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Abstract. The “closed chamber technique” (CCT) is pre-
sented. It allows investigation of pharmacokinetics of
volatile substances in vivo in animals and in man and in
vitro using tissue fractions. During the exposure period
only the atmospheric concentrations of the substance are
measured. The concentration-time data obtained are phar-
macokinetically analyzed by a two compartment model
describing uptake, endogenous production and excretion of
the unchanged substance and its metabolic elimination.
Using this model, pharmacokinetics of ethylene have been
determined in rats and man. For both species, the results
compared well with an estimation based on an allometric
species scaling. Furthermore, the applicability of CCT is
demonstrated in vivo on several other gases and vapors of
solvents, e.g. trichloroethylene and 1,1,1-trichloroethane,
and in vitro on 1,2-epoxybutene-3.
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Introduction

The potency of toxic or carcinogenic agents depends on
their tissue dose. It usually relies on the rates of uptake by,
distribution in, and elimination from the exposed or-
ganism. Furthermore, many xenobiotics are not effective
by themselves but by reactive metabolites. Mostly, bio-
transformation to and metabolic elimination of such meta-
bolites are subject to saturation kinetics. Such processes
are described by pharmacokinetics. Thus, knowledge of
the pharmacokinetics of a substance is indispensable for
understanding and extrapolating dose-response relation-
ships and for species scaling of the effective dose. In vivo
and in vitro studies are necessary for evaluation of the
pharmacokinetic parameters.

Pharmacokinetic in vivo studies of gases and vapors
have to consider both the processes of distribution and
elimination as well as the uptake via inhalation and via
skin. Exposure systems used for such “gas uptake” studies
are “open” or “dynamic” and ‘“closed” systems. In the
former, a continuous gas flow maintains the exposure con-
centration constant and the gas concentrations are mea-
sured in the inspired and in the expired air, e. g. for studies
with humans: Fiserova-Bergerova and Teisinger (1965);
Stewart et al. (1968); Nomiyama and Nomiyama (1974);
Fernandez et al. (1976); Monster et al. (1976); Buchter et
al. (1978); Wigaeus et al. (1981); Astrand (1982); Nolan et
al. (1984); Johanson (1986); Liira et al. (1990); for studies
with animals: Peter and Bolt (1984); Freundt et al. (1989).
In the closed system in contrast, a certain amount of the gas
or solvent is usually injected only once at the start of the
experiment, e.g. in Hefner et al. (1975); Bolt and Filser
(1977); Filser and Bolt (1979); Andersen et al. (1979);
Kessler et al. (1989); Gargas et al. (1990). Thereafter, gas
concentrations in the atmosphere of the chamber are moni-
tored repeatedly. They change during the exposure period
due to uptake, metabolic elimination and, occasionally,
endogenous production.

For analyzing the concentration-time courses deter-
mined in the atmosphere of the closed chambers a physio-
logically based pharmacokinetic model (Gargas et al.
1986) or a compartment model (Filser and Bolt 1979,
1983, Kessler et al. 1989) is used. The former is especially
appropriate for species extrapolation if the tissue/blood
partition coefficients for the different tissues and the kinet-
ic parameters of the metabolizing enzymes are known. The
compartment model gives fewer insights into the behavior
within the organism, but yields parameters describing the
measured curves and provides information on rates of in-
halation, exhalation, metabolic elimination and endo-
genous production much more precisely.

In this communication, the closed chamber technique
(CCT) and its application in animals and man is demon-
strated on different gases and vapors. The information
available by analyzing the measured data by a two-com-
partment models is elaborated. Furthermore, for studying
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Fig. 1. Closed all-glass system for exposing laboratory animals. Symbols
are specified in text

enzyme dependent kinetics of volatile substances in vitro,
CCT together with the two compartment model is very
convenient. Using 1,2-epoxybutene-3 as substrate, this is
demonstrated on microsomes and cytosol from livers of
mouse, rat, and man.

Materials and methods

Closed exposure systems

Three types of closed chambers are presented: the rodent system, the
human system, and the in vitro apparatus.

Rodent system. This system to expose rats and mice (Fig. 1) (Filser and
Bolt 1981) is a modification of that described by Filser and Bolt (1979)
and Link (1979) which is based on the system of Bolt et al. (1976): In a
glass desiccator (A) of volume between 0.85 1 and 24 1 acccording to the
experimental requirement, the animals were placed on a punched sheet of
stainless steel (E). Desiccators with relatively small air space compared
to animal volume are preferred for measuring the exhalation of endo-
genous substances, since the concentration-time curve reaches concen-
tration of plateau faster than in larger chambers (e. g. Filser et al. 1983).
In contrast, use of wide desiccators is more convenient if uptake of highly
accumulating gases as 2-nitropropane vapor has to be determined, since
concentration decline in the gas phase is relatively slower, allowing
measurements of higher precision (Kessler et al. 1989). In most cases, the
desiccator contained 135 g soda lime (J) on a stainless steel wire lattice
(D) to absorb the exhaled COz2. A teflon coated iron fan (B) driven by a
magnetic stirrer (C) enabled circulation of the air in the chamber. The
chamber was immersed in a temperature controlled water bath (W) to
maintain a constant temperature of 25°C in the chamber.

Since the loss of the exhaled CO» was automatically compensated by
oxygen, no underpressure occurred in the chamber. The oxygen was
delivered subsequently by a special device as shown in Fig. 1: oxygen (F)
flowed into a system consisting of two water traps (K, H). Only the
amount necessary to replace the oxygen consumed flowed into the cham-
ber; excess oxygen escaped into the laboratory.

The test substance was injected via a teflon coated rubber septum (N)
into the atmosphere of the chamber or administered to the animals
intraperitoneally or orally, immediately before starting the experiment.
To determine the concentration-time course in the atmosphere of the
chamber, aliquots of its air were taken for gas chromatographic analysis.

A modified system allows collection of urine and feces separately
(Hallier et al. 1981).

Human system. This system is based on a spirometer system developed
to determine the pharmacokinetics of vinyl chloride in man (Buchter et

Fig. 2. Spirometer system for exposing humans to hydrophobic volatile
substances. Symbols are specified in text

al. 1978). The “Spirotest Junior” spirometer (Jaeger, Wiirzburg, FRG)
was modified by replacing the original soda lime container by an all-
glass device of 5| volume (Fig. 2). In addition, rubber parts were re-
placed by teflon and glass tubing. By a breathing mask (A) ‘Rhinomaske’
(Jaeger, Wiirzburg) connected to a valve (B), volunteers were linked to
the gas room of the system (12 1, C) for exposure periods of up to 4 h.
Exhaled air was mixed with the chamber atmosphere by an electric pump
(70 /min; D) and was cleaned free of CO> in the container (E) by 1 kg
soda lime. The trapped CO2 was replaced by the same volume of pure
oxygen (F) via a valve (G). Concentrations of the gases in the system
were measured by taking air samples through a teflon-coated septum (H)
for gas chromatography.

This system permits determination of the pharmacokinetic parame-
ters of non-water soluble gases and vapors in man with a minimal body
burden: if the initial concentration of a xenobiotic in the 12 1 chamber
atmosphere is 100 ppm, this amount is equivalent to that of a test material
inhaled during a 8 h exposure to 0.5 ppm assuming an alveolar ventila-
tion of 5 I/min.

In vitro apparatus. In 1976 Kappus et al. presented an apparatus to
measure uptake, metabolism, and endogenous production of volatile
substances in cells and cell fractions (Kappus et al. 1976; Bolt and Filser
1977; Bolt et al. 1977 a, 1978, 1979; Siegers et al. 1978; Kappus and
Muliawan 1982; Stacey and Kappus 1982; Muliawan et al. 1982; Otten-
wiilder et al. 1983). Based on this system we developed the in vitro
apparatus as shown in Fig. 3 (Kreuzer et al. 1991). It comprises the
storage desiccator (A), the distributor (B) with eight incubation vessels of
42 ml each (C) containing the incubation medium and the cells or cell
fractions, A suitable amount of the test substance was volatized in the
desiccator (A). The incubation vessels were cooled in an ice-bath and B
and C were evacuated with a water jet pump. Then the valves between A
and B were opened to achieve the same gas concentration in the whole
system. Finally, the valve on A was opened for a moment, so the entire
system came to atmospheric pressure. After closing their valves, the
incubation vessels were disconnected and incubated in a 37° C shaking
water bath. According to Sato and Nakajima (1979 a), the concentration-
time courses of the test material in the vessel headspace were monitored
by taking small air samples through teflon-covered rubber septa and
analyzing them with a gas chromatograph.

Gas chromatography

In most cases gas chromatographs equipped with gas sampling loops of
0.5-10 ml were used. Separation was done isothermally on stainless
steel columns of 1/4 or 1/8 inch packed with Porapack Q, Tenax GC or
with specially treated alumina as described in Filser et al. (1983). Peaks



Fig. 3. In vitro apparatus for gas uptake studies with cells and cell
fractions. Symbols are specified in text

were identified with flame ionization detection by their characteristic
retention time.

Pharmacokinetic analysis

The atmospheric concentration-time data measured were analyzed by
means of the two compartment pharmacokinetic model presented in
Fig. 4. The equations related to the model have been published in a series
of papers (Filser and Bolt 1979, 1981, 1983; Filser et al. 1983; Bolt et al.
1981, 1984; Bolt and Filser 1987; Kessler et al. 1989).

The atmosphere of the closed chamber is considered to be the first
compartment (Cpi). It has volume V) and atmospheric concentration y1.
The second compartment (Cpz) with volume V3 and average concentra-
tion y2 represents the whole organism exposed, and cells or cell fractions
in incubations in vitro, respectively. The exchange rates between both
compartments are directly proportional to y; and ya, respectively. The
proportionality factors are k2 and ko). The factor linking y2 to the actual
rate of metabolism is called ker*. In contrast to k2 and k2, both of which
have constant values, the value of ke/* can change with the concentration
y2. It is constant only if linear pharmacokinetics occur. However, if
metabolism underlies saturation kinetics, kei* becomes smaller with in-
creasing y2 (see below). Furthermore, an endogenous production of the
test substance is included into the pharmacokinetic model. The amount of
substance produced endogenously per time step (dt) is given by the
expression dNp/dt. The definitions of the symbols used are summarized
in the legend to Fig. 4.

The following differential equations are related to the model:

Vi-dyi/dt = -k 12-Vi-y1+ k21-Vary2 N
Va-dy2/dt = ki2:Vi-yi~(ke*+k21)- Va-y2+ dNp/dt 2)

They describe the change of the amount of test substance in the atmo-
sphere and in the organism, respectively.

The compartments are separated by a surface ®. The rates of uptake
into the organism from the gas phase (dNyy/dt) and of exhalative elimina-

Cp,
atmosphere
Cp,
\"} 1 organism
y 1 v2
Y2
K kel metabolic
12 —» elimination
(dNel/dt)
K21
endogenous
~——— production
(dNpr/dt)
surface

Fig. 4. Pharmacokinetic two compartment model for the closed exposure
system.

Cpi compartment | representing the atmosphere of the closed chamber
Cp2 compartment 2 representing the exposed organism, and cells or cell
fractions, respectively

V1 volume of Cp:

V2 volume of Cp2

vi concentration in Cp;

y2 concentration in Cpa

k12 microconstant of the uptake process into Cp2

k21 microconstant of the exhalation or evaporation process from Cp2

ker® concentration dependent microconstant of the metabolic elimination
process within Cpz

@ surface separating the two compartments

tion of the unchanged substance into the atmosphere (dNex/dt) are as-
sumed to be proportional to the area of the separating surface, to the
actual concentration in the atmosphere and to the actual average concen-
tration in the organism, respectively:

dNup/dt = 0Dy, 3)
dNex/dt = B-D-y2 4)

The proportionality factors ot and 3 are permeation constants accord-
ing to Fick's law. They depend on temperature, gas pressure, biophysical
properties of the surface @ and on physicochemical properties of the test
substance such as its solubility. Furthermore, both processes can be
expressed with respect to the volumes of the compartments and the
corresponding microconstants:

dNyp/dt =k12-Vi-y1 (5)
dNex/dt = —k21-Vay2 (6)

The proportionality factors ki2- V1 and k21- V2 are called “clearance of
uptake”, and “clearance of exhalation”, respectively. Both parameters are
linked by the thermodynamic equilibrium constant Key:

Keg =ki12:Vi/(k21-V2) 7

Keq is the concentration ratio whole organism/atmosphere which can
directly be measured it no endogenous production and no metabolism of
the test material occur (dNp/dt = 0, ker* = 0):

Keg = (Y10 Y1t} *Vi/ (Y110 V2) (8)

The symbols yi) and y o) represent the initial and the final (t->o0)
concentrations of the test material in the atmosphere of the closed
chamber.

Both parameters, k12 and ka; are dependent on the exposure condi-
tions:

Since clearance of uptake from the atmosphere ki2-V) equals the
constant o (eqns 3 and 5), it becomes obvious that k;2-V| is independent
of the volume V) of the exposure chamber: k2-V) is identical in closed
and in open chambers where y| remains constant. In other words, at a
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given gradient over the surface ¢, the amount of substance passing
through ¢ per time is constant and not dependent on the atmospheric
volume V1. Consequently, K12 is in inverse proportion to Vi. Further-
more, k2 and k21, are dependent on the surface ®. Thus, if for instance
two animals are exposed instead of one, both V; and the surface ® are
doubled. Here, the surface @ is proportional to the number n of the
animals. On the other hand, if equal numbers » of animals with different
volumes Vz are used, their surfaces are assumed to be proportional to the
individual animal volume (V2/n) to the 2/3 power. Therefore, @ is
proportional to n-(Va/n)?3. Along with eqns 4 and 6, the clearance of
exhalation k21-V2 can be expressed to be:

ka1'Va = yn(Vo/n)2B )]

In a second experiment with different exposure conditions (k'j,
V’2, 7', K12, V1), one obtains:

k'21-V2 =y’ (V'o/n')23 (10)

An expression for k'21 can be obtained based on ka1, Va2, and », by
combining egns 9 and 10 and eliminating y:

kK21 = ke [Van'/(V'20) 1P (11)

For optional exposure conditions, this equation allows calculation of the
corresponding clearance of exhalation k’21- V2.

The rate constant k’;2 is in inverse proportion to V’1 but depends on
@ (see above). Considering eqn 7, it becomes obvious that

K12 V1/(K'21-V'2) =kiz-Vid(k21-V2) (12
Inserting eqn 7 in eqn 12 and solving it to k"12-V’; one obtains:
K'12:V’'1 = Keg'k'21:'V2 13)

Both eqn 11 and eqn 13 have been applied to standardize clearances
of uptake and of exhalation determined in experiments under different
conditions. Metabolic elimination from the compartment organism
(dNei/dt) is given by

dNe/dt = ket*-Vay2 (14)

It can follow different types of kinetics. This is reflected by ker*, the
introduction of which allows to describe diverse metabolic processes. It
is not treated as concentration independent constant but only as a factor
the value of which depends on the exposure conditions. For instance,
eqns 15— 17 show three expressions which had been used for ker* up to
now (Kessler et al. 1989):

ke[* = Vmax/[vz'(KJTlapp + y2)] (15)
ker* = Vmax/[ V2: (Kmapp + y2)}+ Kel (16)
ke* = Vmax]/[VZ'(Kmappl+ y2)]+Vmax2j[V2'(KmﬂpP2+ )’2)] amn

Equations 15 and 17 describe one and two saturable processes, re-
spectively, according to Michaelis-Menten kinetics. The maximum rates
of metabolism are expressed by Vimax, Vmaxi, and Vmaxa. The apparent
Michaelis-Menten-constants related to the average concentrations in the
organism y2 are given by Kmapp, Kmappi, and Kmappa. Equation 16 de-
scribes two processes, a saturable one according to Michaelis-Menten
kinetics and a non-saturable one within the concentration range investi-
gated according to first order kinetics with the rate constant kel. This
second linear process could also express a non-enzymatic reaction.

At low concentrations, the rate of metabolism is directly proportional
to the average concentration in the organism (y2). The proportionality
factor ker*-V2 is called “clearance of metabolism”. Its value is directly
proportional to V. This has to be taken into account in comparing
experiments carried out under different conditions and for stan-
dardization.

Both k»1-V2 and ke*-V2 can be used to calculate for steady state
conditions the rates of elimination of the unchanged substance, and of
metabolism in an open system (Vi—>ce) with constant concentration y1.
For this, they have to be related to y1 by multiplying with Kq*.

Kg* is the bioaccumulation factor which gives the concentration ratio
organism/air at steady state conditions. It is concentration dependent if
saturation kinetics occur. It increases with growing concentration and
approaches Keq at high concentrations where metabolism is saturated.

Kq* times y) gives the average concentration in the organism y; at steady
state (open system, yi = const.). Kg* is expressed by:

Ke* = (k12-Viy1+dNp/dO) [ (ker* +k21)-Vayi] (18)

Using K'12-V'1, K'21, dN"p/dt, and V"2 the standardized K’s* is obtain-
ed. According to eqn 18 the standardized rates of exhalative elimination
dN’ex/dt and of metabolism dN’1/dt can be related to the atmospheric
concentration at steady state:

dN’ex/dt = ~ko1- V2 K'a*-y1 (19
dN"e/dt = —ker*- V2 Ko y1 (20)

Normally, the endogenous production dNp/dt is considered to be
constant during the exposure period and to be directly related to the
volume of the animals. Therefore, it is standardized to:

AN’ prfdt = dNpdt:V72/V 2 @

Using this compartment model, the program ‘SOLVEKIN' (Csanady
and Filser 1990) calculates concentration-time curves which match the
measured values. The program is written in C and runs under VMS,
Unix, MSDQOS, Mac OS, and MIPS OS. It solves the differential equa-
tions of the model numerically by one of several implemented methods
which can be chosen by the user. Then, the program computes the
pharmacokinetic parameters using the method of the least error squares
and the simplex algorithm of Nelder and Mead (1965) for function
minimization. The stepsize is controlled automatically. To obtain the
confidence intervals of the estimated parameters, the curvature of the
sum-squared error function is examined near the minimum. Although the
model comprises two compartments only, excellent fits are usually ob-
tained. The estimated pharmacokinetic parameters can be introduced into
a physiologically based pharmacokinetic model reducing the number of
variables needed in such models (Johanson and Filser, paper in prepara-
tion).

Results
Concentration-time courses in closed exposure systems

The exposure conditions in closed systems differ from
those in open systems. Decreasing atmospheric concentra-
tions in a closed system result in higher accumulations of
the gas at each actual atmospheric concentration than con-
stant gas concentrations in an open system. Because of this
effect, the metabolic elimination falls below Vmax — which
only depends on the concentration in the body — at lower
atmospheric concentrations than in an open system.
Figures 5 and 6 show concentration-time courses
characteristic for gas uptake studies in the closed chamber.
Figure 5 is a semilogarithmic plot of two concentration-
time courses measured in the atmosphere of closed expo-
sure chambers of 10.3 1 in each of which three Wistar rats
were exposed to 1,1,2-trichloroethene. The test substance
was injected as a liquid into the atmosphere of the cham-
bers to yield — after vaporization ~ concentrations of
1900 ppm (points) and of 1500 ppm (squares). The lower
curve (points) can be divided into three phases. The first
phase is characterized by a rapid decline of the atmospheric
concentration. This is mainly due to the accumulation of
the solvent in the organism, since at high concentrations
the metabolizing enzyme system is saturated (Vmax condi-
tions). That the first phase represents the accumulation in
the organism is proven by the upper curve which was
obtained with animals pretreated i.p. 1 h prior to the exper-
iment with 150 mg/kg 6-chloro-1,2,3-benzothiadiazole as
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Fig. 5. Concentration-ime courses of 1,1,2-trichloroethene in the atmo-
sphere of closed exposure chambers of 10.3 1 in each of which three male
Wistar rats were exposed simultaneously. Points: untreated animals;
squares: animals pretreated with 6-chloro-1,2,3-benzothiadiazole
(150 mg/kg)
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Fig. 6. Concentration-time courses of 1,1,1-trichloroethane in the atmo-
sphere of closed exposure chambers of 6.4 1 in each of which two male
Wistar rats were exposed simultaneously. a — f: untreated animals. A, B:
animals pretreated with dithiocarb (200 mg/kg)

described in Bolt et al. (1976) to inhibit cytochrome P-450-
dependent metabolism (according to Siegers et al. 1978):
due to the inhibitory effect, the accumulation of 1,1,2-
trichloroethene almost reached the highest possible value
given by the thermodynamic equilibrium constant or-
ganism/gas phase. After this enrichment phase practically
no further decline of the curve occurred. 1,1,2-
Trichloroethene accumulates especially in the fat tissue,
since it is highly soluble in the fatty compartment but only
weakly in water (Sato and Nakajima 1979b). The initial
slopes of both curves do not depend on the metabolism but
only on the rate of absorption of the gas by the organism.
The downward curvature in the second phase of the lower

200+
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0 200 400 600 800
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Fig. 7. Rates of metabolism of 1,1,2-trichloroethene (T+) and of 1,1,1-

trichloroethane (MC) in male Wistar rats at steady state in dependence on
their atmospheric concentration

curve is typical for saturation kinetics. The third phase in
this curve, below 100 ppm, is identified by a constant
slope. It is almost identical with that at the start of the
enrichment phase. Hereof it can directly be concluded that
at low concentrations the rate of metabolism of 1,1,2-
trichloroethene is limited by the rate of absorption by the
organism and not by the affinity of the metabolizing
enzymes. Therefore, 1,1,2-trichloroethene accumulates
barely at low concentrations in contrast to high concentra-
tions at which its metabolism is limited by the enzymic
capacity (Filser and Bolt 1981).

In Fig. 6, a semilogarithmic plot of eight concentration-
time courses is shown obtained with 1,1,1-trichloroethane
vapors in closed chambers (6.4 1). In each experiment two
rats were exposed in a desiccator to different initial con-
centrations of 1,1,I-trichloroethane (Filser and Deml
1989). The shape of the curves (a—{) is characteristic for
saturation kinetics, since their final slopes are increasing
with decreasing concentrations. The values of these final
slopes are smaller than those of the initial slopes of the
same curves. This directly proves that even at low concen-
trations the rate of metabolism of 1,1,1-trichloroethane is
not limited by the inhalative uptake but by the substrate
affinity of the metabolizing enzyme system. The biotrans-
formation rates are very slow compared to 1,1,2-
trichloroethene. This slow metabolism results in an enrich-
ment of 1,1,1-trichloroethane which is almost as large as
the thermodynamic equilibrium between organism and gas
phase and is independent of the exposure concentration.
Inhibition of the metabolism of 1,1,1-trichloroethane by
administration of dithiocarb [200 mg/kg, 10 min prior to
the experiment, modified according to Siegers et al.
(1978)] results in a constant atmospheric concentration
following the enrichment phase which leads to the ther-
modynamic equilibrium organism/gas phase (curves
A, B).

Using the two compartment model, the rates of metabo-
lism of 1,1,2-trichloroethene and of 1,1,1-trichloroethane
at steady state in dependence on their atmospheric concen-
tration were calculated (Fig. 7). In rats, Vmax of 1,1,1-
trichloroethane was 33, and Vmax of 1,1,2-trichloroethene
was 210 pmol/h/kg body weight. For this substance, other
authors using different methods estimated Vpax to be 132
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Fig. 8. Concentration-time courses of ethylene in two experiments in the
atmosphere (12 1) of a spirometer system to which a male volunteer
{64 kg) was linked by a breathing mask. Squares: measured values;
initial concentration 50 ppm ethylene. Points: measured values; initial
concentration 0 ppm ethylene. Lines: calculated curves

(Fisher et al. 1989), 160 [calculated from Prout et al.
(1985)], and 185 (Andersen et al. 1980) umol/h/kg body
weight. The differences could derive from the use of differ-
ent rat strains in these studies.

Rodent system

Since 1977 the desiccator system has been used to study
the kinetics of a number of gases and vapors in laboratory
animals (Bolt and Filser 1977, 1987; Bolt et al. 1977b,
1981, 1984; Buchter et al. 1978, 1980; Filser and Bolt
1979, 1981, 1983, 1984; Bolt and Link 1980; Frank et al.
1980; Hallier et al. 1981; Kivits et al. 1981; Frank and
Diirk 1983; Peter and Bolt 1984; Remmer and El Majid
Gharaibeh 1984; Robertson et al. 1985; Simon et al. 1985;
Kreiling et al. 1986, 1987; Peter et al. 1986, 1987; Dogra et
al. 1988; Golka et al. 1989; Kessler et al. 1989; Shen et al.
1989; Schwegler et al. 1990). Similar systems were used
by Ehrenberg et al. (1974), Igwe et al. (1986), and by
Daugherty et al. (1988). Pharmacokinetic analyses of gas
uptake studies by Andersen and coworkers who also used a
closed system are reviewed in Gargas et al. (1990).

The desiccator system was suitable for determining the
kinetics of water soluble substances like acetone, 2-bu-
tanone and 2-nitropropane and of lipophilic halogenated
hydrocarbons, alkenes, and alkanes. The system was also
sensitive enough for studying the kinetics of slowly metab-
olized substances as ethylene or 1,1,1-trichloroethane (see
above). The endogenous production of ethane and n-pen-
tane (Filser et al. 1983), ethylene (Shen et al. 1989), iso-
prene (Peter et al. 1987) and acetone (Filser and Bolt 1983)
was quantified by measuring their exhalation and deter-
mining the corresponding pharmacokinetic parameters.
Furthermore, the exhalation of endogenously produced
gaseous reactive intermediates as 1,3-butadiene monoxide
and ethylene oxide has been directly shown when animals
were exposed to the corresponding metabolic precursors

1,3-butadiene and ethylene, and the pharmacokinetics of
the epoxides could be determined (Filser and Bolt 1984;
Bolt and Filser 1987; Kreiling et al. 1987).

Human system

This system has been applied to study the pharmacokinet-
ics of vinyl chloride (Buchter et al. 1978; Bolt et al. 1981),
n-hexane (Filser et al. 1987; Kessler et al. 1990), ethylene
(Shen et al. 1989; Denk 1990; Filser et al. 1991), and
isoprene (Hartmann et al. 1990). The endogenous produc-
tion of the two latter substances was demonstrated by ex-
posing volunteers towards synthetic air only and measur-
ing the enrichment of the exhaled gases in the system. Two
typical concentration-time courses of ethylene are ex-
amplified in Fig. 8. The upper curve gives the atmospheric
concentrations obtained by exposing a volunteer to ethyl-
ene at an initial concentration of 50 ppm. The lower curve
shows the exhalation of endogenous ethylene by the same
volunteer. From the data of such inhalation and exhalation
experiments the pharmacokinetic parameters and the endo-
genous production were calculated as described in Dogra et
al. (1988). Using these parameters the straight lines in
Fig. 8 were derived. The one which parallels the time axis
gives the plateau concentration at which rates of produc-
tion and metabolism are equal.

The alveolar retention of ethylene was estimated to be
about 2% of the alveolar ventilation at steady state. The
endogenous production rate was (.5 nmol/(h-kg) leading to
a body burden of 0.01 nl gas/ml tissue (Denk 1990; Filser
etal. 1991)

The pharmacokinetics of ethylene in rats obtained by
means of the CCT (Bolt et al. 1984; Bolt and Filser 1987,
Shen et al. 1989) were compared with those obtained in
man (Shen et al. 1989; Denk 1990; Filser et al. 1991).
Striking species differences were observed with respect to
the clearances and the rates of production of endogenous
ethylene. An extrapolation from rat to man based on body
weights leads to values diverging more than one order of
magnitude from the actual values. However, using an al-
lometrical method [reviewed in Davidson et al. (1986)] a
much better extrapolation of the pharmacokinetic data
from rat to man has been obtained: the pharmacokinetic
parameters for an adult human were predicted from those
obtained with rats by means of a factor of 40. This factor is
almost equivalent to the difference in body surfaces when
expressed as [body volume]2/3. With the exception of the
endogenous production rate, the pharmacokinetic parame-
ters estimated differed only by a factor less than two from
those observed in man. Consequently, the pharmacokinetic
properties, e. g. pulmonary retention, the ratios of ethylene
metabolized and of ethylene exhaled to the amounts of
ethylene taken up, and the body burden with endogenous
ethylene, were similar in both species (Table 1).

We obtained corresponding results comparing the spe-
cies specific pharmacokinetics of n-hexane (Filser et al.
1987; Kessler et al. 1989), of 2-butanone (Kessler et al.
1989), and of ethylene oxide (Denk 1990) in rat and man
and of isoprene (Hartmann et al. 1990) and styrene
(Schwegler et al. 1990) in mouse, rat, and man. Obviously,



Table 1. Pharmacokinetic parameters of ethylene in one rat [n' =1,
V’2 =250 ml] and in one human [»" =1, V"2 = 70-103 mi]

Parameter Value Dimension
Name Expression Rat Man Man
(predicted from rat®@)  (observed®)
Thermodynamic equilibrium Keg© 0.70 0.70 0.53 nl gas/ml tissue
constant (body/air) ppm in atmosphere
Bioaccumulation factor (body/air) K'g* 0.54@) (.54 0.33 nl gas/ml tissue
ppm in atmosphere
Clearance of uptake K2 VH© 1200 48-103 25-10% ml/h
(related to atmosph. conc.)
Clearance of exhalation K21 V2 Klgr* 910t 36-103@ 16:103 ml/h
(related to atmosph. conc.)
Clearance of metabolism ker*-V2-K'st* 280 11-103@ 9.3.10° ml/h
(related to atmosph. conc.)
Endogenous production rate dN'p/dt 2.8 112 32 nmol/h
Half-life In2/(ker*+ k'21) 0.079@  0.55We) 0.65 h
Amount metabolized -100
Amount taken up ker*- 100/ (ker*+k"21) 24 24(@ 36 %

Amount exhaled -100

Amount taken up K'21-100/(ke*+K21) 769 76@ 64 %
Alveolar retention kei*-V'2-K'g*-100 3.560 2569 2.1t %

Pulm ventilation

Maximum rate of metabolism Vimax 2.1 84 not determined pmol/h
Apparent Michaelis-Menten constant Kmapp 130 130 not determined nl gas/ml tissue
Body burden with ethylene
due to endogenous product. Y2ETend” 0.032 0.032 0.011 nl gas/ml tissue

2 An allometrically derived surface factor of 40 was used to extrapolate
values of clearances, half-life, endogenous production rate and maximum
rate of metabolism

b Parameters were determined at atmospheric concentrations below
50 ppm

¢ Values are independent of the atmospheric concentration

4 Values are valid for atmospheric concentrations up to 80 ppm
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Fig. 9. Concentration-time courses at 37° C of 1,2-epoxybutene-3 vapor
in the gas phase (41 ml) of closed incubation vessels containing in-
cubates (1 ml) of human liver microsomes (3 mg protein/ml incubate).
Conditions: K-phosphate buffer 150 mmoll (pH 7.4); MgCh
0.5 mmol/l; glutathione 15 mmol/l; NADP 0.1 mmol/l; p,L-sodium-
isocitrate 0.8 mmol/l; isocitrate dehydrogenase 50 pg/mi

¢ Half-life for man ti2(man) was calculated with the equation:

t1/2 = In2-V 2 many/[(K 21 ray+ kcl*(ml))'vl2(ral)‘40]
f Pulmonary ventilation was set to be 8-10% ml/h (according to Guyton
1947)
¢ Pulmonary ventilation was set to be 450-103 ml/h (own measure-
ments)
b Body burden with endogenous produced ethylene yaetend Was calcu-
lated with the equation: y2eTend = dN'p/dt-25,130/[1000-(K'214 Ker*)-V'2]

species scaling based on the differences in body surfaces is
justifiable at least at concentrations when transport to the
metabolizing enzymes is the rate limiting step.

In vitro apparatus

This system has been used to investigate kinetics of the
metabolism of 1,2-epoxybutene-3 in liver fractions of
mouse, rat, and man (Kreuzer at al. 1991). In Fig. 9, con-
centration-time courses of 1,2-epoxybutene-3 vapor are
shown, which were measured in the atmosphere of the
exposure vessels when liver microsomes of man were in-
cubated. By means of the two compartment model concen-
trations of 1,2-epoxybutene-3 in the liquid phase, and the
pharmacokinetic parameters describing saturable and non-
saturable metabolism were calculated. The curves fitted by
the two compartment model demonstrate the three phases
characteristic for CCT: the enrichment, the saturation, and
the linear phase (see above).

Epoxide hydrolase activity was found in microsomes
and glutathione S-transferase activity in cytosol only. The
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data obtained were used to estimate the total rate of metab-
olism for each species in vivo: this was calculated to be
1.3 times higher in mice and 2.3 times lower in man com-
pared to rats, when corrected for body weight (for details
see Kreuzer et al. 1991). Comparing the data scaled for
mice and rats to experimental results, excellent fittings
were obtained (Johanson and Filser, paper in preparation).

Discussion

From the given examples it becomes obvious that CCT
offers several advantages compared to measurements in
open systems.

Rodent system

Using this system the maximum accumulation in the body
of laboratory animals can be determined easily: due to the
decline of the atmospheric concentration the enrichment
phase is terminated much earlier than in open systems in
which the gas concentration remains constant during the
whole exposure period. In the closed chamber wide con-
centration ranges can be registered in a short exposure time
and saturation kinetics can be studied in animals within one
exposure session. Therefore, compared with open exposure
systems CCT reduces the number of laboratory animals
necessary to determine the pharmacokinetics of inhaled
gases and vapors. Furthermore, since the gas room of the
closed chamber is relatively small compared to the volume
of the exposed organisms, even marginal metabolism leads
to changes in the gas concentration, allowing evaluation of
the pharmacokinetic parameters of substances which are
barely biotransformed.

Human system

This system provides an easy way for determining rates of
inhalative uptake, of exhalative and metabolic elimination
and of endogenous production of hydrophobic gases in
man from inhalation and exhalation studies only. By means
of CCT the pharmacokinetic parameters can be obtained
with a much smaller body burden than in open systems, so
that even exposures of humans are justifiable, offering the
chance of verifying the validity of species-scaling pro-
cedures. In the case of ethylene and ethylene oxide the
pharmacokinetic parameters obtained served to estimate
the background hydroxyethylation of hemoglobin in man
due to the production of endogenous ethylene (Filser et al.
1991) and for risk estimation (Denk 1990; Denk and Filser
1990), which was based on results of long term studies
carried out with ethylene oxide in rats (Snellings et al.
1984; Garman et al. 1985).

In vitro apparatus

The presented apparatus was developed to adapt CCT in
vitro (Kreuzer et al. 1991). By this method the parent

volatile substance and not metabolites are measured and
the time concentration courses are kinetically analyzed
The investigation of kinetics using CCT is easy and less
time consuming than other conventional techniques in
which metabolites have to be determined.
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