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Effects of consumption of ethanol on the biological
monitoring of exposure to organic solvent vapours:
a simulation study with trichloroethylene

A Sato, K Endoh, T Kaneko, G Johanson

Abstract
This study illustrates possible influences of
consumption of ethanol on the pharmaco-
kinetic behaviour of inhaled trichloroethylene
(TRI) in relation to biological monitoring
of exposure. The results were obtained for
a standard male worker of 70 kg by
physiologically based pharmacokinetic
modelling. Depending on the pattern of con-
sumption of ethanol, enzyme inhibition or
induction was assumed to prevail in this
worker. The inhibition and induction were
modelled by assuming competitive metabolic
interaction between TRI and ethanol and
increased maximum velocity (Vmax) of TRI
metabolism respectively. Ingestion of
moderate amounts of ethanol before the start
of work or at lunch time, but not at the end of
work, caused pronounced increases in blood
TRI concentrations and decreases in the urin-
ary excretion rates of TRI metabolites, this
effect lasting until the next day. The effects were
smaller the higher the exposure concentration
of TRI. Induction of TRI metabolism, sup-
posedly by consumption of ethanol the
previous evening, caused only small changes in
the pharmacokinetic profile at 50 ppm, but
appreciable changes at 500 ppm.

Biological monitoring of exposure is a measure of the
amount of chemical absorbed into the body and is
performed by measuring the amount of chemical or
its metabolites in biological samples. Any environ-
mental factor which influences the absorption, dis-
tribution, metabolism, or elimination of a chemical
can affect the result of exposure monitoring.
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The metabolism of organic solvents is important
from two aspects.' Firstly, metabolism is the major
factor responsible for the disappearance of solvents
from the body. Thus a change in the metabolism may
alter their pharmacokinetic behaviour and conse-
quently affect the results of biological monitoring of
exposure to solvents. Secondly, biotransformation
sometimes results in the production of highly reac-
tive intermediates that can bind covalently to critical
components of the target cell. Such bioactivation is
responsible for some health hazards caused by
environmental chemicals including trichloro-
ethylene (TRI) induced hepatotoxicity.
Enzymes regulating the biotransformation are

cytochrome P-450 related mono-oxygenases, which
are found at the highest concentration in the liver.'
The metabolic pathway whereby the cytochrome
P-450 system is involved is considered to be a rate
limiting step in the overall metabolic processes. This
enzyme system is known to be susceptible to the
influence of various environmental factors including
nutritional state, medicines, and exposure to
environmental chemicals.
Consumption of alcohol is probably one of the

most important environmental factors that affect the
metabolism oforganic solvents, as ethanol is the only
biologically active substance that many people,
including those who are occupationally exposed to
organic solvents, frequently consume in multigram
quantities. Some industrial workers may drink large
quantities of alcoholic beverages in the evening and
are then exposed to organic solvent vapours at work
the next day. Others may drink during work time or
at lunch time. It is likely, therefore, that drinking
ethanol produces a profound influence on the
biological monitoring of exposure to organic
solvents.

Ethanol has opposite effects on the metabolism of
organic solvents; enzyme inhibition and enzyme
induction.' The time elapsed after consumption of
alcohol determines which ofthe effects will dominate.
During and shortly after drinking, ethanol is present
at high concentrations in the body and acts as an
inhibitor. Later, the ethanol concentration is reduced
and the stimulatory effect outweighs the inhibitory
effect.
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This report discusses possible effects of consump-
tion of ethanol on the pharmacokinetic behaviour of
TRI in relation to the biological monitoring of
exposure by using a computer assisted physiological
simulation model.

Methods
SIMULATION MODEL
Our pharmacokinetic simulation model for TRI has
been detailed elsewhere.2 Briefly, the model is com-
posed of seven physiological compartments for TRI
and three more compartments for its metabolites,
chloral hydrate (CH), trichloroethanol (TCE), and
trichloroacetic acid (TCA).

It was assumed that the metabolic conversion of
TRI to CH occurs only in the hepatic compartment
according to a Michaelis-Menten type of metabol-
ism. The metabolic constants reported by Koizumi,3
a maximum velocity (Vmax) of 3-2 mg/min and a

Michaelis constant (Km) of 2 5 mg/l for a standard
male worker of 70 kg, were used for simulation of
TRI kinetics under normal conditions. Rate con-

stants for the metabolic conversion of CH to TCE
and TCA and for the urinary excretion of TCE and
TCA were from Fernandez et al.4
Mass balance of TRI was performed on each

compartment, and its transfer throughout the system
was expressed in the form ofsimultaneous differential
equations, which were then solved numerically with
a personal computer (Macintosh SE/30).2 The
simulation parameters used have been described
elsewhere.25

MODELLING OF METABOLISM INHIBITION

Ingested ethanol was assumed to directly enter the
gastrointestinal compartment according to the first
order absorption rate constant (0-03 min-') that was

determined by fitting the ethanol concentration in
blood to the experimental data of Wallen et al.6 The
blood/air partition coefficient of ethanol was taken as

2000 (values between 1265 and 2516 have been
reported by Fiserova-Bergerova and Diaz7) and the
tissue/blood partition coefficient for tissue of every

compartment was assumed to be unity. The elimina-
tion ofethanol was assumed to occur from the hepatic
compartment according to zero order kinetics with a

rate constant of 3 mmol/min (corresponding to

120 mg/kg/h8). Pharmacodynamic effects of ethanol
ingestion, such as changes in hepatic blood flow, were
disregarded in the present study for the sake of
simplicity.
According to the experimental findings of Sato et

al,9 competitive metabolic interaction between eth-
anol and TRI was assumed. It was further assumed
that ethanol interferes with only the first, rate limiting
step of TRI metabolism-that is, the conversion of
TRI to CH, which is catalysed by cytochrome P-450.

These assumptions enabled us to express the rate of
TRI metabolism (v) under the influence of acutely
ingested ethanol by the equation:

v = VmaxGCH/[Km + (Km/Ki)-I + CHI (1)
where CH and I denote the concentrations ofTRI and
ethanol in the hepatic compartment (HC) respec-
tively and Ki the inhibition constant of ethanol
toward TRI metabolism.
Hence, the change in TRI amount over time in the

hepatic compartment (dXH/dt) was described by the
equation:
dXH/dt = QH *CL + QGGCG/LG - (QG + QH)GCH/LH

-VmaxGCH/[Km + (Km/Ki) I + CH], (2)

where Q denotes the blood flow, C the TRI concen-
tration, and L the tissue/blood partition coefficient of
TRI. The subscripts HI L) and G correspond to the
hepatic, lung, and gastrointestinal compartments.
The symbol A denotes the blood/air partition coef-
ficient of TRI. A Ki value of 0-42 mM reported by
Sato et al9 was employed in the simulation.

MODELLING OF ENZYME INDUCTION
Enzyme induction was simulated by increasing the
Vmax ofTRI metabolism without changing the Km
according to the report of Nakajima et al."0 These
simulations were designed to illustrate the induction
effect of ethanol consumed in the evening before the
work shift with exposure to TRI. Such rapid induc-
tion of TRI metabolism has been seen in rats given
ethanol.9

Again, it was assumed that the consumption of
ethanol would affect only the rate limiting step ofTRI
metabolism-that is, the pathway from TRI to CH.
This assumption is considered further in the Discus-
sion section.

EXPOSURE SCHEDULE
In all simulations, a 70 kg man was assumed to inhale
air containing TRI at various concentrations during
a work day of eight hours from 8.00 to 17.00 with a
one hour lunch break between 12.00 and 13.00 and
the TRI concentration in the blood and the urinary
excretion rates of total trichlorocompounds
(TTC = TCA + TCE) was computed during and
after the exposure. To study the inhibitory effect of
ethanol, a 15 minute oral ingestion of various
amounts ofethanol before the start ofwork (07.45), at
the end of the morning shift (12.00), or at the end of
the afternoon shift (17.00) was simulated.

Results
INHIBITION OF METABOLISM
Ingestion of a moderate dose of ethanol (5-20 mmol/
kg; 0-23-0)92 g/kg) before the start of work or at
lunch time caused a considerable alteration in TRI
kinetics (figs 1 and 2). After ethanol ingestion at a dose
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of 20 mmol/kg the blood TRI concentration was 40% (fig 2A and B). The effect on the TTC excretion
increased by about 70% (fig lA and B) and the lasted until the start of the next shift. On the other
urinary excretion rate of TTC decreased by about hand, ethanol ingested at the end ofwork caused only
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Figure 1 Effects of ethanol on the TRI concentration in blood. Simulations were performedfor a standard male worker
(70 kg) who inhaled 50 ppm of TRIfor eight hours (08.00-12.00 and 13.00-17.00) and consumed ethanol (0, 5, 10, or

20 mmollkg) in 15 minutes before the start of work (07.45) (A), at the lunch break (12.00) (B), or immediately after the
end of work (17.00) (C).
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Figure 2 Effects of ethanol on the urinary excretion of TRI metabolites (TTC). The TRI and ethanol exposure conditions
are given in figure 1.
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a marginal effect on the pharmacokinetic behaviour of
TRI (figs 1C and 2C).

Figure 3 depicts the dose dependent metabolic
interaction between ethanol and TRI in a different
way. The area under the blood TRI concentration
time curve for 24 hours (8.00-8.00) and the area
under the TTC excretion time curve (corresponding
to cumulative amounts of TTC in the urine) for the

same period of time are shown. In these simulations,
the standard worker inhaled air containing TRI at
various concentrations (0-2000 ppm) after having
drunk various amounts of ethanol (0-60 mmol/kg)
before the start of work (07.45). As the metabolic
interaction between ethanol and TRI was assumed to
be competitive, the larger the amount of ethanol, the
more profound the inhibitory effect. By contrast with
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Figure 3 Dose dependent metabolic interaction between ethanol and TRI. A standard male worker inhaling air containing
TRI vapour at various concentrations (0-2000 ppm) was assumed to consume various amounts of ethanol (0-60 mmol/kg)
before the start of work (07.45). The inhibitory effect of ethanol is expressed as a per cent decrease in the area under the TRI
concentration time curve (AUC of TRI in blood) (A) and as a per cent increase in the area under the TTC excretion time
curve (cumulative excretion of TTC in urine) (B) in comparison with those under a normal ethanolfree condition
respectively.
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the effect of enzyme induction (see next section), the
metabolic interaction was particularly noted at a low
level of TRI exposure (100 ppm or lower). The
reason why the inhibition of metabolism does not
influence the concentration ofTRI in blood substan-
tially at high exposure concentrations is that TRI
metabolism becomes saturated and hence the con-
tribution of metabolism to total TRI clearance from
the body is only fractional at high exposure concen-
trations.
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ENZYME INDUCTION
The effect of enzyme induction on TRI kinetics was
dependent on the exposure level. A fivefold en-
hancement of TRI metabolism (Vmax was increased
from 3 2 to 16 mg/min) produced only a small effect at
50 ppm; the TRI concentration in blood decreased
by only about 10%, and the urinary TTC excretion
increased by less than 10% (fig 4B). At 500 ppm,
however, the TRI concentration was reduced by
almost 50% and the rate of urinary TTC excretion
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Figure 4 Effects of enzyme induction on the pharmacokinetic behaviour of TRI. Enzyme induction by ethanol was assumed to
increase the Vmax of TRI metabolism five or 10-fold (from 3-2 to 16 or 32 mg/min) without changing the Km. Simulations
were performedfor a standard male worker who inhaled 500 (A) or 50 ppm (B) of TRIfor eight hours (08.00-12.00 and
13.00-17.00). The time courses of TRI concentration in blood and urinary TTC excretion are shown.
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was almost doubled (fig 4A). A further increase of
Vmax from 16 to 32 mg/min (from a five to 10-fold
increase) produced only a marginal influence on the
kinetic profiles at these exposure concentrations, a
finding which suggests that TRI metabolism is not
limited by the intrinsic capacity of the enzymes.

Figure 5 summarises the dose related effects of
enzyme induction. The TRI concentration in blood
and the rate ofurinaryTTC excretion both at the end
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of inhalation (17.00) are plotted against the concen-
tration in inhaled air. When TRI exposure concen-
tration was below 100 ppm, the effect was negligible.
The higher the exposure concentration, the greater
the influence ofenzyme induction. When the concen-
tration was 2000 ppm, the rate of urinary TTC
excretion, an indicator of TRI metabolism in vivo,
increased almost in coordination with the change in
Vmax value. For example, a fivefold increase in Vmax
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Figure 5 Dose dependent relation between enzyme induction and TRI metabolism. Enzyme induction by ethanol was assumed
to increase the Vmax of TRI metabolism five (16 mg/min) or 10-fold (32 mg/min) without changing the Km. Simulations
were performedfor a standard male worker who inhaled TRI at various concentrations (0-2000 ppm) for eight hours (08.00-
12.00 and 13.00-17.00) under the influence of enzyme induction. The TRI concentration in blood (A) and the rate of urinary
TTC excretion (B) at the end of inhalation (17.00) are plotted against the concentration in inhaled air.
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resulted in an almost fivefold increase in concentra-
tion of urinary metabolites at this exposure level.
These results suggest that a shift from perfusion to
capacity limited metabolism occurs as the exposure
concentration increases and that under the influence
of enzyme induction this shift occurs at a higher
concentration.

Discussion
Ethanol induced inhibition of organic solvent
metabolism is an established phenomenon. It has
been shown in man that ethanol inhibits the metab-
olism of several organic solvents such as TRI,`
toluene,6 1213 xylenes,"4 styrene,"5 and methyl ethyl
ketone.'6

Generally, ethanol is a relatively weak inhibitor
of the cytochrome P-450 dependent enzymes
(Ki > Km in equation 1).9 Ethanol is often present
in the body in much higher concentrations than
organic solvents, however (I > CH), and is therefore
expected to non-specifically inhibit the metabolism of
various organic solvents.

Ethanol can interfere with the metabolism of other
foreign chemicals at several steps, not only at the rate
limiting step catalysed by cytochrome P-450 but also
at subsequent pathways involving, for example,
alcohol or aldehyde dehydrogenases. According to
the study of Muller et al" in which volunteers
inhaled a constant concentration of 50 ppm TRI for
six hours, ethanol ingestion before and during the
exposure (the concentration of ethanol in blood was
maintained at 13 mM on average during the
exposure) almost completely inhibited the metabolic
conversion ofTRI to TCA. The reason may be that
both the metabolic pathway of CH to TCA, which is
supposed to be mediated by CH dehydrogenase
requiring NAD,17 and the pathway ofTCE to TCA,
which is catalysed by cytochrome P-450," are sup-
pressed by the presence of ethanol. A similar result
has also been reported with styrene metabolism by
Wilson et all5; ethanol inhibited the oxidation path-
way from styrene glycol to mandelic acid. Because no
quantitative data were available, however, regarding
metabolic interactions at the intermediate pathways,
only the interaction at the rate limiting pathway was
included in our present simulation study.

Experimental evidence has shown that administra-
tion of ethanol to rats acutely9 or chronically"8
accelerates the hepatic metabolism in vitro ofvarious
volatile hydrocarbons. The induction of a unique
form ofcytochrome P-450, P-450IIE1'9 by ethanol is
responsible, at least in part, for this enhancement of
metabolism. This isozyme, which has been referred
to as P-450ac20 or P-450j,2' has a specifically high
affinity for volatile, low molecular weight substances
represented by organic solvents.22

It is certain that consumption of alcohol can alter
the metabolism of organic solvents in animals: a

single dose of ethanol drunk the day before exposure
to TRI enhanced the TRI metabolism in vivo as
shown by a faster disappearance of TRI from the
blood as well as an increased urinary excretion of
TRI metabolites.9 Similar results have also been
reported with toluene."8 In these experiments,
however, rats were exposed to TRI or toluene at a
concentration as high as 500 ppm. Such high concen-
trations are rare in the work environment. The
results of animal experiments in which extremely
high concentrations were employed should be inter-
preted with caution in the light of the present study.
There are few observations as to whether the

enzyme induction following consumption of ethanol
has any significant effect on the pharmacokinetic
behaviour oforganic solvents in man. One report that
suggests such an effect is that of Waldron et al'2
showing that the concentrations of toluene in blood
of workers exposed to toluene in a factory making
rubber based products were lowest in those who
drank regularly.
The extent of hepatic metabolism of chemical

substances in vivo is determined by the relation
between the metabolic clearance expressed in terms
of Vmax/(Km + CH) and the hepatic blood flow.23
When Vmax/(Km + CH) is larger than hepatic blood
flow, the blood flow rate limits the metabolism (per-
fusion limited metabolism). Conversely, when
Vmax/(Km + CH) is smaller than hepatic blood flow,
the enzyme capacity is the rate limiting factor
(capacity limited metabolism). Therefore, the
hepatic metabolism in vivo at low dose exposures (CH
is small) can often be rate limited by the hepatic blood
flow. This may be especially true with the metabolism
under the influence of enzyme induction (Vmax is
large).
The effect ofenzyme induction on TRI metabolism

in vivo thus depends on the exposure concentration
(fig 5). At low exposure concentrations where the
hepatic blood flow rate limits the metabolism, a
fivefold increase in Vmax caused only a marginal
influence on the TRI metabolism (fig 4). Such a small
effect of an appreciable enzyme induction can be
explained by the similarity in values of hepatic blood
flow (1 4 1/min) and intrinsic metabolic clearance
(Vmax/Km = 1 3 1/min) in our model (10% dif-
ference). The enzyme induction was not fully reflec-
ted in the metabolism in vivo until the exposure
concentration reached 1000 ppm or higher. In view
of biological monitoring of exposure it is noteworthy
that enzyme induction due to drinking ethanol may
not affect the pharmacokinetic behaviour of organic
solvents as much as animal studies conducted in vivo
and in vitro suggest.
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