indoor benzene concentration of 5

23 divided into three groups: (i) nonmetabolized ben-mg m and a daily exposure duration of 8 h, an
zene in exhaled air, blood and urine, (ii) benzeneupper limit for benzene uptake of 40 mg/day can be

3 21 metabolites in urine such as ring-hydroxylated com-calculated (a breathing rate of 1 m h is assumed)
pounds (phenol), ring-opened compounds (ttMA)resulting in an urinary ttMA excretion of 18 mg/day.
and glutathione adducts (S-phenylmercapturic acid),It is clear from this rough estimate that real-life ETS

7(iii) adducts with DNA (N -phenylguanine), haemo-exposure is unlikely to lead to a measurable increase
globin or albumin (N-phenylvaline, S-phenyl-in urinary ttMA excretion. This is in agreement with
cysteine). For human biomonitoring purposes, onlyfour field studies ([59,62,95], Renner et al., in
markers of the first two groups have been applied. Inpreparation] which found no significant increase in
Table 7, coefficients of correlation between variousttMA excretion in ETS exposed nonsmokers (Table
biomarkers for benzene and ttMA as well as between6) compared to nonsmokers not exposed to ETS. In a
these biomarkers and the benzene exposure levels arestudy with high experimental ETS exposure (ben-

23 listed. Correlations between all biomarkers (exceptzene level in indoor air: 60–224 mg m ), the total
for phenol due to its low specificity at exposureamount of ttMA excreted increased, on average, only
levels below 5 ppm) and the benzene levels in air areby about 15 mg after exposure to ETS compared to
usually strong (r.0.5) at occupational exposurethe pre-exposure background excretion [31].
levels (.0.1 ppm). In only a few studies [73,79,80]The influence of automobile traffic density on the
are correlations reported for low benzene exposurettMA level was investigated in two studies [59,95]
approaching environmental levels.(Table 6). Small but significant increases were

Urinary ttMA has been regarded as a suitableobserved for nonsmokers living or staying in areas
biomarker for exposure to benzene down to levels ofwith higher traffic density. However, the investiga-
1 ppm [96] or even lower (0.5 ppm [78], 0.3 ppmtions are too small and the effects reported inconsis-
[73]). In the range of environmental benzene expo-tent so that no firm conclusions may be drawn.
sure (,0.01 ppm), other biomarkers such as un-The background excretion level for ttMA in
metabolized benzene in exhalate, blood or urine asnonsmokers, neither exposed to traffic exhaust nor to

21 well as S-phenylmercapturic acid in urine appear toETS, ranges from 32–92 mg g (Table 6) (corre-
be more specific [18,78,96]. However, these markerssponding to a ttMA excretion of 48–138 mg/day,
have other disadvantages: the very short initial half-when a daily creatinine excretion of 1.5 g is as-
life of about 1 h for benzene in exhalate and bloodsumed). This is higher than would have been esti-
requires timely sampling; the potential contaminationmated as a background excretion for ttMA (45 mg/
with benzene when measuring the parent compoundday). In our view, two major sources may contribute
in body fluids or exhalate, particularly at low levels,to the level and variation of the ttMA background in
requires special precautions during sampling andurine and thus limit the suitability of ttMA as a
analysis; the analytical method for S-phenylmercap-biomarker for environmental benzene exposure: the
turic acid in urine is highly sophisticated [78].ingestion of unknown amounts of sorbic acid in the
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Table 7
Comparison between ttMA and other biomarkers for exposure to benzene

a bAuthor, year Range of benzene exposure Variables correlated Coefficient of correlation
(ppm)

***Ducos et al., 1992 [53] 0.1–75 ttMA in urine vs. benzene in air r50.905 (N5105)
***Phenol in urine vs. benzene in air r50.828 (N5105)
***ttMA in urine vs. phenol in urine r50.857 (N5105)
*Rauscher et al., 1993 [79] 0.10–0.81 (means) ttMA in urine vs. benzene in blood r50.416 (N5106)

*Popp et al., 1994 [72] Max.: 3.9 ttMA in urine vs. benzene in air r50.54 (N520)
***Mean: 0.8 PheMA in urine vs. benzene in air r50.81 (N520)

Benzene in blood vs. benzene in air r50.44 (N520)
***Boogaard and van Sittert, 1995 [24] 0.01–200 ttMA in urine vs. benzene in air r50.959 (N558)
***PheMA in urine vs. benzene in air r50.968 (N558)
***ttMA in urine vs. PheMA in urine r50.795 (N5188)

***Ghittori et al., 1995 [80] 0.01–30 ttMA in urine vs. benzene in air r50.58 (N5145)
***PheMA in urine vs. benzene in air r50.74 (N5145)
***Benzene in urine vs. benzene in air r50.66 (N5145)
*ttMA in urine vs. PheMA in urine r50.57 ? (N5145)
*ttMA in urine vs. benzene in urine r50.57 ? (N5145)
***0.01–0.5 ttMA in urine vs. benzene in air r50.56 (N5122)
***PheMA in urine vs. benzene in air r50.63 (N5123)
***Benzene in urine vs. benzene in air r50.54 (N5124)
***Ong et al., 1995 [19] .5 ttMA in urine vs. benzene in air r50.76 (N511)

Benzene in urine vs. benzene in air r50.22 (N511)
*Phenol in urine vs. benzene in air r50.70 (N511)
***1–5 ttMA in urine vs. benzene in air r50.75 (N527)
**Benzene in urine vs. benzene in air r50.70 (N527)

Phenol in urine vs. benzene in air r50.50 (N527)
***,1 ttMA in urine vs. benzene in air r50.82 (N526)

Phenol in urine vs. benzene in air r50.14 (N526)
*Ong et al., 1996 [73] .0.25 ttMA in urine vs. benzene in air r50.55 (N528)

Benzene in blood vs. benzene in air r50.44 (N512)
**Benzene in urine vs. benzene in air r50.71 (N519)

Phenol in urine vs. benzene in air r50.32 (N528)
.0.25 ttMA in urine vs. benzene in air r50.14 (N5103)

Benzene in blood vs. benzene in air r50.12 (N549)
*Benzene in urine vs. benzene in air r50.35 (N5100)

Phenol in urine vs. benzene in air r50.18 (N5103)
*¨Kivisto et al., 1997 [82] 0.03–14.7 ttMA in urine vs. benzene in air r50.87 ? (N539)
*Benzene in blood vs. benzene in air r50.96 ? (N546)
*Benzene in urine vs. benzene in air r50.97 ? (N513)
*Benzene in exhalate vs. benzene in air r50.95 ? (N520)
*PheMA in urine vs. benzene in air r50.97 ? (N541)
*ttMA in urine vs. benzene in blood r50.86 ? (N543)
*ttMA in urine vs. PheMA in urine r50.84 ? (N543)
*ttMA in urine vs. benzene in urine r50.96 ? (N514)
*ttMA in urine vs. benzene in exhalate r50.84 ? (N518)
*,1 ttMA in urine vs. benzene in air r50.80 ? (N529)
*Benzene in blood vs. benzene in air r50.79 ? (N536)
*PheMA in urine vs. benzene in air r50.39 ? (N531)

**Renner et al. (in preparation) ,0.01 (estimated) ttMA in urine vs. PheMA in urine r50.38 (N567)
a In some studies the variables were log-transformed before correlation; PheMA: S-phenylmercapturic acid.
b * ** *** *Statistical significance: : P,0.05, : P,0.01, : P,0.001; ?: level of significance not indicated in the article.
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We have recently determined ttMA and S- increase in urinary ttMA is observed in smokers
phenylmercapturic acid in urine of environmentally compared to nonsmoksers, ranging from 0.022 to 0.2

21exposed subjects from the general population and mg g creatinine.
found a weak but significant association between Environmental exposure to ambient benzene
both biomarkers (r50.38) [Renner et al., in prepara- slightly increased ttMA levels in urine of subjects
tion]. However, we excluded two nonexposed non- living in areas with a high traffic density while
smokers who exhibited unusually high ttMA (.1000 exposure to benzene in ETS appears to be too small
mg/day) but low S-phenylmercapturic acid excre- to be measurable by urinary ttMA excretion.
tions. We believe that intake of high amounts of In comparison to other biomarkers for benzene
dietary sorbic acid probably caused the elevated exposure, urinary ttMA has advantages in terms of
urinary ttMA excretion in the nonexposed subjects. specificity, sensitivity and simplicity of analysis at
Therefore, in our view ttMA in urine is also a occupational exposure levels above 0.1 ppm ben-
suitable biomarker for environmental benzene expo- zene. However, for biomonitoring benzene exposure
sure, as long as the intake of sorbic acid is adequate- in the environmental range (,0.01 ppm), several
ly taken into account. potential confounding factors including dietary sor-

bic acid intake and metabolic polymorphism in
benzene conversion to ttMA need to be taken into

5. Conclusions consideration.

Due to its carcinogenic and hematotoxic properties
together with its widespread occurrence, benzene is
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