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Dose is a fundamental concept in the science 
oftoxicology; yet, for all of its importance, the 
determination of dose for inhaled materials 
presents issues with which inhalation toxicol­
ogists are still grappling. Amid a myriad of 
lesser factors, the two major ones influencing 
dose for inhalants are the physicochemical 
properties of the inhaled materials and the 
species of the animal doing the inhaling. The 
speakers in this symposium presented the most 
recent advances in research related to descrip­
tions ofdose for inhaled particles, particle-as­
sociated organic compounds, reactive vapors, 
and metabolizable vapors. They also discussed 
methods for predicting inhaled doses in hu­
mans based on measured doses in test animals 
and advances in ,the search for biomarkers of 
inhaled carcinogens. 

The factors that affect the fate of inhaled 
particles were reviewed and the particle de­
position and clearance patterns ofexperimen­
tal animals and people were compared. Ad­
vances in determining dose for reactive vapors 
that are largely absorbed in the nose (exem-

I Symposium held at the 29th Annual Meeting of the 
Society of Toxicology (SOT) in Miami Beach, Florida. 
Sponsored by the Inhalation Specialty Section of SOT. 

2 The U.S. Government's right to retain a nonexclusive 
royalty-free license in and to the copyright covering this 
paper, for governmental purposes, is acknowledged. 

plified by formaldehyde) or in the lung (ex­
emplified by ozone) were discussed in terms 
of relating experimental data to predictive 
models. The uptake of metabolizable vapors, 
as affected by both the physicochemical prop­
erties of the vapors and the metabolic capac­
ities of test animals and people, was explored 
by using specific examples of vapors com­
monly encountered in the environment. 
Problems in making interspecies comparisons 
were also addressed. Finally, methods for in­
dexing the dose of inhaled carcinogens by us­
ing toxic metabolites, DNA or hemoglobin 
adducts, oncogene activation, gene mutations, 
and chromosomal changes as biomarkers were 
reviewed, with an emphasis on the use ofsuch 
markers in risk assessments. 

Comparative Deposition, Clearance, and Re­
tention of Particle-Borne Toxicants (R, B. 
Schlesinger) 

Experimental animals are employed in tox­
icological studies Df inhaled particles, with the 
ultimate goal of extrapolating the results to 
humans. To adequately apply the results of 
such studies to human risk assessment, how­
ever, it is essential to consider interspecies dif­
ferences in particle disposition. Different spe­
cies exposed to the same particulate atmo­

0272-0590/91 $3.00 

Copyright © 1991 by the Society orToxicology. 

All rights of reproduction in any form reserved. 




2 DAHL ET AL. 

sphere may not receive identical doses in 
comparable respiratory tract regions. Extrap­
olation of the results of a study with anyone 
species, therefore, may provide unrealistic es­
timates of the human respiratory tract or sys­
temic dose and, thus, of the relationship be­
tween exposure and potential human health 
effects. 

The fate of inhaled particles is dependent 
both upon their pattern of deposition-the 
sites within which such particles initially come 
into contact with airway surfaces and the 
amount removed from the inhaled air at such 
sites-and their clearance-the rates and 
routes by which deposited particles are phys­
ically translocated from the respiratory tract. 
For toxicants that exert their primary action 
on the surface contacted, the initial deposition 
pattern is the major predictor of response. 
However, in many cases, it is the net result of 
deposition and clearance processes, namely 
retention-the number ofparticles remaining 
in the respiratory tract at specific times after 
exposure-that determines the degree of any 
hazard from exposure. 

The extent and loci of particle deposition 
depend upon a number of host factors. The 
major ones are respiratory tract anatomy and 
ventilatory characteristics. The human respi­
ratory tract anatomy differs from that of most 
other mammals used in inhalation toxicology 
studies, although the implications of this dif­
ference for particle deposition have not been 
adequately appreciated. The respiratory tracts 
of most mammals have comparable anatom­
ical components, but there are considerable 
differences in the structure of some of these 
components. In the upper respiratory tract, for 
example, there are species differences in the 
relative shapes and sizes of nasal airways (Pa­
tra, 1986; Schreider, 1986). In general, labo­
ratory animals have much more convoluted 
nasal turbinate systems than do humans, and 
the length of the nasopharynx in rela~ion to 
the entire length of the nasal passages also dif­
fers between species. 

Another major difference between hUmans 
and most other mammals commonly \ilsed in 

inhalation toxicology studies is the pattern of 
tracheobronchial tree branching (Patra, 1986; 
Schlesinger and McFadden, 1981 ); the 
branching is much more symmetrical in hu­
mans than in most other laboratory animals. 
The branching pattern affects the depth of 
penetration of inhaled particles, because the 
number of branch divisions from the trachea ! 

to each distal bronchiole may differ, and in­
fluences localized patterns ofdeposition within : 
individual airway generations. There are also 
large interspecies differences in the structure f' 
of the pulmonary (alveolar) region (Gehr el 

al., 1981; Tyler, 1983), including differences 
in the number of generations of bronchioles 
and the extent of bronchiolar alveolarization. 
Alveolar size also differs between species; this 
may affect deposition efficiency, because of 
variations in the distance between airborne 
particles and airway walls. 

Breathing pattern during exposure to par­
ticle-containing gases or vapors influences the 
sites and relative amounts of regional depo­
sition. Differences in tracheobronchial tree , 
structures between species also affect airflow 
patterns. Furthermore, minute ventilation 
(even when adjusted for differences in body 
weight) differs between species and, in turn, 
affects both the number of particles available 
for deposition and their depth of penetration 
into the lungs (Schum and Yeh, 1980). Finally, 
most experimental animals are obligate nasal 
breathers. Coupled with the aforementioned 
greater complexity of the nasal passages, the 
result is greater particle deposition in the upper 
respiratory tract ofexperimental animals than 
occurs in humans breathing orally or even na­
sally. The extent of upper respiratory tract re­
moval affects the number ofparticles available 
for penetration into the lungs and, therefore, 
influences dose to the rest of the respiratory 
system. Thus, the relationship between respi­
ratory tract deposition in obligate-nasal­
breathing experimental animals and orally 
breathing humans should be defined. 

The deposition of inhaled particles occurs 
by similar physical mechanisms in both hu­
mans and experimental animals. However, 
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there are interspecies differences in the rela­
tionship between particle size and deposition 
efficiency (the amount of deposition expressed 
as a percentage of the total number of particles 
inhaled for specific particle sizes) in different 
regions of the respiratory tract, and for the re­
spiratory tract as a whole (Schlesinger, 1985). 

ics in laboratory animals to those in humans. 
Although the basic mechanisms of clearance 
from the respiratory tract are similar in most 
species, regional clearance rates may vary sub­
stantially. For example, clearance from the al­
veolar region of mice and rats is much faster 
than that in dogs and humans, which have 

But even in cases for which deposition ex- . similar clearance rates (Snipes, 1989). It is 
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pressed as a percentage of the total number of 
particles inhaled is similar, the mass deposition 
may differ for different species exposed to the 
same atmosphere. When examined in terms 
of body or lung mass (weight), smaller animals 
will receive greater initial particle burdens per 
unit weight and per unit exposure time than 
will larger ones (Phalen el al., 1977). For ex­
ample, the deposition of 1-}.lm particles in the 
rat will be 5-10 times that in humans, if de­
fined on a per unit-lung-weight basis. 

Particles that do deposit on airway surfaces 
either can be cleared from the respiratory tract 
completely or they may be translocated to 
other sites within this system. Clearance 
mechanisms are regionally distinct, in terms 
of both routes and kinetics. Insoluble particles 
depositing in the upper respiratory tract and 
tracheobronchial tree may be cleared by mu­
cociliary transport, whereby a fluid (mucous) 
lining over the epithelium is moved by the ac­
tion of cilia. Soluble material may dissolve in 
the mucus. Clearance from the respiratory (al­
veolar) region occurs by a number of mech­
anisms and pathways; the relative importance 
of each appears to depend upon the physico­
chemical properties and amounts of material 
deposited. A major pathway for clearance of 
insoluble particles involves phagocytosis by 
resident alveolar macrophages. These cells 
may then be cleared from the pulmonary re­
gion after reaching the distal terminus of the 
mucociliary transport system or by migrating 
through the interstitium to the lymphatic sys­
tern. Soluble particles will dissolve in alveolar 
lining fluid and enter the blood or lymph di­
rectly. 

Because dosimetry depends upon clearance 
rates and routes, adequate toxicological as­
sessment necessitates relating clearance kinet­

likely that dissolution rates, and rates by which 
dissolved substance$ are transferred into blood, 
are related solely to the properties of the ma­
terial being cleared and are essentially inde­
pendent of species (Griffith el ai., 1983; Bailey 
el aI., 1985). On the other hand, different rates 
of mucociliary transport in the conducting 
airways (Felicetti fl aI., 1981) or of macro­
phage-mediated clearance from the alveolar 
region (Bailey el al., 1985) may result in spe­
des-dependent rate constants for these path­
ways. In terms of tnucociliary transport, mu­
cous velocities, in the larger airways at least, 
seem to be proportional to body weight, while 
interspecies differences in functional proper­
ties of macroph,~.ges include differences in 
phagocytic efficiency and differences in mo­
bility, both random and in response to che­
motactic factors that may be released upon 
deposition of certain particles. 

The end result of deposition and clearance 
processes is retention, which may differ for the 
same particles inhaled by different species. 
Thus, especially during chronic exposures, 
identical lung burdens may not be obtained 
in all animals, and if the toxic response is re­
lated to the lung burden, the biological effects 
of the inhaled material may also differ. The 
latter must be considered whenever experi­
mental animals are used in inhalation toxi­
cology studies, because such species differences 
may make it difficult to extrapolate from the 
results of studies with laboratory animals to 
the results expected in humans. There is no 
one species that is an ideal surrogate for hu­
mans in terms of being similar in all aspects 
of those factors that affect particle disposition. 
Some species may deposit the particles simi­
lariy; others may deposit them differently but 
may have simrlar mucociliary or long-term 
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clearance. There is, thus, a definite need to 
obtain reliable, baseline comparative data that 
will allow more precise interspecies extrapo­
lations of deposition and clearance, so that 
better estimates of risk to humans may be ob­
tained from particle inhalation studies with 
experimental animals. 

Comparative Dosimetry of Inhaled Reactive 
Vapors (H. d'A. Heck) 

Reactive vapors are defined as volatile 
compounds that can undergo nonenzym(ui­
cally catalyzed chemical reactions in biological 
systems. Such compounds include aldehydes, 
epoxides, isocyanates, halohydrins, halome­
thyl ethers and ketones, /1-lactones, and in­
organic oxidizing agents. Reactive vapors are 
frequently toxic to the respiratory tract, but 
systemic toxicity may be induced depending 
on the solubility and reactivity of the vapor. 

Reactive vapors are inherently unstable; 
hence, to measure delivered dose, a fragment 
of the reactive vapor covalently bound to a 
target molecule, rather than the vapor itself, 
is often identified in the tissue of interest. The 
amount of bound fragment is then related to 
the inhaled concentration ofthe reactive vapor 
by using a pharmacokinetic model, thereby 
linking the delivered and administered doses. 
In principle, a variety of target molecultls, in­
cluding DNA, RNA, proteins, peptides, or 
lipids, could be used to measure delivered 
dose. The criteria for selecting an appropriate 
target include relevance to the toxic effect, 
biological half-life ofthe target molecule, con­
centration of target sites relative to the con­
centration of the toxicant, and the sensitivity 
and facility of the analytical method. 

In this article, we discuss two approa¢hes to 
modeling the dosimetry of reactive vapors. In 
the first approach, a physiologically, based 
pharmacokinetic model is used to estimate the 
extent of the reaction of formaldehyde with 
DNA in the nasal mucosa ofF344 rats,1 rhesus 
monkeys, and adult humans. In the :second 
approach, a convection-diffusion-chemical 

reaction model (Overton et aI., 1987) is used 
to estimate the dose of ozone delivered to the 
lower respiratory tract tissues of rats and hu­
mans. These models differ significantly in their 
definitions of dose and in their methods for 
calculating the quantity of toxicant delivered 
to target macromolecules or tissues. 

Formaldehyde (HCHO) is an upper respi­
ratory tract (URT) toxicant that is absorbed 
primarily in the nasal cavity. Dosimetry mea­
surements ofHCHO have been performed by 
analyzing the concentration of DNA-protein 
cross-links produced in the nasal mucosa of 
F344 rats and rhesus monkeys exposed to 
[14C]formaldehyde (Casanova et al., 1989; 
Heck el al.. 1989). Cross-link formation in rats 
was described in terms ofa one-compartment 
pharmacokinetic model that combines the 
anterior nose and the nasal turbinates in a sin­
gle unit (Fig. 1). Cross-linking in monkeys was 
interpreted by using a three-compartment 
model involving the anterior nose, turbinates, 
and nasopharynx as separate units (Fig. 1). 
HCHO was assumed to be absorbed from the 
nasal airstream into each compartment and, 
within each compartment, to be eliminated 
by saturable reactions (metabolism) or by par­
allel, nonsaturable processes, one of which is 
DNA-protein cross-link formation (Fig. 2). 
The kinetic constants relating delivered-to­
administered concentrations were estimated 
by fitting the models to the nonlinear concen­
tration-response curves observed for cross-link 
formation. Lower concentrations ofcross-links 
were measured in the nasal tissues ofmonkeys 
than in those of rats, at all airborne concen­
trations. 

Because the pharmacokinetic models for 
HCHO are based on identifiable (and mea­
surable) physiologic parameters, the doses ob­
served should be predictable across species by 
applying the appropriate scaling factors. Cross­
link concentrations in monkeys were predicted 
from those measured in rats by using conven­
tional allometric scaling methods, but the pre­
dictions agreed only semiquantitatively with 
the experimental results. This was probably 
due, in part, to the marked differences in URT 
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FIG. I. Compartmental models of the nasal conducting airways illustrating parameters pertinent to HCHO 
absorption: V, minute volume; a, fraction of airstream contacting the turbinates of the monkey nose; ER 
or ER;, extraction ratio [fraction of HCHO removed by a particular compartment from the airstream, where 
i = turbinates (TB), anterior nose (AN), or nasopharynx (NP)J. 

anatomy and physiology between rats and 
monkeys. The human nose is structurally 
similar to the monkey nose; hence, monkey­
to-human scaling may be more accurate than 
rat-to-monkey scaling. Concentrations of 
cross-links in the human nose were predicted 
from those measured in monkeys; the results 
suggested that HCHO is likely to induce lower 
concentrations of cross-links in humans than 
in monkeys. The calculations support the use 
of allometric scaling in the absence ofsuitable 
pharmacokinetic data, but there is still doubt 
about the quantitative validity of the results, 
owing to uncertainties in the magnitudes of 
the interspecies conversion factors, especially 
for highly divergent species such as rodents 
and primates. 

Ozone is a lower respiratory tract (LRT) 
toxicant that reacts rapidly with certain func­
tional groups, especially carbon-carbon dou­
?le bonds, in biological constituents present 
I~ nasal mucus and cells. Measuring 0 3 do­
SImetry is experimentally challenging and 
continues to be an important goal (Santrock 
e: al., 1989). 0 3 doses delivered to specific re­
gIons and tissue components of the LRT have 
been calculated by using a mathematical 
model that involves convection, diffusion, and 

chemical reactior;ts in the lower airways (Fig. 
3) (Overton et al.. 1987). Key elements of the 
model are the ditpensions of the tracheobron­
chial airways and pUlmonary regions and the 
thickness and composition of the liquid lining 
(mucus or surfactant) covering the cells of 
the LRT. 

The model predicts that a sharp maximum 
in the tissue doSe of 0 3 will occur at the ter· 
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OTHER PRODUCTS CROSS-UNKS 

FIG. 2. Reactiort scheme for HCHO in compartment i: 
C.nt,; and Cpost,;, airstream concentrations of HCHO at 
anterior and postenor ends, respectively. ofcompartment 
i; Cossu..;, concentration of HCHO in tissue ofcompartment 
i; Vmax and Km, a~parent maximal velocity and Michaelis 
constant, respectiyely, for elimination of HCHO by a sat­
urable metabolism; k., pseudo-first-order rate constant for 
removal of HCHO by nonsaturable processes other than 
DNA-protein crdss-link formation; kb' pseudo-first-order 
rate constant for IDNA-protein cross-link formation. 
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FIG. 3. Diagram illustrating some of the important physical and chemical processes taken into account 
by the dosimetry model of 0 3 ; He, a biological constituent that reacts with 0 3 , Reprinted with permission 
from Overton el af. (1987). 

minal bronchiole-alveolar junction, which is 
the major site of tissue damage in experimental 
animals exposed to 0 3 • The model also pre­
dicts that rats will receive a higher tissue dose 
than humans at a given airborne conCen­
tration. This mathematical model pro­
vides a novel and potentially very useful ap­
proach to the problem of interspecies cpm­
parisons and facilitates examination~ of 
different exposure scenarios. Unfortunately, 
the absolute accuracy of dose predictions 
is presently unknown, and the doses c,l1cu­
lated by using the model are not readily ~ali­
dated. 

L 

Dosimetry measurements are very impor­
tant for understanding how species diffh in 
their responses to reactive vapors and fo~ pre­
dicting human risks. The database is currently 
quite limited, however, and much more in­
formation is needed with respect to other 
compounds and species (especially nonro­
dents). Further advances may be anticipated 
in several developing areas, including air­
flow characterization of the upper respirt:ttory 
tract, integration of dosimetric ph arm a­
cokinetic models with models of toxic re­•I sponses (such as tumor growth models), and 

I! experimental validation of model ptedic-
I tions. 

Comparative Uptake and Fate ofInhaled Or­
ganic Vapors (M. A. Medinsky) 

Volatile organic chemicals are of interest to 
toxicologists, because they may have carci­
nogenic or other toxic effects. They are present 
in air, household and industrial products, cig­
arette smoke, and gasoline vapors, and ever­
ybody receives some degree of exposure. The 
dosimetry of these volatile organics is fre­
quently complicated by the fact that, for many 
organics, the metabolites are more toxic than 
the parent chemical. Because of the great di­
versity in the biological activities and physical 
properties of these volatile organics, it is useful 
to examine, in a general way, the determinants 
most important for influencing their uptake, ' 
distribution, and elimination. These deter­
minants include those of a physiological na­
ture, chemical factors, metabolic determi­
nants, and those governing the binding of the 
parent chemical or metabolite to tissue mac­
romolecules. 

Physiological determinants. Physiological 
determinants, such as organ weights and 
physiological processes, have been shown to 
be related to body weight through the allo­
metric expression, property oc (body weight)a, 
where the property of interest is proportional 
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I 

to a power function of body weight (Adolph, 
1949). For many tissue weights, such as those 
of liver, kidney, blood, and heart, the allo­
metric component, a, is approximately equal 
to 1. Thus, the weight of these organs increases 
in direct proportion to increasing body weight. 
For flow-related physiological processes, such 
as blood flows, clearance, or ventilation, the 
allometric exponent lies between 0.65 and 0.8. 
These flow rates, when expressed per unit of 
body weight, are slower in larger animals than 
in smaller ones. Differences in the allometric 
relationships for weights and flows have an 
impact on kinetics and tissue dosimetry that 
is important to take into account when ex­1 trapolating across species. For example, the 
terminal half-time un of a chemical (Eq. (1» 
tends to be shorter in smaller animals than in 
larger ones: 

t1 0.693 X volume of distribution. (1) 
2 clearance 

The terminal t~ decreases with body weight 
because, as size decreases, the volume of dis­
tribution, a weight-related parameter, de­
creases faster than clearance, a measure of 
flow. Thus, tissue exposure to volatile organics 
may be prolonged in larger animals such as 
man, in comparison to the exposure of tissues 
in smaller animals such as rodents. For ex­
ample, after an inhalation exposure to a vol­
atile organic in which equivalent, steady-state 
blood concentrations are achieved, the clear­
ance of the organic from blood will be slower 
in larger animals than in smaller ones. This 
interspecies difference in systemic clearance is 
illustrated by comparing the time course for 
blood concentrations of styrene in rats and 
humans exposed to 80 ppm styrene for 6 hr 
(Ramsey and Andersen, 1984) (Fig. 4). Note 
the similar, achieved concentrations in the two 
species at the end of exposure. However, the 
disappearance of styrene from rat blood is 
mUch more rapid than the comparable decline 
of that in humans. The slower decline in hu­
mans is due to the slower rate of processes 
s~ch as blood flow and metabolism, in addi­
tion to the larger fat volume of the human 

1 0 
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'" " '" >. 
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'" ::!. 

0.001-t---r----r- -+----,,-----r-­
o 20 40 o 20 40 

Hours After Starl of Exposure 

FIG. 4. Blood concen,trations of styrene in rats and hu­
mans exposed to 80 ppm styrene for 6 hr. Circles are ex­
perimentally determin~d values. Lines are the results of 
physiological model sirnulations. Data taken from Ramsey 
and Andersen (1984). 

compared to that of the rat. Differences in 
flow-related processes across species also in­
fluence the uptake of inhaled organics into 
blood. It will take longer for steady-state blood 
concentrations to ~e achieved in larger animals 
than in smaller dnes (National Academy of 
Sciences, 1986). 

The prolonged: tissue exposure to volatile 
organics in hurqans compared to that in 
smaller animals such as rodents may have im­
plications for voJatile organics for which a 
metabolite is the toxic species. The total time 
interval over which metabolism can take place 
might be longer in larger animals compared 
to that in smaller: ones. 

Partition coefficients. Partition coefficients 
are a measure of the affinity of a chemical for 
one medium cOIl)1pared to another at equilib­
rium. Partition cpefficients of organic vapors 
are often determi~ed in vitro by using methods 
such as vial equil~bration (Gargas et aI., 1989; 
Sato and Nakaj~ma, 1979). Partition coeffi­
cients used in physiologically based models are 
often described ip terms ofblood:air (Eq. (2», 
tissue:air (Eq. (3» or tissue:blood (Eq. (4» re­
lationships, . 

Pb i= [Blood]/[Air], (2) 

PI '= [Tissue]/[Air], (3) 

and 

(4) 
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TABLE I 

PARTITION COEFFICIENTS FOR SoME VOLATILE 


ORGANIC CHEMICALS o 


Chemical Blood/air Fat/air Muscli~/air 

Isoprene 3 72 2 
Benzene 18 500 11 
Styrene 40 2000 4Q 

I 

a Data taken from Gargas et al. (1989). 

where [Xi] = the concentration of the volatile 
organic in that medium at equilibrium. 

Table I contains partition coefficientsi for 
several volatile organic chemicals. The bl~od: 
air partition coefficient is a critical detenniIjant 
in the uptake and achieved blood concentra­
tions of volatile organic chemicals (Fig. 5). As 
the blood:air partition coefficient incre~ses 
from 3 for isoprene to 40 for styrene (Tflble 
1), the concentration of the volatile organic in 
the systemic circulation increases for e*po­
sures at equivalent airborne concentratibns. 
Similarly, the fat:air partition coefficients for 
isoprene, benzene, and styrene (Table I) in­
dicate that the highest fat concentrationjs of 
volatile organics will be achieved by very li­
pophilic chemicals such as styrene. Th~ fat 
compartment plays an important role i~ ac­
cumulating and storing the volatile organic, 
both during and after exposure. This stpred 
chemical becomes available for distribution by 
the systemic circulation to the metaboli~ing 
organs after the end of exposure. The impor­
tance of postexposure metabolism is demon­
strated in Fig. 6, which shows that for isopItene, 
the chemical with the smallest fat:air part~tion 
coefficient, most of the metabolism odcurs 
during the 6-hr exposure. For benzene, which 
has a larger partition coefficient than isoprene, 
the majority of metabolism still occurs during 
exposure; however, approximately one-third 
of the benzene metabolism occurs afterr the 
end of the exposure. For the highly lipid-sol­
uble organic, styrene, over 50% ofmetabdlism 
takes place after the end of exposure. Figure 
6 illustrates the importance of fat as a storage 
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FIG. 5. Effect of blood lair partition coefficient on steady­
state blood concentrations of three volatile organics, both 
during and after a 6-hr inhalation exposure to 600 ppm. 

compartment for volatile organics and em­
phasizes that metabolism of the volatile or­
ganic can continue for a significant period of 
time after the individual is removed from the 
exposure atmosphere. 

Metabolic determinants. Metabolic deter­
minants such as Vrnax (maximum metabolic 
capacity) and Km (affinity of the enzyme for a 
substrate) can be key determinants in the ex­
posure of tissues to the toxic chemical species 
of volatile organics. For many volatile organ­
ics, the metabolite of the chemical, and not 

750-r----____----------------__~ 
EXPOSURE"': .....f----POST-EXPOSUFI£ -~..., 

STYRENE
it 600 .... 
't:l 
Q) 

.~ 450 
'0 
.c 
III-Q) 300 
E 
til 

'0
Q) 

150 
E 
:::t 

o 
o 5 10 15 20 25 

Hours After Start Of Exposure 

FIG. 6. Effect of fat/air partition coefficient on postex­
posure metabolism of three volatile organics, both during 
and after a 6-hr inhalation exposure to 600 ppm. 
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the chemical itself, is responsible for the tox­ in one of these r<¥ient species based on its 
icity. The importance of metabolic determi­ metabolic capacity in the other species. 
nants is illustrated here for benzene. Sabourin In summary, uptake of volatile organic 
et al. (1988, 1989) and Medinsky et al. (1989) chemicals is a complex process that can be 

I 
1 

I 

determined that the major, stable benzene described in the. context of physiological, 
metabolites produced by B6C3F I mice and chemical, and biochemical determinants. 
F344 rats were sulfate and glucuronide con­ Physiological fact<?rs that are important in the 

! jugates of phenol and hydroquinone, gluta­ tissue dosimetry df volatile organics can gen­
I thione conjugates of phenol, and muconic erally be extrapolated across species. Because 

acid, an opened-ring metabolite. Distinct spe­ flow-related deter~inants tend to extrapolate 
cies differences in the formation of these me­ across species as ia fractional power of body 

! tabolites were noted (Fig. 7). When rats were weight, the time ;course for systemic uptake 
exposed to 600 ppm benzene for 6 hr, the pri­ and elimination ,nd for tissue exposure to ab­

! mary metabolite produced was the sulfate sorbed chemicalsi will be prolonged for species I 
conjugate of phenol. Smaller amounts of the with larger body!weights (humans) compared I 	glutathione conjugates and muconic acid were to those of specib with smaller body weights 
formed. A very small amount ofhydro quinone (rodents) exposed to the identical concentra­
sulfate and virtually no hydroquinone gluc­ tion of the che~icaL Chemical determinants 
uronide were detected. In mice exposed to the of uptake can vary significantly among volatile 
same concentration of benzene, the profile of organic chemidds, but generally are similar 
metabolites was very different. Significant across species fqr particular chemicals. Chem­
quantities of other metabolites in addition to ical determinanits such as blood:air and tissue: 
phenyl sulfate were produced, including hy­ blood partitio~ coefficients govern the sys­
droquinone glucuronide and phenyl glucuro­ temic and tisS/le concentrations of volatile 
nide. Studies by Sabourin et ai, (1989) and organics and Itheir metabolites. Metabolic 

a Medinsky et al. (1989) showed distinct, con­ capacity is probably the most important 
centration-related differences in the profiles of determinant of tissue dosimetry, because me­.­

:s metabolites, in addition to the species-related 
1­ differences. These studies indicated that, based 
)t on present knowledge, allometric scaling could 

not be used to predict the behavior ofbenzene 

I 
,
• 

'10 
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ex­
ing 
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pso. 

tabolites of m~ny volatile organics are more 
toxic than the parent chemical. Unfortunately, 
at the present time, metabolic rates are the 
most difficult ~o predict across species, because 

B6C3Fi MICE - 600 ppm 

1.0 
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FIG. 7. Differences in the urinary excretion of benzene metabolites ~y rats and mice exposed to 600 ppm 
benzene for 6 hr. HQG, hydroquinone glucuronide; PPMA, pre-phe~ylmercapturic acid; MUC, muconic 
acid; PGLUC, phenyl glucuronide; CGLUC, catechol glucuronide; MQSO., hydroquinone sulfate; PSO., 
phenyl sulfate; and PMA, phenylmercepaturic acid. 
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of our lack of knowledge of the factors that 
are critical for understanding species differ­
ences in the metabolism of organic chem­
icals. 

Molecular Dosimetry ofInhaled Carcinogens: 
Implications for Epidemiology and Risk 
Assessment (G. W. Lucier) 

There is a great deal of uncertainty iJJi the 
estimation of human risks from low-dos¢ ex­
posure to chemical carcinogens when nigh­
dose animal data are used as the basis for ex­
trapolation. It is increasingly evident that mo­
lecular approaches can contribute a great ~eal 
to reducing the uncertainties that are inherent 
in the risk assessment process when grossibio­
logical endpoints such as tumors are used. [This 
knowledge has led to the development of ap­
proaches designed to incorporate biomark­
ers into toxicological and epidemiological 
studies. 

The framework for incorporating mole¢ular 
data or "biomarkers," as they are frequently 
called, into the risk assessment process is il­
lustrated in Fig. 8. The essence of this lIIus­
tration is that there are numerous biological 
and biochemical events that ultimately &~ter­
mine an adverse health effect following ex­
posure to a toxic chemical. The chemical ~ust 
first be internalized, leading to its presen~e in 
blood or tissues. There are numerous 6ases 
where toxic chemicals have been detected at 
extraordinarily low concentrations in b~ood. 
For example, recent developments in an'llytic 

methodology have lowered the limits of de­
tection for 2,3,7 ,8-tetrachlorodibenzo-p-dioxin 
(TCDD) to the low, part-per-trillion range, al­
lowing detection of this compound in the gen­
eral population. Once internalized, many 
chemicals are metabolized by a wide variety 
of drug-metabolizing enzymes that are present 
in virtualIy every tissue of the body (Lucier el 

al., 1979). These enzymes include the multiple 
forms ofcytochrome P450, epoxide hydrolase 
glutathione transferase, glucuronyltransferase, 
and sulfotransferase, among others. Depend­
ing on the chemical being metabolized, each 
of these enzymes may playa role in either an 
activation or a detoxication pathway. For ex­
ample, glutathione transferase detoxifies elec­
trophilic arene oxides of polycyclic aromatic 
hydrocarbons (Jerina and Bend, 1975), but 
catalyzes the formation of a DNA-reactive 
metabolite of ethylene dibromide (Guengerich 
et aI., 1987). 

The balance between activating and detox­
ifying enzyme systems governs the rate of de­
livery of bioactive metabolite to the macro­
molecular target site. For carcinogens, which 
are initiating agents, the macromolecular in­
teraction of interest could be a DNA adduct, 
and for chemicals that are tumor promoters, 
the critical interaction could be receptor oc­
cupancy. It should be noted that "initiation" 
and "promotion" are operational terms, not 
stages that have clearly defined mechanisms. 
In any event, the concentration of DNA ad­
duct or occupied receptor has been termed the 
"biologically effective dose" and leads to 

BIOCHEMICAL UARKEAS IN RISK ASSESSMENT 

Exposure --Internal Dose _ Pharmacokinetics ­ Biologically Effective Dose 
{P.450 isozymes (DNA·adducts; receptor 
conjugation Rxns) occupancy) 

I 

Toxic Response ....---;Critical changes Markers of exposure 
(tumor incidence) 	 lin gene expression not associated with 

(oncogenes; growth mechanism 
'factor responses) 

fiG. 8. Schematic representation of the sequence of events producing a toxic response after exposure to 
a toxicant. ' 
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changes in gene expression, which mayor may 
not be associated with the mechanism of car­
cinogenesis. Changes not involved in the car­
cinogenesis process may provide a reliable 
"marker of exposure," such as occurs when 
arylhydrocarbon hydroxylase is induced fol­
lowing exposure to polycyclic aromatic hy­
drocarbons such as benzo[a]pyrene and 
TCDD. Other changes in gene expression, 
such as activation of proto-oncogenes and al­
terations in cell proliferation pathways, may 
have direct links to mechanisms of chemical 
carcinogenesis (Reynolds et al.. 1987; Swen­
berg et al.. 1987) and may also represent pos­
sible candidates for "markers of effect" for 
chemical carcinogens. A detailed review and 
evaluation of biomarkers has recently been 
published by a National Research Council 
(NRC) Committee (I 987). 

One of the most compelling issues in the 
risk assessment process is the estimation of 
dose-response relationships. For reasons of 
economic necessity, high doses are used in an­
imal bioassays for carcinogenicity of environ­
mental chemicals. Extrapolation of tumor in­
cidence arising from high-dose exposures in 
animals to low-dose exposure risks in humans 
is a highly uncertain exercise. Biomarkers, 
such as activated metabolites or DNA adducts, 
can usually be detected following exposure to 
mUch lower doses than those needed to detect 
increased tumor incidence. Therefore, it seems 
reasonable to assume that a careful evaluation 
ofbiomarkers in experiments covering a wide 
exposure dose range offers an opportunity to 
remove some of the uncertainty in the risk 
assessment process by providing a more reli­
able estimation of the shape of the dose­
response curve at low doses. These kinds 
of studies have been termed molecular do­
simetry. 

There are several issues that have an impact 
on the use of DNA adducts as molecular do­
simeters. These include adduct heterogeneity, 
cell specificity, and the use of surrogate mark­
ers (Le., lymphocytes). The two most sensitive 
ways of detecting DNA adducts in human 
samples are immunochemistry (Perera, 1987; 

Harris et aI., 1985) and 32p-postlabeling 
(Reddy and Randerath, 1987). One of the best 
examples of a DNA adduct used as a molec­
ular dosimeter is NNK (a carcinogenic me­
tabolite of nicotine) (Belinsky et aI., 1987). d­
Methylguanine, the promutagenic adduct of 
NNK, is formed mq>re efficiently in the lung 
at low exposure doses than at high exposure 
doses, and this fin~ng is consistent with the 
dose-response relat~onships observed for the 
carcinogenicity of this compound. Bond et al. 
(1989) characterizekI dose-response patterns 
for DNA adducts ,arising from exposure to 
polycyclic aromatic hydrocarbons present on 
particles such as diesel exhaust. These studies 

I 

related relative adquct concentrations to lung 
tumor incidence. In another study, DNA ad­
ducts were detected in human lymphocytes by 
32P-postlabeling, ~ut the adduct profiles of 
smokers and non$mokers were not different 
(Jahnke et al.. 1990). A great deal of interin­
dividual variatioq exists in adduct concen­
trations, and this ivariation may reflect poly­
morphisms in ~etabolic activation/deac­
tivation reaction~ in human populations. 
For example, o~e study showed that the 
polymorphism ¢If glutathione transferase 
/-l effects DNA I:tdduct formation of some 
carcinogens, but; not of others (Liu et aI., 
1990). 

The results of it recent National Toxicology 
Program study (tennant el aI., 1987) suggest 
that as many as 41-0% of the chemicals that are 
positive for carCinogenicity in the lifetime 
bioassay are a¢ting through nongenotoxic 
mechanisms. TIle implication is that effects of 
DNA adducts on signal transduction path­
ways, recepto~-mediated proliferative re­
sponses, and ce~l cycle control are involved in 
the mechanism bfaction of many carcinogens. 
Therefore, one !area of research needed is the 
evaluation of the Quantitative relationships 
between biochemical events involved in tumor 
promotion anti carcinogenic incidence. A 
central underlying need relative to molecular 
dosimetry studies is increased knowledge of 
the diverse mechanisms of chemical carcino­, 
gens. 
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