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Toxicokinetics of toluene in occupationally exposed volunteers

by Maria Wallén, MSc

WALLEN M. Toxicokinetics of toluene in occupationally exposed volunteers. Scand J Work Environ
Health 12 (1986) 588—593. The influence on the kinetics of toluene from long-term occupational expo-
sure, cigarette smoking, and ethanol consumption was studied in 26 male spray painters. A group of spray
painters with reported subjective symptoms such as concentration deficits, fatigue, and dizziness due to
the solvent exposure did not differ in the uptake and disposition of toluene from a group of spray painters
with no symptoms. In occupationally exposed workers, a tendency for an enhanced clearance of toluene
from the blood was observed in relation to personal habits such as smoking and/or moderate chronic
ethanol intake. Long-term occupational exposure to a mixture of organic solvents does not exert any effect
on the metabolic rate of toluene as compared with that of an unexposed group.
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It is common knowledge that differences between
people do exist, including their responsiveness to drugs.
Among factors known to contribute to the variability
in drug response are diseases, genetic factors, intake
of other drugs, ethanol, dietary habits, pollutants,
cigarette smoking, age, body composition, and sex
(22). From studies on rats and on humans it is well
known that drug metabolism is inhibited by acute
ethanol intoxication (23) and enhanced after chronic
ethanol intake (16). Furthermore, drugs, as well as
ethanol, have been shown to affect the metabolism of
aromatic organic solvents in man (4, 21, 37, 40, 43).
The toxicokinetics of industrially used organic sol-
vents in man have been focused upon in several labo-
ratory exposure experiments (2, 3, 4, 7, 20, 26, 34, 37,
38, 40, 41). However, most of these studies were car-
ried out with young healthy volunteers with no history
of occupational exposure to solvents or other agents
that could affect the kinetics of the solvent studied.
In light of these facts it was considered pertinent to
carry out a toxicokinetic study on volunteers with long-
term occupational exposure to organic solvents. Tolu-
ene was considered the most suitable solvent to use in
the present study. The advantages of using toluene are
several. It is one of the most frequently used organic
solvents in Swedish industry. It has a well-documented
metabolic pathway, namely, microsomal hydroxyla-
tion by cytochrome p-450 and further oxidation
through alcohol and aldehyde to the corresponding
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acid (11, 42). The toxicokinetics of toluene in volun-
teers that have not been exposed earlier are also known
(2, 26, 34, 35, 36, 38, 40). :

The aim of this investigation was to show experi-
mentally the effects on the toxicokinetics of toluene
from long-term occupational exposure. Special atten-
tion was paid to workers with reported subjective sus-
ceptibility to solvent exposure and to cigarette smok-
ing. The toxicokinetic approach to this problem gives
the opportunity to study absorption and disposition
from a well-defined dose of toluene and also the ki-
netics of these processes under the influence of other
agents. The results are discussed in relation to toxi-
city.

The following three hypotheses were formulated:

1. The variability between workers in the susceptibility
to toluene due to daily solvent exposure may be de-
tected in the toxicokinetic parameters. In a test of
this theory, the examined subjects were divided into
two groups, one with and one without subjective symp-
toms such as autonomic symptoms, concentration
deficits, fatigue, tiredness, and dizziness from the
solvent exposure. The selection and grouping of the
subjects have been described elsewhere (13).

2. Cigarette smoking, known to affect drugs exten-
sively metabolized by the hepatic microsomal enzymes,
has an effect on the toxicokinetics of toluene. In the
testing of this theory, the exposed subjects were divided
into smokers and nonsmokers.

3. The toxicokinetics of toluene in subjects with long-
term occupational exposure to solvents differ from that
of volunteers that have not been exposed to solvents
earlier. The kinetic parameters obtained in the painter
group were therefore compared with those from a
group of volunteers with no history of occupational
exposure to organic solvents.



Subjects and methods

Subjects

Twenty-six men (age 19—64 years, weight 63—125 kg,
height 171—207 cm), all of them occupationally ex-
posed to organic solvents, participated as volunteers
in the experiment. They had been occupationally ex-
posed to organic solvents for 1—35 years (figure 1).
The subjects were employed as spray painters at many
different small workshops where painting of repaired
cars and new industrial products was performed. The
chemical hazards of spray painters result from ex-
posure to solvent, dust, and metals and have been
thoroughly described by Elofsson et al (5). The total
solvent exposure, calculated as the additive hygienic
effect, was, in that study, estimated to be one-fourth
of the Swedish occupational exposure limit. As the
group of workers in the present study was selected from
similar workshops as the exposed group in the study
of Elofsson et al (5), the exposure conditions can be
considered similar in both investigations.

The volunteers were chosen from a group of 153
spray painters who received a self-administered ques-
tionnaire selecting for reported subjective symptoms
such as concentration deficits, fatigue, and dizziness
from solvent exposure. Two extreme groups were
thereafter formed — one with reported subjective
symptoms (N = 16) and one without (N = 16) (13).
The group was reduced by three persons, who were
prevented from taking part in the investigation. A
general medical examination, including present and
previous state of health preceded the exposures and
resulted in the omission of another three persons (two
from ethanol abuse and one from allergy). None of
the reasons for not participating in the study were
related to solvent exposure. Individuals participating
in the exposure experiment were considered healthy
with no detrimental effects on the functions of the res-
piratory or circulatory systems, no regular drug con-
sumption, and no ethanol abuse.

The toxicokinetics of toluene in occupationally ex-
posed volunteers were compared with data from a pre-
vious study of volunteers that had not been exposed
earlier (40).

Experimental design

The volunteers were exposed to toluene (analytical
grade, Merck, Darmstadt, Federal Republic of Ger-
many) at the Swedish threshold limit value of 3.25
mmol/m?. The exposures were performed in an ex-
posure chamber (volume 12 m?, air change 10 times/h,
inlet airflow 115 m®/h, outlet airflow 135 m3/h).
Solvent was injected into the influent air stream by
means of a high-performance liquid chromatographic
pump (Gilson 302). The toluene and carbon dioxide
concentrations in the chamber were continuously moni-
tored by an infrared spectrophotometer (Miran 80,
Foxboro) at 13.77 and 14.18 um, respectively, with
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Figure 1. Years of employment as a spray painter (exposure
years) versus age.

3.658 pum as the reference wavelength. The spectro-
photometer was equipped with a 20-m gas flow cuvette
and controlled by a personal computer (Apple III). In
addition, intermittent monitoring of the toluene con-
centration in the chamber was gas chromatographically
performed (Antec 464 LP, flame ionization detector,
3 % SE 30 on Chromosorb GAW, temperature 120°C,
nitrogen flow 25 ml/min). The same gas chromato-
graphic equipment was used to analyze samples of ex-
pired air for calculating the uptake of the solvent and
end-exhaled air. (See the following section.) The air
in the chamber was sampled from the upper central
section of the chamber. The chamber was at the desired
concentration when the volunteers entered. The vari-
ation in the exposure did not exceed 3 %, expressed
as standard deviation throughout the exposure. The
exposures lasted for 4 h and were preceded by a stan-
dardized diet since 1700 the previous day and until
the end of the exposure day. The volunteers were in-
structed not to drink any alcoholic beverages the night
before the exposure day. During the exposures, the
subjects were sedentary and exposed in pairs.

Sampling and analysis

The pulmonary ventilation per unit of time and the
uptake of toluene, calculated as the difference between
inhaled and exhaled amounts of solvent, was measured
with the Douglas bag technique. The air volume was
measured with a balanced spirometer. The total up-
take during the whole exposure period was calculated
from the mean amounts of toluene taken up during
each of four 8-min sampling periods. The time inter-
vals for the sampling, the two volunteers exposed
simultaneously being measured separately, were 30—38
or 40—48, 66—74 or 76—84, 142—150 or 152—160,
and 172—180 or 182—190 min, respectively, after the
onset of the exposure. The error of the method was
estimated at £3 % from a comparable study (41). The
end-exhaled air was sampled four times (88, 140, 171,
and 235 min after the onset of exposure) at the end
of a normal exhalation. In the collection of end-ex-
haled air the subject was asked to take three normal
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breaths through a glass tube (volume 35 ml) and to
close it tightly at both ends immediately after the third
exhalation. Stop cocks with teflon-lined rubber mem-
branes were used. The samples were prewarmed to
37°C in a thermostat before the gas chromatographic
analysis. The error of the method was =12 %.
Toluene concentrations in the blood were deter-
mined at selected intervals during the exposure and for
3.0 h during the postexposure period. (See figure 2.)
The toluene concentration in the blood was determined
gas chromatographically from capillary blood (200 ul)
sampled from a prewarmed fingertip. The blood sam-
ples were temperature equilibrated for at least 30 min
and analyzed within approximately 2 h after the sam-
pling. The error of the method was *3.9 %. For
details of the analytical procedures, see reference 40.

Statistical treatments

The Wilcoxon’s rank test for independent observations
(the Mann-Whitney test) was used to determine the sig-
nificance of the differences between the values. For
comparisons of proportions in independent samples
the chi-square test corrected for contiriuity or Fisher’s
exact test was used. The nonparametric rank correla-
tion test of Spearman was used to evaluate the cor-
relation of age and body weight to the toxicokinetic
parameters. A probability of <0.05 was chosen as the
level of significance. The results are, unless otherwise
stated, presented as means and standard deviations.
The calculation of the error of the method for a single
determination was based on the differences between
a series of double determinations and expressed as the
percentage of the mean values. Statistical testings were
performed as described by Snedecor (31).

Results

In the evaluation of the uptake and disposition of tolu-
ene, the following parameters were estimated: the pul-
monary ventilation per time unit, blood : end-¢xhaled
air concentration ratio, the relative uptake, the total
uptake, the area under the blood concentration versus
the time curve, and the apparent clearance from the
blood. No differences between the groups with and
without reported subjective symptoms could be seen
for any of these parameters (table 1). The concentra-
tions of toluene in blood during the exposure and 3
h postexposure are shown in figures 2a and 2b for the
whole group and the subgroups, respectively.

When the examined group was divided into smokers
and nonsmokers, a tendency for a more rapid appar-
ent clearance of toluene from the blood was seen in
the smoker group, 1.7 (SD 0.4) 1/h - kg, as compared
to the nonsmoker group, 1.4 (SD 0.4) 1/h-kg (table
1). Although the difference was not statistically sig-
nificant (p>0.05 in the rank sum test), it was close
to the limit of significance and indicated a tendency
for an enhanced clearance. Indeed, when the groups
with and without subjective symptoms were subdivided
into smokers and nonsmokers, the same tendency was
observed in each group (table 1). The concentrations
of toluene in the blood versus time in the smoker and
nonsmoker groups are shown in figure 2c.

The daily intake of ethanol among the volunteers
was estimated (data from the general medical exami-
nation preceding the exposures), and the examined
group was divided into two parts on the basis of the
amount of consumed ethanol (table 2). When the
smoking habits and ethanol consumption were com-
pared, it was found that the nonsmokers had a slight-
ly smaller intake of ethanol than the smokers [xg =

Table 1. Age, weight, pulmonary ventilation (Vg), blood: end-exhaled air concentration ratio, relative uptake (F), total uptake
(U,),° integrated dose (AUC),® and the apparent clearance {CLipgappy)-°

. Blood : air
Age Weight v F U, AUC Cliapp)
(vears) (kg) 1 (%) (mmol) (mmol - hii) (ilh-kg)
NeMean SD NeMean SD N=Mean SD NeMean SD NeMean SD N=Mean SD Ne¢ Mean SD NeMean SD
Group with symptoms
Smokers 10 334 82 10 773 150 7 11.2 20 10 7.0 1.5 10 56.8 4.8 7 47 0.8 10 0.035 0.015 71705
Nonsmokers 4 43.0 14.2 4 829 87 3 10.2 09 47212 4 558 1.7 34105 4 0.034 0.006 31503
Entire group 14 36.1 10.7 14 789 134 10 109 1.8 147114 14 565 4.1 10 45 08 14 0.035 0.013 10 1.6 0.4
Group without symptoms
Smokers 5344 88 5 78.4 101 5 9908 56.8 23 5 56.8 2.0 540 04 5 0.031 0.004 51.7 03
Nonsmokers 7 355 14.7 7 86.3 18.0 6 103 1.7 76515 7 57.6 3.7 6 40 1.2 7 0.032 0.012 6 1.4 04
Entire group 12 347 121 12 83.0 15.2 11 102 1.3 12 66 1.8 12 56.5 3.3 11 40 0.9 12 0.032 0.009 11 1.5 04
Both groups combined
Smokers 15 33.7 8.1 15 77.7 13.2 12 10.7 1.7 15 7.0 1.7 15 57.1 4.1 12 44 07 15 0.034 0.012 12 1.7 04
Nonsmokers 11 37.9 144 11 85.1 148 9 103 1.4 1169 14 11 56.5 3.0 9 40 1.0 11 0.033 0.010 91404
Entire group 26 355 11.7 26 80.8 14.1 211105 1.5 26 69 1.6 26 56.8 3.7 21142 08 26 0.033 0.011 21118 04

2 F (fraction absorbed per breath) = (C;; — C,,) - 100/C;,, where C;, = the solvent concentration in inhaled air and C,, = the solvent concentration in

exhaled air.
® U; = Ve-1-(Cin—C,y), where t = duration of the exposure.

¢ AUC, area under the blood concentration versus the time curve, was calculated by the trapezoidal rule during the exposure and for 3.0 h during
the postexposure period. The remaining area was estimated from the equation y = Ae-«t + Be-#, where y is the solvent concentration in the
blood, t represents the time, A and B are the y intercepts, and « and g are slopes of lines. 3 was determined, and the remaining area calculated as

a 180 min postex;
pl-b(laﬁ) =
into the blood (1, 8).

¢ N = number of subjects.

/8, where C, equals the solvent concentration in the blood. The terminal phase was disregarded.
UJAUC - kg. U, the total uptake, was regarded as the dose since small lipophilic molecules like toluene rapidly diffuse from the alveoli

! The parameters Vg, Uy, and CLy,pp are missing for five subjects because of poor measurements of the pulmonary ventilation rate.
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Figure 2. Blood concentrations of inhaled toluene (3.25
mmol/m?3) over a 4-h period. The end of the exposure is marked
with an arrow. (a = all subjects (filled circles), b = group with
reported subjective symptoms (unfilled stars) and group with-
out reported subjective symptoms (filled stars), and ¢ = smok-
ers (unfilled triangles) and nonsmokers (filled triangies). The
standard deviations in 2b and 2c are of the same magnitude
as those shown in figure 2a.

5.6727, a = 0.02 (N = 26) and o = 0.05 in Fisher’s
exact test (N = 21)]. It was also found that the sub-
jects with and without reported symptoms were ran-
domly distributed between the groups (X? test and
Fisher’s exact test a>0.05).

The occupational exposure to organic solvents
had no effect on the apparent clearance of toluene
[CLyappy = 1.6 £ 0.41/h-kg (N = 21)] as compared
to that obtained for the not occupationally exposed
volunteers [CLyq,,, = 1.8 £ 0.2 I/h-kg (N = 10)]
(p>0.05 in the rank sum test corrected for continuity).

Neither age nor body weight correlated with the
toxicokinetic parameters as tested by the nonparam-
etric rank correlation test of Spearman [correlation
coefficients (r)>0.05 in all cases].

Table 2. Consumption of ethanol, reported subjective symp-
toms to the solvent exposure, and cigarette smoking.

Increasing intake Reported Cigarette

of ethanol symptoms? smoker?2
+ p—
+ —

<10 g ethanol/d + +
— +
+ +
+ +
+ —_
— +
+ +
+ +
+ +
+ +
— +

>10 g ethanol/d + +
+ +
+ +
— +
+ p—
— +

2 + =yes, — =no.

Discussion

In the present study, in which subjects occupationally
exposed to organic solvents were experimentally ex-
posed to toluene, it was found that the apparent clear-
ance of toluene from the blood did not differ from
that in a group of previously unexposed volunteers.
Although the two groups originated from studies on
two different occasions, 1983 (40) and 1985 (the present
study), they were regarded as comparable for the fol-
lowing reasons. The exposures were performed in the
same exposure chamber with approximately the same
time schedules for sampling, the same laboratory staff
performed the experiments, and the same analytical
equipment, as well as analytical procedures, were used.
Furthermore, in both studies the effects on perform-
ance during the exposures were assessed by a group
of psychologists at the institute (13, 14). Only minor
discrepancies between the groups could be noted, such
as smaller ranges in the age and weight of the group
that was not preexposed than those of the preexposed
one. However, in reference to the lack of correlation
between the pharmacokinetic parameters studied and
age or weight, the difference in range was considered
of no importance for the results.

The hypothesis that the group with the reported sub-
jective symptoms due to solvent exposure differed from
the group with no symptoms in the rates of uptake and
elimination of toluene was rejected.

As toluene is predominantly hepatically metabolized,
the status of the liver and its metabolizing capacity is
of great importance. Alterations in the metabolic rate
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of toluene might be due to impairments in the liver
functions, as the chemical hazards of the painters to
some extent consisted of liver-damaging agents such
as chlorinated hydrocarbons (5), known as hepato-
toxins. The findings of no effects on the metabolic
capacity from the occupational exposure to solvents
conform with recent investigations in which the authors
claim normal serum activities of liver enzymes after
chronic solvent exposure in man (15, 17, 32). The sub-
jects in these studies, including the present one, were
fully fit for work and had not asked for health care
because of suspected solvent intoxication.

Changes in the metabolic rate of toluene due to
effects on the microsomal enzymatic system have been
reported from a number of studies on animals. Induc-
tion of the microsomal enzyme activity in rat has been
shown by, eg, Toftgard (33), Elovaara (6), and Pyyk-
ko (19). Furthermore, interactions have also been
reported between toluene and ethanol (27, 28, 39),
drugs (11), and other aromatic hydrocarbons (10, 12,
18, 24, 25). However, these effects, found in rats, were
obtained from short-term exposures in comparison
with the exposure of spray painters. The exposure
levels in the animal experiments were also higher than
those occurring during spray painting (5, 9).

It should not be excluded that our results might be
due to the ‘‘healthy worker effect,’’ ie, that even the
painters with reported subjective symptoms still re-
mained too healthy to show any detectable changes in
their metabolic rate of toluene. It should also be noted
that factors that could counteract an enhancing in-
fluence on the metabolism of toluene can certainly not
be excluded.

Splitting the examined group into smokers and non-
smokers showed a tendency towards enhanced elimi-
nation of toluene from the blood of the smokers. Ciga-
rette smoking tends to reduce the clinical and toxic
effects of drugs if the induction of microsomal enzymes
causes a more rapid elimination of the drug (22). It
has also been found that pulmonary aryl hydroxy-
carbon hydroxylase activity is enhanced in a variety
of laboratory mammals after the inhalation of ciga-
rette smoke (30). This phenomenon is so far in agree-
ment with our findings. However, the slight alteration
in the apparent clearance of toluene from the blood
might equally well depend upon ethanol consumption.
It is then the chronic effects of ethanol consumption
that may affect the metabolic rate of toluene, as any
acute effects of ethanol on the results were excluded.

Another factor that may contribute to an altered
metabolic rate is dietary habits. Sato & Nakajima (25)
have described how restricted carbohydrate intake and
food deprivation each enhanced the metabolism of
toluene in rats with little or no increase in microsomal
protein and cytochrome p-450 contents. Furthermore
a restricted intake of carbohydrate potentiates the
effect of ethanol ingestion (29). As there was no con-
trol over dietary habits until the day before the expo-
sure, the obtained effects of toluene on metabolism
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might have been due to cigarette smoking, ethanol con-
sumption, and dietary factors, each one alone or in
any combination.
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