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The present work was aimed to study in petrochemical industry operators the correlation, if any, between
environmental exposure to low levels of benzene and two biological exposure indexes in end-shift urine,
i.e. trans, trans-muconic acid (t,t-MA) and S-phenylmercapturic acid (SPMA). Exposure to benzene was
assessed in 133 male subjects employed in outdoor operations in a petrochemical plant, using personal
passive-diffusive air samplers worn at the breathing zone; adsorbed benzene was determined by GC-FID
analysis. S-PMA was determined by a new HPLCMS/MS method, after (quantitative) acidic hydrolysis of
the cysteine conjugate precursor. t,t-MA was measured by an HPLC-UV method. Smoking habits were
assessed by means of a self-administered questionnaire.

Both environmental and biological monitoring data showed that benzene exposure of petrochemi-
cal industry operators was low (mean values were 0.014 ppm, 101 �g/g creat, and 2.8 �g/g creat, for
benzene, t,t-MA, and S-PMA, respectively) if compared with the ACGIH limits. Cigarette smoking was
confirmed to be a strong confounding factor for the urinary excretion of both metabolites: statistically
significant increases of t,t-MA and S-PMA levels were recorded in smokers when compared to non-
smokers (p < 0.0001). The best correlation found was that between exposure to benzene and S-PMA levels,
particularly in non-smokers. This was partly due to the hydrolysis of the S-PMA precursor N-acetyl-S-(1,2-

dihydro-2-hydroxyphenyl)-l-cysteine, a crucial step of the new analytical method used, which indeed
reduced the variability of the results by means of an improved standardization of this critical preanalyt-
ical factor. A weaker correlation was found between exposure to benzene and t,t-MA, possibly explained
by the fact that the latter is also a metabolite of sorbic acid, a common diet component.

In summary, even at such low levels of exposure, urinary metabolites proved to be a useful tool for
assessing individual occupational exposure to benzene, S-PMA appearing to be a more specific biomarker

in non
than t,t-MA, particularly

. Introduction

Human biomonitoring provides an efficient and cost effective
ean of measuring human exposure to occupational and environ-
ental chemicals. It accounts for all sources of exposure and all

outes of uptake prooving in most cases to be an excellent instru-

ent for risk assessment and risk management (Angerer et al.,

007). It is particularly useful to assess exposure to those chemicals,
uch as benzene, that are absorbed to a significant extent through
he skin and are, therefore, priority candidates for the allocation

∗ Corresponding author. Tel.: +39 049 8216638 fax: +39 049 8216640.
E-mail address: mariella.carrieri@unipd.it (M. Carrieri).

378-4274/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.toxlet.2009.07.015
-smokers.
© 2009 Elsevier Ireland Ltd. All rights reserved.

of a biological limit value (BLV). Benzene is a known human car-
cinogen (IARC group 1) and has been assigned the “skin” notation
by the American Conference of Governmental Industrial Hygienists
(ACGIH), who recommends for the biological monitoring of ben-
zene the determination of trans, trans-muconic acid (t,t-MA) and
S-phenylmercapturic acid (S-PMA) (ACGIH, 2008). Both S-PMA and
t,t-MA are minor metabolites of benzene, excreted in urine, which
have been demonstrated to be suitable biomarkers for monitoring
benzene exposure in occupational and environmental settings at
levels as low as and even below 1 ppm (Boogaard and Van Sittert,

1996; Melikian et al., 2002; Qu et al., 2003). Other authors, however,
did not always find a significant correlation between exposure to
benzene and t,t-MA or S-PMA excretion data at such low levels of
exposure (Carrieri et al., 2006; Manini et al., 2006). A number of
reasons are envisaged for these conflicting results.

http://www.sciencedirect.com/science/journal/03784274
http://www.elsevier.com/locate/toxlet
mailto:mariella.carrieri@unipd.it
dx.doi.org/10.1016/j.toxlet.2009.07.015
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Table 1
Characteristics of the study population.

Parameter Group and subgroup n %

Smoking Non-smokers 20 66.9
a. Ex smokers 6 17.2

Smokers 9 33.1
a. ≤10 cigarettes/day 6 24.1
b. 11–20 cigarettes/day 2 7.6
c. >20 cigarettes/day 1 1.4

Alcohol ingestion Non-drinkers 8 27.6
Occasional drinkers 11 35.9

recommended by WHO for urine sample acceptability (0.3–3.0 g/L),
and therefore these values were excluded from subsequent analysis.
All variables followed a log-normal distribution; parametric statis-
tical tests were applied on log-transformed data and the statistical
results were confirmed by non-parametric tests.

Table 2
Environmental and biological monitoring data for all workers.

Analyte n Mean Median Range

Benzene in air (ppm) 145 0.014 0.003 <0.001–0.280
t,t-MA in urine (�g/L) 145 130.57 97.41 <8.0–637.47
8 M. Carrieri et al. / Toxico

Recent studies showed the existence in urine of N-acetyl-S-(1,2-
ihydro-2hydroxyphenyl)-l-Cysteine, a precursor of S-PMA (i.e.
re-S-PMA) that can be turned into S-PMA by acid hydrolysis (Inoue
t al., 2000, 2001). The amount of S-PMA actually measured in urine
lso depends, therefore, on the degree of hydrolysis of its precursor,
hat changes as a function of both the pH and the storage conditions
f the urine sample. This is one of the possible causes for the mis-
orrelation between airborne benzene concentration and levels of
-PMA measured in the urine of the exposed workers in some stud-
es. The determination of urinary t,t-MA as a biomarker of benzene
as also been questioned, due to the interference of sorbic acid, a
ommon food preservative of which t,t-MA has been reported to be
metabolite too (Pezzagno and Maestri, 1997; Renner et al., 1999;
eaver et al., 2000; Negri et al., 2005).
Another important, probably the single main confounding factor

n the study of occupational benzene exposure is smoking habit, as
igarette smoking causes the inhalation of significant amounts of
enzene, comparable to those of low occupational exposure (Polzin
t al., 2007).

The objective of the present study, therefore, was to study the
orrelation between personal exposure to airborne benzene and
oncentration of the urinary metabolites t,t-MA and S-PMA tak-
ng into account those confounding factor by excluding the effect
f smoking and using a new validated analytical method for the
etermination of S-PMA after acid hydrolysis of its precursor.

. Experimental

.1. Chemicals and supplies

The analytical reference standard of DL-S-PMA was purchased from Tokyo Kasei
ogio LTD (Tokyo, Japan). The internal standard, deuterated DL-S-PMA-3,3-d2, was
btained from CDN Isotopes Inc. (Pointe-Claire, Quebec, Canada). Glacial acetic acid
100% Merck, Darmstadt, Germany) has been used for the mobile phase preparation,
or the solid phase extraction (SPE) and, together with 25% NH3 (Merck; Darmstadt,
ermany), for urine pH adjustment, after dilution with purified water obtained from
Milli-Q Plus system (Millipore, Milford, MA, USA). Formic acid (98%, purity) used for
PE, sulphuric acid (95% purity), and the 50–52% (vol:vol) NaOH water solution used
or hydrolysis have been purchased by Fluka–Sigma–Aldrich (Germany). Methanol
as been purchased from J.Y. Baker (Deventer, Holland). Control human urine sam-
les, used to prepare standard calibration curves and quality control samples (QC),
ere obtained from non-smoking healthy volunteers. SPE Vacuum Manifold and

ep-Pak Plus C18 (360 mg) cartridges for S-PMA analysis were supplied by Waters
Milford, MA, USA). SPE cartridges for t,t-MA analysis were supplied by Varian (EA

iddelburg, The Netherlands). Anotop 10 LC® syringe filter devices (0.2 �m pore
ize, 10 mm diameter) were purchased from Whatman Inc. (Maidstone, England). A
upelco Discovery C18 HPLC column (150 mm × 4.6 mm, 5 �m film thickness) was
urchased by Sigma–Aldrich (Bellafonte, PA, USA) and an Ultrasphere C18 HPLC col-
mn (250 mm × 4.6 mm, 5 �m film thickness) was purchased by Beckman Coulter
Fullerton, CA, USA) for S-PMA and t,t-MA analysis, respectively.

.2. Study population

The study was carried out from June to July 2006 on 29 workers employed in
utdoor operations at a petrochemical plant in Northern Italy. The environmental
nd biological monitoring were carried out throughout 9 consecutive days (two to
even times for each worker), collecting a total of 145 environmental and biological
amples. The investigated subjects were all healthy males, 9 smokers (48 samples)
nd 20 non-smokers (97 samples). Each worker provided one spot fresh urine sample
t the end of the work-shift. Information about smoking habits, diet, and lifestyle
as obtained by a self-administered questionnaire. An identification number was

ssigned to each completed questionnaire. The smoking habits and the ingestion of
lcohol were reported in Table 1.

.3. Analytical methods

Benzene exposure during the entire work-shift (approximately 8 h) was mea-
ured at the breathing zone level in all subjects, using personal diffusive samplers
ontaining an active carbon cartridge (Radiello®). Analysis was performed by GC-

ID after desorption of benzene from the active carbon with carbon disulfide. On
he same day of personal airborne benzene monitoring, an urine sample was col-
ected from all workers for the measurement of the metabolites. The concentration
f S-PMA was determined according to a new HPLC-MS/MS method, previously val-

dated in our laboratories, that comprises a (quantitative) acidic hydrolysis of its
rinary precursor pre-S-PMA (Paci et al., 2007). The detection was in negative ions,
Regular drinkersa 10 36.5

Total 29 100

a <60 g ethanol/day in all cases.

MRM mode, and the transitions were the following: −238.1 → −109.1 for S-PMA and
−240.1 → −109.1 for the deuterium labelled internal standard.

Urinary t,t-MA analysis was carried out by HPLC-UV with detection at 264 nm,
after SPE by an analytical method described elsewhere (Carrieri et al., 2006). Val-
ues measured for both S-PMA and t,t-MA were normalized for the concentration of
urinary creatinine.

2.4. Statistical analysis

Statistical analysis was carried out using the StatsDirect statistical software
on log-transformed values. Parametric statistical tests were applied to log10-
transformed values, in order to obtain a normal distribution, which was assessed
by the Shapiro-Wilk test. Differences between groups were assessed using the t-test
for independent samples. Correlations between variables were assessed by the Pear-
son’s r coefficient. Any differences observed were also confirmed by nonparametric
tests (Mann–Whitney U-test and Spearman’s rho). To assess any contribution of
smoking habits and alcohol consumption, multiple linear regression analysis mod-
els were used (software STATA Statistics/Data Analysis). In all tests, a p value lower
than 0.05 (two-tailed) was considered as statistically significant.

3. Results

The present study shows that exposure to benzene of petro-
chemical industry operators, as assessed by both environmental
and biological monitoring procedures, was low (overall mean val-
ues being 0.014 ppm for benzene, 101 �g/g creat for t,t-MA, and
2.8 �g/g creat for S-PMA), when compared to the ACGIH limit val-
ues (0.5 ppm for benzene, 500 �g/g creat for t,t-MA, and 25 �g/g
creat for S-PMA). Airborne benzene concentration at the workers’
airways level in no case was higher than 0.5 ppm. When consider-
ing the biomonitoring data, almost all the values were below the
corresponding Biological Exposure Indices (BEIs®). The values, with
few exceptions, were accounted for by smoking habits. Five values
only (two for t,t-MA and three for S-PMA) were above the corre-
sponding BEI® all of which were obtained from heavy smokers. The
results are shown in Table 2 for all subjects and in Table 3 for smok-
ers and non-smokers separately. In 12 cases (10 non-smokers and
2 smokers) the level of urinary creatinine was outside the range
t,t-MA in urine (�g/g creat) 133a 100.98 68.49 <6.86–746.40
S-PMA in urine (�g/L) 145 3.58 1.09 <0.05–33.32
S-PMA in urine (�g/g creat) 133a 2.83 0.89 <0.06–38.59

a Twelve samples with a creatinine concentration outside the range 0.3–3.0 g/L
have been excluded.
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Table 3
Environmental and biological monitoring of benzene exposure for smokers and non-smokers.

Analyte Smoking habit n Mean Median Range

Benzene in air (ppm) Smokers 48 0.008NS 0.003 <0.001–0.120
Non-smokers 97 0.017NS 0.004 <0.001–0.280

t,t-MA (�g/L) Smokers 48 185.56 168.59 <8.00–637.47
Non-smokers 97 106.52 77.03 <8.00–520.63

t,t-MA (�g/g creat) Smokers 46b 150.66a 138.40 <8.00–746.40
Non-smokers 87b 74.72a 52.15 <6.86–364.28

S-PMA (�g/L) Smokers 48 7.25 5.40 0.16–33.32
Non-smokers 97 1.77 0.73 <0.05–19.02

S-PMA (�g/g creat) Smokers 46b 6.02a 3.69 0.13–38.59
Non-smokers 87b 1.14a 0.48 <0.06–18.63

N

).
n excl

b
S
t
0
n
t
b
(
b
s
S

F
s

F
w

SNot statistically significant.
a p < 0.0001 (two-tailed t-test for independent samples, smokers vs. non-smokers
b Samples with a creatinine concentration outside the range 0.3–3.0 g/L have bee

A statistically significant correlation was found in all subjects
etween airborne benzene concentrations and levels of t,t-MA or
-PMA in urine (p < 0.05 and p < 0.001, for t,t-MA and S-PMA, respec-
ively), although the correlation coefficients were low (r = 0.18 and
.29, for t,t-MA and S-PMA, respectively, results not shown). In
on-smoking subjects only (n = 87), both the correlation’s statis-
ical significance and the correlation coefficient improve for either
iomarker (r = 0.31 and 0.59, for t,t-MA and S-PMA, respectively)

Figs. 1 and 2). In smokers, a good correlation was found, instead,
etween the level of the metabolites and the number of cigarettes
moked (r = 0.32 and p < 0.05 for t,t-MA; r = 0.67 and p < 0.0001 for
-PMA, results not shown). The correlation between urinary t,t-

ig. 1. Correlation between benzene exposure levels and urinary t,t-MA for non-
moking workers.

ig. 2. Correlation between benzene exposure and urinary S-PMA for non-smoking
orkers.
uded.

MA and S-PMA for all workers was also statistically significant, as
expected (Fig. 3).

A multiple linear regression analysis model was used in order
to assess the influence of airborne benzene concentration, smok-
ing habits and ingestion of alcohol on the levels of biomarkers, set
as dependent variables. The factors found to influence the concen-
tration of t,t-MA in urine were cigarette smoking and occasional
alcohol consumption (R2 = 0.29 and p < 0.001, for both factors),
while the concentration of S-PMA in urine was found to be influ-

enced only by cigarette smoking (R2 = 0.57, p < 0.001), with a clear
relation to the number of cigarettes smoked, as shown in Table 4.

Fig. 3. Correlation between urinary t,t-MA and urinary S-PMA for all samples.

Table 4
Predictors of the urinary excretion of t,t-MA and S-PMA according to a multiple linear
regression analysis.

Coef. 95% confidence interval p > |t|
t,t-MA

Airborne benzene 0.146 0.057, 0.234 0.001
Cig. smoking (≤10 cigarettes/day) 0.712 0.406, 1.018 <0.001
Cig smoking (11–20 cigarettes/day) 1.305 0.828, 1.782 <0.001
Cig. smoking (>20 cigarettes/day) 1.518 0.477, 2.559 0.005
Ingestion of alcohol (occasional) 0.440 0.112, 0.767 0.009
Ingestion of alcohol (regular) 0.119 −0.196, 0.434 0.457

S-PMA
Airborne benzene 0.418 0.289, 0.546 <0.001
Cig. smoking (≤10 cigarettes/day) 1.788 1.373, 2.203 <0.001
Cig. smoking (11–20 cigarettes/day) 2.657 1.998, 3.316 <0.001
Cig. smoking (>20 cigarettes/day) 4.621 3.139, 6.104 <0.001
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. Discussion

Our results showed clear statistically significant correlations
etween airborne benzene concentrations and levels of biomark-
rs. The observation that correlations between urinary metabolites
nd environmental benzene levels were better in non-smokers
han in smokers confirms that cigarette smoking represents the

ost important confounding factor when biomonitoring occupa-
ional benzene exposure. The good correlation, found in this study,
eetwen the levels of metabolites in urine and the number of
igarettes smoked is another consistent observation and confirms
he results reported by others (Feng et al., 2006). Nevertheless, no
tatistically significant differences in airborne benzene exposure
ere found between smokers and non-smokers. So, personal air-

orne benzene exposure does not seem to be significantly affected
y cigarette smoking. Indeed benzene exposure in smokers is due to
ctive inhalation of the cigarette smoke, not to exposure to passive
moking from the cigarette. Therefore, the higher airborne ben-
ene levels found in non-smokers than in smokers are likely to
e casual or due to some non-smokers having a higher occupa-
ional exposure. The metabolites, on the other hand, are produced
y the combination of both occupational benzene exposure and
igarette smoking. A statistically significant increase in the lev-
ls of both urinary metabolites was recorded in smokers when
ompared to non-smokers (p < 0.0001), again confirming the high
ensitivity of these biomarkers to cigarette smoking. In fact, the low
ositive correlation coefficients found between airborne benzene
oncentrations and levels of the urinary metabolites are probably
ue to the confounding effect of smoking. Indeed, when these data
re considered separately on the basis of smoking habits, in non-
mokers the statistical correlation (p < 0.0001) and the correlation
oefficient are both significantly higher than in smokers where, on
he other hand, there was a good correlation between the levels of

etabolites and number of cigarettes/day.
When environmental and biological data in non-smokers are

ompared by regression analysis, the correlations found between
irborne benzene levels and those of the metabolites in urine (see
igs. 1 and 2) indicate that exposure to levels of benzene equal
o the current Threshold Limit Value (TLV®) of 0.5 ppm corre-
ponds to a mean urinary excretion of t,t-MA and S-PMA equal
o 444.8 and 18.4 �g/g creat, respectively, values not dissimilar to
he corresponding current BEI® (ACGIH, 2008). The notation (B) for
background” reported by ACGIH and associated to the BEI® for both
,t-MA and S-PMA highlights the influence of non-occupational
ackground exposure, especially from cigarette smoking and, par-
icularly for t,t-MA, also from the diet. These two are probably the

ain factors affecting the interpretation of our as well as others’
esults. In fact the background levels of urinary metabolites in non-
ccupationally exposed subjects have been reported to be almost
s high as those observed in exposed subjects (Kim et al., 2006) and
n some cases even higher than the BEI® (Aprea et al., 2008).

The significant correlation observed in this study, but not in
revious studies, of our group nor by other authors, using an

mmunochemiluminescence method (Carrieri et al., 2006; Farmer
t al., 2005; Fustinoni et al., 2005), between S-PMA in urine and
ow levels of benzene in air is probably due to the new analyti-
al method used here for S-PMA determination. In the analytical
ethods more commonly used so far for the determination of

-PMA in human urine, the urinary pH (normal range 4–8) was
ot considered to be a critical factor. In Boogaard and Van Sittert
1995) the urine sample was acidified at around pH 2, while others

Melikian et al., 1999) used 10% acetic acid in the sample purifica-
ion by SPE. We found instead (Paci et al., 2007) that the urine of
ubjects exposed to benzene contains a precursor of the metabo-
ite, N-acetyl-S-(1,2-dihydro-2-hydroxyphenyl)-l-cysteine, that is
ransformed into “free” S-PMA by acidic pH. As a result, the amount
tters 192 (2010) 17–21

of “free” S-PMA actually present in the urine is variable and depends
largely on urine pH. Indeed the S-PMA levels measured with quan-
titative acidic hydrolysis were found to be, in average, twice as
high as those measured at pH 2 (Paci et al., 2007). In the present
study, therefore, the quantitative hydrolysis of the S-PMA precursor
indeed reduced the variability of the results by means of a bet-
ter standardization of the critical preanalytical factor pH (results
not shown) and this allowed a statistically significant correlation
between S-PMA in urine and low levels of benzene in air to become
apparent.

Good correlations beetwen S-PMA in urine of exposed sub-
jects and airborne benzene concentrations were reported in several
studies, on German, Estonian or Chinese workers, where exposure
levels were very high (maximum values of 2.6 mg/m3, 47 mg/m3

and 31 ppm, respectively) (Popp et al., 1994; Kivisto et al., 1997;
Waidyanatha et al., 2004). Another study carried out in residents
living near a petrolchemical plant in Korea (Choi et al., 2000)
reported a good correlation between urinary S-PMA and personal
benzene exposure (range 0.00–22.88 �g/m3) but even in this non-
occupational study the range of concentration for the metabolite
(1.33–109.68 �g/g creat) was quite different (much higher) from
that of our data, which is also found in the general Italian population
(Maestri et al., 2005).

Regarding t,t-MA, the literature shows conflicting data. Some
authors did not find any correlation between metabolite concen-
tration and benzene exposure, while others found a significant
correlation between the two parameters, although with a very low
correlation coefficient of approx. 0.10 (Gobba et al., 1997; Fustinoni
et al., 2005). One study only (Bergamaschi et al., 1999) found a
significant correlation (r = 0.59) between t,t-MA values and envi-
ronmental benzene levels in the range 0.005–0.083 mg/m3. In the
present study a highly statistically significant correlation was found
only for non-smoking subjects (r = 0.31), with a high line intercept
and a great dispersion of data for very low levels of exposure. This
may be explained by the fact that t,t-MA is also a metabolite of
sorbic acid present in the diet and, therefore, the urinary level of
t,t-MA in workers is influenced strongly by the diet. After a single
oral administration of 447 mg sorbic acid, the average urinary t,t-
MA concentration was found to increase by as much as 20 times
(Pezzagno et al., 1999).

The correlation between t,t-MA and S-PMA levels reported in
Fig. 3 shows, at the BEI® value for S-PMA of 25 �g/g creat, a level of
t,t-MA of about 836 �g/creat, and not 500 �g/creat as indicated by
ACGIH. The approx. 40% excess amount of t,t-MA was probably due
to the ingestion of food containing sorbic acid by the workers.

Another factor that in the present study might have contributed
to the low correlation observed between environmental and bio-
logical data overall (subjects were monitored from three to seven
times each) is interindividual variability of the biological data, due
to the effect of the genetic polymorphism of the enzymes involved
in benzene metabolism (Rossi et al., 1999; Manini et al., 2006). In
fact, a strong statistically significant correlation was found between
t,t-MA and S-PMA in urine in all subjects (see Fig. 3), and a good
correlation was also found in the present study, for the first time,
between the environmental benzene level and urinary S-PMA con-
centration when repeated mesaures from the same subject were
considered, with correlation coefficients above 0.80 in 70% of sub-
jects. Similar results were not found, however, for t,t-MA probably
because of the confounding factor of the diet, which varies from one
subject to another and, for the same subject, from 1 day to another,
as discussed above.
In summary, even at such low levels of exposure as those found
in the present study, the biological monitoring of the metabo-
lites proved to be effective in detecting occupational exposure to
benzene, at least on a group base. When the present modified
method of S-PMA determination is used, S-PMA seems to be a more
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pecific biomarker of benzene exposure than t,t-MA, particularly
n non-smokers. Finally, cigarette smoking is confirmed to be a
trong confounding factor when assessing occupational exposure
o benzene, both individually and as a group, and should always be
onsidered in the interpretation of biomonitoring data, particularly
or exposures to low airborne concentrations.
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