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An immunoassay that quanti®es urinary S-phenylmercapturic acid (PMA), a benzene-
speci®c biomarker, has been developed and its potential usefulness as a screening tool for
monitoring occupational exposure to benzene has been demonstrated. Analytical
reliability has been con®rmed by correlation of results with gas chromatography-mass
spectrometry (GC/MS) data (R ˆ 0:92). The assay has been con®gured as a competitive
enzyme-linked immunosorbent assay (ELISA) to facilitate rapid throughput of samples.
The ELISA has a working range of 40±1200 nmol l¡1 urinary PMA and appears to be
una� ected by the presence of structurally related urinary metabolites. Background levels
of 0±1.9 mmol PMA/mol creatinine (mean 0.9 mmol mol¡1, n ˆ 32) were measured in non-
smoking control subjects. Recent exposures to benzene (8 h time-weighted averages-
TWA), during diverse industrial processes, over the range 0±4.8 ppm were identi®ed by
application of the assay in biological monitoring programmes.
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Introduction
The serious adverse health e� ects associated with prolonged exposure to

benzene, notably myelotoxicity (Snyder et al. 1993), which have been observed
both in animal (Ward et al. 1985) and human (Fishbeck et al. 1978, Yin et al. 1989,

Travis et al. 1994) studies, advocate the implementation of monitoring pro-
grammes where occupational exposure to this volatile solvent could occur.
Biological monitoring serves to quantify a hazardous chemical, or its metabolic

product(s), in biological ¯uids, e.g. urine, blood and saliva, thereby enabling an
estimate of its uptake in an exposed individual (Zielhuis 1978, van Sittert 1984). A
principal value of biological monitoring is that it provides a guide to internal dose

and body burden of a chemical, irrespective of whether the route of exposure is
inhalation, dermal absorption or ingestion.

The major hepatic metabolites of benzene are phenol, catechol and hydro-
quinone (Snyder and Hedli 1996). The oxidative metabolites of benzene, activated
by the cytochrome P450-dependent mixed-function oxidase system, are thought to

mediate myelotoxicity and carcinogenicity (Smith et al. 1989, Parke 1996). An
alternative metabolic route involves conjugation of benzene oxide to glutathione.
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This yields a pre-mercapturic acid, which is further metabolized in the kidney and
eliminated as the water-soluble S-phenylmercapturic acid (PMA) (Parke and
Williams 1951). PMA derives solely from benzene metabolism and this speci®city
renders the metabolite a biomarker of choice for monitoring occupational uptake of
benzene.

In humans, PMA has an elimination half-life of ¹9 h (van Sittert et al. 1993).
Although only up to 1% of absorbed benzene is converted to PMA, its rate of
urinary excretion provides an e� ective measure of benzene exposure dose. Boo-
gaard and van Sittert (1996) reported a linear relationship between low levels of
air-borne benzene and urinary PMA concentrations in workers in the petrochem-
ical industry. They argued that superior speci®city and a longer elimination half-
life render PMA a more reliable biomarker than trans-, trans-muconic acid for
monitoring benzene exposures during 12-h working shifts (Boogaard and van
Sittert 1995). Consequently, PMA has biological exposure indices both in the
USA (ACGIH 2001) and Germany (DFG 2000) as a marker of benzene exposure.

However, implementation of a routine benzene biological monitoring screening
programme, based on the quanti®cation of urinary PMA, appears to have been
hindered both by analytical complexity and cost. GC/MS analysis of urinary PMA
o� ers analytical excellence, but is sophisticated, expensive and protracted (Stom-
mel et al. 1989). During the last three decades, immuno-analysis has made a
signi®cant impact on clinical diagnostics and trace chemical analyses where it has
been established as a routine technology (Vanderlaan et al. 1991, Aston et al.
1992). The production of antibody reagents directed towards clinical analytes has
enabled development of a diverse range of clinical immunoassays and has con-
tributed not only to the di� erential diagnoses of pathological conditions, but also
to the widespread implementation of screening programmes.

The aim of the study was to develop and validate a relatively simple, cost-
e� ective assay for urinary PMA that could be deployed as a screening tool for
monitoring occupational exposure to benzene.

Materials and methods

Materials
Ninety-six-well microtitre plates (maxisorb) were obtained from Life Technologies (Nunc Plastic-

ware, Paisley, UK). S-PMA and benzylmercapturic acid were purchased from Janssen Chimica
(Cheshire, UK). D7-benzylmercapturic acid was a custom synthesis from Ultra®ne Chemicals (Man-
chester, UK). Sodium bicarbonate, sodium carbonate, sodium chloride, sodium hydrogen phosphate,
disodium hydrogen phosphate, hydrochloric acid, sucrose and EDTA were from BDH (Lab3 Ltd,
Bristol, UK). Anti-sheep immunoglobulin G (whole molecule) alkaline phosphatase conjugate
(donkey), bovine g-globulin, bovine serum albumin, hippuric acid, nitrophenyl phosphate, penta¯uoro-
benzyl bromide, Tween-20, creatinine kits and urinary creatinine control samples were from Sigma-
Aldrich (Poole, Dorset, UK). Keyhole limpet haemocyanin was from Calbiochem (La Jolla, CA, USA).
Bis(sulphosuccinimidyl)suberate was from Pierce Chemicals (Luton, UK. HPLC-grade ethyl acetate
and toluene were obtained from Ratherburns (Walkerburn, UK) and potassium hydroxide pellets were
from Fisher (Loughborough, UK).

Methods
Immunogen preparation. A PMA-analogue was designed, synthesized and coupled to carrier protein

to produce an immunogen capable of generating a PMA-speci®c antiserum. The method was described
by Ball et al. (1997). Brie¯y, PMA was deacetylated to yield phenylcysteine, which was covalently
coupled via the methylene group, using the homobifunctional cross-linker bis(sulphosuccinimidyl)su-
berate, to the carrier proteins bovine serum albumin (BSA) and keyhole limpet haemocyanin (KLH).
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Immunization protocol. PMA-KLH conjugate (100 mg) was emulsi®ed in adjuvant (1 ml) and admin-
istered by subcutaneous injection to sheep (n ˆ 2). Booster injections were repeated at intervals of ¹4
weeks and test bleeds were obtained 7 days after successive boosts.

Evaluation of anti-PMA immune response. Serum from venous blood (S360) was separated by
centrifugation and assayed for binding reactivity as follows:

Microtitre plates (96-well) were coated with PMA-BSA conjugate (1 mg ml¡1, carbonate/bicarbonate
bu� er, pH 8.6) at 48Å C for 24 h. The wells were washed with phosphate-bu� ered saline (PBS)-Tween
solution (0.05%) before blocking with a solution of PBS, sucrose (2%), BSA (1%) at 48Å C for 24 h (200 ml/
well). Serial dilutions of S360 were prepared in assay bu� er {PBS (0.2 M) containing 0.025% BSA,
0.002% bovine or ®-globulin and 0.2% EDTA} over a dilution range of 1/1000±1/160 000 and incubated
in coated wells for 2 h at room temperature (170 ml/well). After washing, an excess of alkaline
phosphatase-labelled anti-sheep immunoglobulin was added (100 ml/well) and the assay plate was
incubated for a further 1 h at room temperature. Enzyme substrate solution (p-nitrophenyl phosphate
(1 mg) in Tris bu� er (0.2 M, 1 ml), 100 ml/well) was added to visualize anti-PMA binding and, after
30 min, absorbance (405 nm) was monitored using a Vmax kinetic microplate reader (Molecular
Devices).

Optimization of urinary PMA immunoassay. A competitive enzyme-linked immunosorbent assay
(ELISA) was optimized in terms of conjugate coat concentration and antiserum dilution. PMA standard
solutions were prepared in pooled urine from non-occupationally exposed subjects (range 0-
2.8 mmol l¡1). The urine was ®ltered using a 0.2 mm ®lter and acidi®ed with HCl (75 mM). PMA
standard solutions were stored at ¡208C.
PMA antiserum speci®city was investigated by incubating a limiting concentration of anti-PMA
antiserum separately with ®xed concentrations of the following metabolites: PMA, phenyl cysteine,
benzylmercapturic acid and hippuric acid. Urinary matrix e� ects were obviated both by sample dilution
and the use of assay bu� er diluent devised with su� cient bu� ering capacity to maintain an assay pH of
7.4 and a constant salt concentration.

Analytical repeatability of the ELISA was determined by intra- and interassay variance studies using
de®ned concentrations of urinary PMA.

ELISA validation. Urine samples were collected from workers potentially exposed to benzene in the
workplace and from a non-occupationally exposed control group. Samples were acidi®ed immediately
after collection (7.5 M HCl, 1% v/v) and stored at ¡708C. After thawing, urine samples were
subaliquoted and PMA analyses were carried out by ELISA and a gas chromatographic-mass spectro-
metry procedure.

ELISA was carried out essentially as described above incorporating six urinary PMA standards,
three quality control samples and 21 urine samples in duplicate for each assay plate. Acidi®ed urine
samples (10 ml) were diluted in assay bu� er (80 ml) and dispensed to the wells of a coated microtitre plate
before addition of anti-PMA antiserum (80 ml) also diluted in assay bu� er.

GC/MS procedure. Stock solutions of PMA and D7-benzylmercapturic acid (1 mmol l¡1) were
prepared in double-distilled water. From these solutions, working solutions (4 mmol l¡1) were also
prepared in double-distilled water. Urine aliquots (2 ml) were spiked with PMA working solution to
give standards in the range 0-500 nmol l¡1, test samples were also analysed in 2-ml aliquots. Hydro-
chloric acid (200 ml) and D7-benzylmercapturic acid working solution (150 ml) were added to all tubes.
Samples were then extracted into 4 ml ethyl acetate. The organic layer was transferred to a clean tube
and evaporated to dryness under a stream of nitrogen. The residue was resuspended in 200 ml
methanolic KOH (0.5 g KOH in 50 ml methanol) and the samples were derivatized with 50 ml PFPBr
for 1 h at 608Å C. Following derivatization, 300 ml toluene and 300 ml water were added to the tubes. After
mixing and centrifugation, an aliquot of the organic layer was removed for analysis by GC-MS.

Analysis was performed using an HP5973MSD coupled to an HP6890 gas chromatograph (Agilent,
Cheadle, UK). Splitless injections (1 ml) were made at 250

Å
8C into a CP-Sil8 MS column

(30m £ 0:32 mm i.d., 1 mm ®lm, SGE, Varian, UK). The oven was raised at 88Å C min¡1 from an initial
temperature of 150 to 2908C, where it was held for 1 min. The transfer line was held at 280

Å
8C. The mass

spectrometer was operated in negative-ion chemical ionization mode using methane as a reagent gas.
Selected-ion monitoring was used: m/z 238 for PMA and 259 for D7-benzylmercapturic acid.

The interassay coe� cient of variation was 8% (n ˆ 10) with a detection limit of 10 nmol l¡1

(signal : noize ratio > 3).

Biological monitoring database construction. Post-shift urine samples (8 h TWA) were collected from
employees in diverse sectors of industry (Europe and North America) including petrochemical
re®neries, coke oven works, chemical manufacturing plants and from workers involved in a clean-up
operation after a chemical spill of material containing up to 40% benzene. Samples were analysed for
PMA and creatinine levels and results were compared with data obtained from a control population of
non-occupationally exposed subjects.
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Creatinine measurement. Urinary creatinine levels were determined by the modi®ed Ja� e reaction,
using reagents supplied by Sigma-Aldrich diagnostics, following the manufacturer’s instructions.

Results
An antiserum dilution pro®le of a blood sample (S360) obtained from an

immunized sheep is illustrated in ®gure 1. Comparison with the binding properties
of a negative control, hyperimmune antiserum, con®rmed induction of an immune
response directed towards the conjugate material (PMA-BSA) coupled to the assay
wells.

A competitive inhibition study using antiserum S360 (dilution 1/7000) in the
presence of exogenous PMA (0±2.8 mmol¡1) in human urine demonstrated a dose-
dependent e� ect on antiserum binding (®gure 2). An inverse relationship was
observed between PMA dose and the signal generated in the immunoassay. Under
the ELISA conditions deployed, the dose-response was approximately linear over
the range 40-1200 nmol l¡1 PMA (®gure 2).

Potentially cross-reactive metabolites, which may be endogenous in human
urine, added to pooled human urine in molar excess quantities, did not cause
signi®cant antibody displacement in the PMA ELISA (table 1).

The percentage coe� cient of variation (CV) resulting from within assay
analyses (n ˆ 30) of a urine sample containing 130 nmol l¡1 PMA is expressed in
table 2. Interassay CVs for analyses of samples (n ˆ 12) containing 86 and
448 mol l¡1 PMA were 7.6 and 7.9%, respectively (table 2).

Results obtained on samples analysed by ELISA and GC-MS (n ˆ 63, range
3±1644 nmol l¡1) are compared in ®gure 3. The coe� cient of correlation was 0.92.

106 J. P. Aston et al.

 

Figure 1. Dilution pro®le of sheep anti-PMA antiserum. S360, obtained from the immunized donor,
and a hyperimmune control antiserum were incubated at various dilutions on a PMA-BSA-
coated microtitre plate. Assay signal is expressed as a function of the logarithm of antiserum
dilution.
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Twenty-one of 63 samples were reported as <10 nmol l¡1 by GC-MS, but gave
results ranging from 3 to 75 nmol l¡1 (mean 31.5 nmol l¡1) by ELISA. A further 12

of 63 samples yielded results that were outside the working range de®ned for the

ELISA. These samples were excluded from the calculation of the coe� cient of

correlation (R), which was based on data points (n ˆ 30) within the working range

of the immunoassay (®gure 3).

Urinary PMA levels, determined by ELISA, in post-shift samples obtained

from workers potentially exposed to benzene and expressed as urinary PMA/
creatinine ratios, to account for the hydration status of the subjects, are presented

in ®gure 4. Results of random urine samples obtained from a control group of non-

occupationally exposed subjects (n ˆ 32, 17/15 male/female), all of whom were

non-smokers, are included. The mean ratio of this latter cohort was 0.9 mmol

PMA/mol creatinine (range 0±1.9 mmol¡1). In the samples obtained for occupa-

Urinary S-phenylmercapturic acid and benzene biological monitoring 107

 

Figure 2. Competitive inhibition of PMA antiserum binding with urinary PMA. De®ned concentra-
tions of PMA in pooled human urine were incubated with a limiting concentration of S360 in
PMA-BSA coated wells. Percentage binding of S360, relative to the binding of a zero standard, is
expressed as a function of the logarithm of PMA dose.

Table 1. S360 cross-reactivity study. Percentage cross-
reactivity (%CR) of molar excess concentrations of
urinary metabolites with antiserum S360 as determined
by the degree of antibody binding displacement, relative
to PMA, in a competitive ELISA format.

Metabolite Concentration (mM) %CR

Hippuric acid 25 0.2
Phenyl 10 0.2
Benzylmercapturic acid 15 0.5
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tional biological monitoring, ratios ranged from zero to >90 mmol PMA/mol
creatinine.

Discussion
The systematic acquisition of biological monitoring data has a value of enabling

the identi®cation of trends of exposure. However, analytical complexity and cost
invariably are constraints that may hinder the implementation of routine screening
programmes. The availability of testing methods that prove analytically reliable

108 J. P. Aston et al.

Table 2. Urinary PMA ELISAÐrepeatability study. Percentage
coe� cient of variation (%CV) and standard deviations (SD) of
`within batch’ and `between batch’ ELISA analyses at de®ned
urinary PMA concentrations.

Urinary [PMA]
Variance (nmol/l) %CV SD n

Intra-assay 130 5.0 ‡=¡ 6:5 30
Interassay 195 7.6 ‡=¡ 14:9 12

448 7.9 ‡=¡ 35:5 12

 

Figure 3. GC/MS-immunoassay urinary PMA scatter diagram. Results of urine samples (n ˆ 30)
analysed using the PMA ELISA and GC/MS, as described in the Materials and methods.
Comparison of the data yielded a coe� cient of correlation (R) of 0.92.
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and robust, and which are not prohibitive in terms of cost and sophistication, o� ers

the prospect of constructing databases of exposure that may prove helpful in risk

assessment exercises (Aston 2001).

Immuno-analytical methods are established ®rmly as e� ective screening tools
in the ®eld of clinical diagnostics. An objective of this study was to determine the

applicability of the methodology for quantifying biomarkers of exposure in human

urine. The analytical performance of an immunoassay depends critically on the

properties of the antibody reagent which comprises that assay (Aston et al. 1992).

In particular, antibody-binding a� nity and speci®city are crucial parameters for

de®ning the limitations of analytical performance.
The merits of measuring urinary PMA as a biomarker of occupational exposure

to benzene have been documented (Boogaard and van Sittert 1996). It is important

to recognize, however, that the metabolic conversion of benzene to PMA is

mediated by the cytochrome P450, CYP2E1 and glutathione-S-transferase

(GST) enzyme groups (Commandeur et al. 1995). Altered enzymic activities

due, for example, to genetic polymorphisms, which have been documented in

certain human populations, are likely to result in perturbed levels of urinary PMA
measured in these subjects (Maestri et al. 1997). Thus, whereas urinary PMA is a

useful biomarker for the biological monitoring of benzene on a workplace

population basis, it is essential to exercise caution in the interpretation of urinary

PMA levels of individual subjects.
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Figure 4. Benzene biological monitoring database. Urinary PMA concentrations, determined by
ELISA, and expressed as a function of urinary creatinine, in samples obtained from cohorts
of workers in industry. Refs 1 and 2, petroleum re®nery workers; CO1 and 2, coke oven workers;
CH1, chemical hazard clean-up operation; control, non-occupationally exposed subjects (non-
smokers). The lower horizontal line represents the top of the range obtained in the control group.
The upper horizontal line indicates, approximately, the PMA/creatinine ratio equivalent to an
exposure of 1 ppm benzene (8 TWA) as explained in the Discussion.
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This paper describes the development of an immunoassay, con®gured as a
competitive ELISA, based on a polyclonal antiserum directed towards PMA.
Previous investigations have con®rmed that the design of the immunogen, which
in this case incorporates a six-carbon spacer, and the chemistry of conjugation to
carrier protein, are critical for generating an antiserum with requisite speci®city for
the free hapten (Ball et al. 1997). Invariably, hapten-protein conjugates induce
antibodies that exhibit high binding a� nities for the conjugate, but relatively poor
binding a� nities for the hapten itself. Figures 1 and 2, respectively, con®rm the
induction of an immune response, which is directed towards free PMA. Moreover,
the immunoassay is su� ciently sensitive to quantify low levels of PMA
(40 nmol l¡1) dosed in pooled human urine. An assay signal is generated at low
concentrations of urinary PMA and a detection limit of ¹2±3 nmol l¡1 is achievable
using the assay conditions described. However, best assay precision is observed in
the linear region of the dose-response curve (40±1200 nmol l¡1 PMA), which is
selected, therefore, to de®ne the working range of the immunoassay. The presence
of urinary metabolites exhibiting structural complementarities with PMA may
show binding cross-reactivity with the antiserum, thereby contributing to poten-
tial assay interference phenomena. These interferences could confound interpret-
ation of assay data. The PMA immunoassay is una� ected by the presence of
benzylmercapturic acid, which is a urinary product of toluene metabolism (Taka-
hashi et al. 1994). This is an important observation especially as co-exposures to
benzene and toluene are known to occur. Hippuric acid is a non-speci®c metabolite
of toluene and derives also from the food preservative sodium benzoate. Although
it has low structural complementarity compared with PMA, relatively high
concentrations of hippuric acid are found in urine and, therefore, low cross-
reactivity could manifest as assay interference. The data in table 1 suggest that
these metabolites are unlikely sources of interference in the PMA assay.

The intra- and interassay variance data (table 2) indicate that the repeatability
of the ELISA, under the assay conditions deployed, is robust over a working range
of 40 nmol l¡1 to ¹1.2 mol l¡1 urinary PMA. Using one coated microtitre plate, the
ELISA generates results on 21 urine specimens and three quality control samples,
in duplicate, within 4 h. Several assays may be carried out readily, in parallel, thus
enabling relatively rapid throughput of large batches of samples such as may be
encountered in screening programmes.

A comparison of quantitative results generated by ELISA and GC/MS
indicates that the methods correlate (R ˆ 0:92). In quantifying occupational
exposure to benzene, it is con®dently expected that the immunoassay will produce
results that are largely consistent with data generated by GC/MS. However, there
is evidence of bias in the immunoassay results at very low PMA concentrations,
typically encountered with background exposures. Investigations are ongoing to
explore this observation further. Possible explanations are that the PMA ELISA
overestimates low PMA concentrations, or the GC/MS procedure underestimates
these concentrations. Over estimations of low concentrations of PMA by the
immunoassay may be due to: (1) unreliability of assay calibration at low dose, (2)
the presence of urinary matrix e� ects, or (3) interferences due to cross-reacting
species. Moreover, a relative loss of linearity in immunoassay signal at low dose,
under the assay conditions described, may render the assay prone to overestimate
low concentrations of PMA. No signi®cant correlation was observed between
reported PMA concentrations (immunoassay) and creatinine levels in the samples

110 J. P. Aston et al.
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identi®ed by GC/MS as containing negligible quantities of PMA (data not shown).
Alternatively, the GC/MS procedure may underestimate low level PMA concen-
trations because of: (1) assay imprecision at PMA levels close to the limit of
detection or (2) low PMA recovery rates in these samples. Thus, although the
immunoassay may overestimate very low urinary PMA concentrations, it proves ®t
for purpose in determining PMA levels over a range of concentrations which is
relevant to occupational exposure.

The potential usefulness of the PMA ELISA as a tool for benzene biological
monitoring is illustrated in ®gure 4. Large numbers of samples obtained from

workers in diverse segments of industry were analysed and results reported within
24 h of sample receipt. The results identify, e� ciently and e� ectively, instances of
recent exposure to benzene and serve to quantify the extent of individual
exposures. The ACGIH and DFG have published biological exposure indices
(BEI) for urinary PMA as a marker of benzene exposure at levels of 25 and 45
PMA/creatinine (mg g¡1), respectively. The airborne benzene/urinary PMA re-
gression analysis conducted by Boogaard and van Sittert (1995) indicates that these
urinary PMA levels are equivalent to 8-h time-weighted average exposures of ¹0.5
and 1 ppm benzene, respectively. The control group of subjects not occupationally
exposed to benzene were all non-smokers. The presence of trace quantities of
benzene in cigarette smoke may impact on the levels of PMA detected in smokers
and Boogaard and van Sittert (1996) reported a mean background ratio of 1.7 mmol
PMA/mol creatinine in this group compared with a mean of 0.94 mol mol¡1 in a
population of non-smokers. Thus, a urinary PMA level that may be encountered
typically in a non-occupationally exposed heavy smoker would be ¹5-fold lower
than the BEI for a 0.5-ppm exposure.

The construction of a database enables comparisons of the degrees of exposure
to benzene during di� erent industrial processes and practices. Moreover, timely
reporting of results on employees addressing, for example, the hazards associated
with the clean-up of a benzene spill, reassures individuals that safety procedures
and personal protective equipment designed to minimize exposure are e� ective.

In conclusion, this paper suggests that a carefully characterized and validated

urinary PMA immunoassay in which analytical limitations are de®ned contributes
usefully to benzene biological monitoring. The quanti®cation of other biomarkers
of exposure using immunoassay screening tools could assist the transition of

biological monitoring from the research laboratory to a routine screening service.

References
American Conference of Governmental Industrial Hygienists 2001, Threshold Limit Values and

Biological Exposure Indices.
Aston, J. P. 2001, The mercapturic acids and analytical methodology: immunochemistry. In

Mercapturic Acids as Biomarkers of Exposure to Industrial Chemicals, vol. 2, L. Ambrosi, L.
Soleo, S. Ghittori, L. Maestri and M. Imbriani, eds (Pavia: Maugeri Foundation Books, PI-ME
Press), pp. 45±52.

Aston, J. P., Britton, D. W., Wraith, M. J. and Wright, A. S. 1992, Immunochemical methods for
pesticide analysis. In Emerging Methods for Pesticide Analysis, T. Cairns and J. Sherma, eds
(Boca Raton: CRC Press), pp. 309±329.

Ball, L., Wright, A. S., Van Sittert, N. J. and Aston, P. 1997, Immunoenrichment of urinary S-
phenylmercapturic acid. Biomarkers, 2, 29±33.

Boogaard, P. J. and Van Sittert, N. J. 1995, Biological monitoring of exposure to benzene: a
comparison between S-phenylmercapturic acid, trans, trans-muconic acid and phenol.
Occupational and Environmental Medicine, 52, 611±620.

Urinary S-phenylmercapturic acid and benzene biological monitoring 111

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

C
ha

ng
hu

a 
C

hr
is

tia
n 

H
os

pi
ta

l o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Boogaard, P. J. and Van Sittert, N. J. 1996, Suitability of S-phenyl mercapturic acid and trans-trans-
muconic acid as biomarkers for exposure to low concentrations of benzene. Environmental Health
Perspectives, 104, 1151±1157.

Commandeur, J. N. M., Stijntjes, G. J. and Vermuelen, N. P. E. 1995, Enzymes and transport systems
involved in the formation and disposition of glutathione S-conjugates. Role in bioactivation and
detoxication mechanisms of xenobiotics. Pharmacology Reviews, 47, 271±330.

Deutsche Forschungsgemeinschaft 2000, List of MAK and BAT Values.
Fishbeck, W. A., Townsend, J. C. and Swank, M. G. 1978, E� ects of chronic occupational exposure to

measured concentrations of benzene. Journal of Occupational Medicine, 20, 539±542.
Maestri, L., Imbriani, M., Ghuttori, S, Capodaglio, E., Gobba, F. and Cavalleri , A. 1997,

Determination of speci®c mercapturic acids as an index of exposure to environmental benzene,
toluene, and styrene. Industrial Health, 35, 489±501.

Parke, D. V. 1994, The cytochromes P450 and mechanisms of chemical carcinogenesis. Environmental
Health Perspectives, 102, 852±853.

Parke, D. V. and Williams, R. T. 1951, Studies in detoxication. 38: The metabolism of benzene. a)
The determination of phenylmercapturic acid in urine. b) The mercapturic acid excretion by
rabbits receiving benzene. Biochemical Journal, 48, 624±628.

Smith, M. T. Yager, J. W., Steinmetz, K. L. and Eastmond, D. A. 1989, Peroxidase-dependent
metabolism of benzene’s phenolic metabolites and its potential role in benzene toxicity and
carcinogenicity. Environmental Health Perspectives, 82, 23±29.

Snyder R. and Hedli, C. C. 1996, An overview of benzene metabolism. Environmental Health
Perspectives, 104, 1165±1171.

Snyder, R., Witz, G. and Goldstein, B. D. 1993, The toxicology of benzene. Environmental Health
Perspectives, 100, 293±306.

Stommel, P., Muller, G., Stucker, W., Verkoyen, C., Schobel, S. and Norpoth, K. 1989,
Determination of S-phenylmercapturic acid in the urine ± an improvement on the biological
monitoring of benzene exposure. Carcinogenesis, 10, 279±282.

Takahashi, S., Kagawa, M., Shiwaku, K. and Matsubara, K. 1994, Determination of S-benzyl-N-
acetyl-L-cysteine by gas chromatography/mass spectrometry as a new marker of toluene
exposure. Journal of Analytical Toxicology, 18, 78±80.

Travis, L. B., Li, C. Y., Zhang, Z. N., Li, D. G., Yin, S. N., Chow, W. H., Li, G. L., Dosemeci, M.,

Blot, W., Fraumeni, J. F. J. R., Hayes, R. B. and Linet, M. S., 1994, Hematopoietic
malignancies and related disorders among benzene-exposed workers in China. Leukemia and
Lymphoma, 14, 91±102.

Van Sittert, N. J. 1984, Biomonitoring of chemicals and their metabolites. In Monitoring Human
Exposure to Carcinogenic and Mutagenic Agents, vol. 59, A. Berlin, M. Draper, K, Hemminki and
H. Vainio, eds (Lyon: International Agency for Research on Cancer), pp. 153±172.

Van Sittert, N. J., Boogaard, P. J. and Beulink, G. D. J. 1993, Application of the urinary S-
phenylmercapturic acid test as a biomarker for low levels of exposure to benzene in industry.
British Journal of Industrial Medicine, 50, 460±469.

Vanderlaan, M., Stanker, L. H., Watkins, B. E. and Roberts, D. W. 1991, Immunoassays for Trace
Chemical Analysis (Washington, DC: American Chemical Society).

Ward, C. O., Kuna, R. A., Snyder, N. K., Alsaker, R. D., Coate, W. B. and Craig, P. H. 1985,
Subchronic inhalation toxicity of benzene in rats and mice. American Journal of Industrial
Medicine, 7, 457±473.

Yin, S. N., Li, G. L., Tain, F. D., Fu, Z. I., Jin, C., Chen, Y. J, Luo, S. J., Ye, P. Z., Zhang, J. Z.,

Wang, G. C., Zhang, X. C., Wu, H. N. and Zhong, Q. C. 1989, A retrospective cohort study of
leukaemia and other cancers in benzene workers. Environmental Health Perspectives, 82, 207±213.

Zielhuis, R. L., 1978, Biological monitoring. Scandinavian Journal of Work Environment and Health, 4,
1±18.

112 J. P. Aston et al.

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

C
ha

ng
hu

a 
C

hr
is

tia
n 

H
os

pi
ta

l o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.


