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Consistent with the purpose of this meeting, this paper will address the topic "Drug
Metabolizing Enzyme Systems and their Relationship to Toxicity" with an emphasis
toward possible implications for human risk assessment. We shall illustrate our particular
approach by discussing a specific toxicological problem which has been a focus of our
efforts over the past few years. We should preface this discussion too with the qualifier
that, although in the example we shall discuss the studies to date appear to have certain
implications for human risk, we still cannot assess whether this risk is vanishingty small, or
whether it is of substantial public health significance. Nevertheless, we do believe we have
established 2 path that may ultimately provide critical information needed to extrapolate
from observations of phenomena in experimental animals to valid predictions of effects in
humans.

A few months ago, shortly after receiving the invitation to participate in this symposium
and while in the stage of attempting to identify an appropriate example to discuss, we
received a telephone inquiry from scientists at the Monsanto Company who were
concerned with the possible toxicological significance of 3-methyUuran. This material
apparently had been detected under certain conditions as a by-product generated during
production and/or storage of a product under development. This inquiry was a rather
paradoxical coincidence, not to mention also a somewhat humbling experience to us.
Here we were, being consulted as.presumed "experts" (by virtue of over 10 years
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research work and numerous publications on the subject} on the toxicicy of fiiran
compounds, and being asked for advice concerning a "real world" problem. Unfortunately
we really were not able to provide any of the ultimate answers needed to adequately
evaluate human risk in chis example. Nevertheless, in the interim, w e have had the '
opportunity to reflect upon the problem in this new light. Therefore, w e could think of no
better example to discuss here than that of 3-methytfuran.

METABOLIC ACTIVATION AND TOXIC1TY

Clearly, one of the major advances in recent years concerning toxicologtcal
mechanisms is the elucidation of the Importance of metabolic activation and of die role
chemically reactive metabolites play in determining target organ toxiciry. There are many
examples of relatively "inert" chemicals which are transformed in the body to highly
clectrophilic products that may react extensively with cellular macromotecules. This in
turn may lead to various adverse effects including necrosis or neoplastic transformation.
The primary metabolic pathway involved often is an oxidative one involving the
cytochrome P-450 system. However, metabolic activation may also occur by other
pathways such as reduction, conjugation and/or combinations thereof. As might be
anticipated, toxicities involving reactive metabolites occur predominantly in tissues
containing the enzymes capable of mediating the requisite metabolism. Thus, tissues such
as the liver, the lungs and die kidneys frequently are sites of toxicity by reactive
metabolites formed in situ. Moreover, since drug-metabolizing enzymes tend to be
concentrated in specific families of cells, such individual cell populations may be
particularly susceptible to damage. Because of die dependency of these kinds of toxicities
upon metabolism, variations in drug-metabolizing enzymes (toxifying and/or detoxifying)
among species, strain, seres, ages, and/or due to prior exposure to inducing or inhibiting
agents may markedly alter the intensity of target organ damage, or may even totally alter
organ or cell specificity. Such factors complicate our chances of extrapolating
experimental data from animals to predictions of susceptibility and/or target organ or cell
specificity in other species, including man. However, it is only through observations made
in animals that we have been able to identify critical factors that may modify target organ
metabolism and therefore target organ susceptibility. These precedents also suggest, at
least in those specific instances in which it is known or can be proven, that highly reactive
metabolites must be generated in situ within the target tissues in order to case damage,
that the absence of such a necessary metabolic pathway in a test tissue of interest (e.&,
from a different species) would predict nonsuscepeibility of that tissue to this type of
toxicity. This of course presumes the test tissue was prepared in such a way diat any
pre-existing metabolic activity of interest was not destroyed by the prior experimental
manipulations.

One final caution should be made to qualify (he above lines of reasoning. Although she
absence of the necessary metabolic activity would predict nonsusceptibility of a given
target tissue, the presence of such activity, especially as might be observed in an in vitro
test, does not necessarily predict susceptibility. For example, the simple observation that a
chemically unreactive compound becomes bound colvanently to particular, target tissues
in vitro or in viiv does not necessarily mean toxicity is present or is likely to develop.
Although covalent binding indicates that the parent compound has undergone
transformation to a more reactive product, there are some other important criteria that
need to be met before we can say first that the covatent binding does in fact reflect the
formation of a reactive metabolite and secondly (and even more importantly), whether or
not the reactive metabolite is toxic. We must always be cautious not to imply that —
"covalcnt binding" has any direct causative role in the toxic response in question. With
our present state of insight (or lack thereof), we prefer to think "covalcnt binding" simply
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as a way to detect or measure the formation of reactive metabolites that are generally too
labile to actually isolate. Although, in some instances it may be possible to examine
reactive metabolites more directly (e.g.. through chemical trapping), in most cases this
may be technically much more difficult, if not impossible.

In studying the relationships between metabolism, covalent binding (e.g., reactive
metabolite formation) and toxicity, there are a logical and interrelated scries of questions
that are the focus of the approach that we. and many other laboratories, typically might
pursue. These are summarized in Tables 1 and II. Operationally, we usually define
"covalent binding" in our studies as the irreversible binding of radioactivity to tissue
macromotecules (usually protein and/or nucleic acids) following in vivo administration
or in vitro exposure to the radiolabelcd parent compound of interest. Assuming we see
covalent binding of a given compound after a dose or a concentration relevant to the
toxiciry of interest, we are then concerned about whether the binding indeed represents
the formation of a reactive metabolite; there may be other alternatives to consider, such as
carbon incorporation tritium exchange or possibly nonspecific binding of radiolabcled
impurities present in our original compound. As indicated in Table I we may tackle these
questions from several fronts. With the tissue preparations of interest (e.g., isolated
organs, slices, cells, subcellular fractions, purified enzymes) we may examine in vitro how
the "colvalent binding" measure is affected by enzyme inactivation or modification by
heat, cofactors, or chemical inhibitors or inducers. We may even wish to compare the
kinetics of the binding pathway in targi-t vs. nontargct tissue preparations. With studies
in vivo, we are concerned about dose- and time-dependency of covalent binding, effects
of inducers or inhibitors of metabolism, tissue and cell-specificity and the possible
correlations with presence of enzyme activities in specific tissues and cells, comparisons
of studies using various labeling positions within a given compound, and in some cases,
the possible effects of inhibitors of endogenous biosynthetic pathways.

TABLE I

Approaches to Establishing that the Covalent Binding of Radioactive Material
After Exposure to Radiolabled Compound is due to Formation of Highly
Reactive Metabolites (s)

In vitro

1. Effects of heat-denaturation of enzyme of tissue preparations
2. Cofactor effects
3. Effects of enzyme inhibitors and inducers
4. Kinetic studies

In vivo

1. Dose- and time-dependency studies
2. Effects of enzyme inducers and inhibitors
3. Tbsue and cell specificity; correlations with known presence of enzyme

activities in specific tissues and/or cell types
4. Comparison of different types of radiolabel of different positions of label in a

given compound
5. Effects of inhibitors of endogenous biosynthetic pathways
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TABLE II

Approaches to Establishing the Role of Reactive Metabolites i a Taxicity In Viva

1. Correlations of dose- and timr-dependencies of covalent binding and toxidty

2. Correlations of effects on covalent binding and toxicicy after treatments with
enzyme inducers and inhibitors

3. Correlations of organ- and cell-specificities of covalent binding and toxiciqr
4. Correlations of covalent binding and toxicicy of structurally related compounds
5. Effects of manipulations of tissue levels of nonprotein suUhydryl compounds

Then, assuming we are convinced that (he covalent binding we obacnc with a given
compound does in fact result from the formation of a reactive metabolite, w e now must
evaluate its relationship to toxicicy. As shown in Table II, these critical studies may
include correlations of dose- and time-dependencies of binding and touciry, the
modifying effects of inhibitors or inducers, organ and eel! specificities of binding and
toxicity, comparisons with structurally related compounds, and, where possible, the
effects of compromised detoxification pathways. A more detailed discussion of these
approaches and their applications to variety of toxicological problems may be found in
another review (1). The remainder of this presentation will be devoted to the example of
3-methylfuran introduced earlier. This example illustrates several of the more important
points we have raised concerning the Approaches we have used to these kinds of
problems.

3-METHYLFURAN: A TOXIC COMPOUND ACTIVATED
BY METABOLISM

Background

Compounds containing the ftiran nucleus are ubiquitous in nature (2). Many hundreds
of furan derivatives have been found in terrestrial and marine organisms. Many good and
beverage materials contain furan compounds. For example, coffee alone contains nearly
100 different furan derivatives.

Some furans are highly toxic. Several have been shown to metabolized in the body to
reactive electrophilic intermediates. These compounds typically cause necrosis within
target tissues such as the liver, the lungs or the kidneys ( 3-5 ). There are varying degrees of
tissue specificity, depending upon if or how a potential target tissue metabolizes a given
furan compound. Thus, target orjan specificity may be dependent both upon host factors
(e.g., species, sex, strain, age, etc.) as well as chemical factors (structure of parent
compound, nature of reactive intermediate, and substrate specificities for toxifying and
detoxifying metabolic pathways) (4).

Our particular interest in 3-methylfuran (3-MF) was irttially stimulated by a report by
Saundcrs et at, (6 ) describing the analysis of organic constituents present in the
atmosphere during the late-summer smog/haze alerts typically occurring in Washington,
D.C., and many other east-coast cities. Quite surpisingly, they found 3-MF to be a major (if
not the major) component present. This seemed especially unusual, since the presence of
this compound could not be acribed to any known industrial or other man-made source.
The current speculation is that the 3-MF arises from atmospheric photo-decomposition of
naturally-occuring terpenoids, such as those produced by large tracts of leaf-bearing trees
(e.g., like those found in forests of the Appalachian mountain chain).
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Because of our long-standing interest in the metabolism and toxicity of furans, we were
naturally interested in the biological &tc and activit>- of 3-methylfuran. Therefore, after
the important step of synthesizing the quantities of radiolabeled and unlabled compounds
needed, we carried out a series of studies which we bricflj- summarize as follows.

Metabolic activation in vitro

Since we already had. good reason to suspect 3-MF might be similar to other toxic
furans known to require activation by metabolism, we first performed an experiment to
see if mouse liven and lungs possessed the microsomaj enzymes necessary to catalyze the
covalent binding (i.e., metabolism to a reactive intermediate) of 3-MF. Microsomes from
these tissues clearly were active, and the metabolic pathways in both had characteristics
typical of cytochrome P-450 monooxygenases (7). Thus, maximal activity (rates of
covalent binding) required die presence of NADPH and oxygen in addition to the
microsoracs. Activity was markedly decreased by the known cytochrome P-450
inhibitors, carbon monoxide and piperonyl butoxide. Additionally, the nuclcophilic
trapping agent, reduced glutathione, prevented the covalent binding, as typically might be
expected if it reacted with some eleccrophilic intermediate to form a conjugate and
thereby prevent the covalent binding of the intermediate to the microsomes.

Because we hoped that the elucidation of the structure of a glutathione conjugate
formed in such systems might help us identify the chemical structure of the reactive
intermediate's), we expended considerable effort to isolate and purify such conjugates
from incubation mixtures using both 3-MF and its related isomers, 2-MF, as the parents
substrates. Unfortunately, even though adduces were apparently rapidly formed with
nuclcophilic reagents including glutathione, N'-acecyi cysteine and cysteine, in our hands
they w re not stable enough to allow isolation. We also looked for other non-conjugate
metabolites, such as unsaturated lactones or dihydrodiols which might have implicated
the initial formation of an epoxide-rype intermediate followed by the further metabolism
and/or nonenzymatic rearrangement or degradation (8). However, we were unable to
detect any of these hypothetical products, and thus, were unable to make any substantial
case for the involvement of an epoxide.

Recently, Drs. Ravindranath and Burka have reexamined this problem has have
obtained some very illuminating new results (9,10). Their studies were based upon the
hypothesis (11) that an unsaturated aldehyde intermediate was a likely product which,
even though it could conceivably be formed via epoxide. it could also be formed directly
from the parent furan. The latter hypothetical pathway could involve an initial
one-electron oxidation by a cytochrome P-450 ferryl oxide intermediate to form a furan
radical cation species stabilized by the furan oxygen. Subsequent reaction with the
Fe^-O species might be expected to given an intermediate which could then either form
the epoxide, or, perhaps via a more energetically favorable pathway, form an unsaturated
aldehyde directly without going through the epoxide. In either case, the unsaturated
aldehyde would likely be potentially hazardous were ic to be formed in living cells, since it
would be expected to have high reactivity with cellular constituents (e.g., via Michael
addition to the double bond or by nucleophilic additions to the aldehyde).

To explore the unsaturated aldehyde hypothesis, a suitable trapping agent was needed.
Semicarbazide proved to be the answer. The disemicarbazones of the suspected
unsaturated aldehyde products from 2-MF and 3-MF (acetyl acrolein (AA| and •
methylhutenedial [MB], respectively) were first prepared by chemical synthesis. Rat
hepatic microsomal incubations were then performed in the presence and absence of
NADPH. semicarbazide and 2-MF or 3-MF. High-pressure liquid chromotographic [HPLC|
analyses of extracts from these incubations showed peaks from incubations with 2-MF and
3-MF corresponding to the synthetic standards AA and MB, respectively. When NADPH
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was deleted, no such peaks were observed. A similar experiment performed with rat lung
microsomes and 3-MF also showed a peak corresponding to MB. and again only from
Incubations containing NADPH. Subsequent preparative HPLC, purification by gel
permeation chroraatography, and mass spectral analyses confirmed the identities of the
AA and MB disemicarbazones produced in the microsomal incubations.

Another experiment addressed the question of whether these unsaturated aldehydes
were responsible for the "covalent binding" of 3-MF observed in vitro. Thus, when a
comparison was made of the covalcnt binding and the amounts of MB disemicarbazone
produced in hepatic microsomal incubations in the presence and absence of NADPH and
semicarbazide, there clearly was an inverse relationship between the two measures.
Scmicarbazidc strongly inhibited the NAOPH-dependent covalent binding of 3-MF,
presumably by trapping the reactive dialdehyde intermediate (MB) before it could react
and bind irreversibly to the microsomal macromoleculcs.

Metabolic activation in viva

Not surprisingly, when 3-MF and 2-MF were administered in vivo to laboratory animals,
large amounts of radioactivity were bound covalently to the livers and lungs, and much
smaller or insignificant amounts were bound to tissues with little or no known
cytochrome P-450 mono-oxygenase accivity (7,12). Moreover, in the lungs the covalentty
bound 3-MF metabolite was shown by autoradiography to be most heavily bcund in the
bronchiolar Clara cells. It is known from other studies that a very active cytochrome
P-450 enzyme system is concentrated in this specific family of lung cells (13). Not
surprisingly therefore, many Clara cells were destroyed in the lungs by 3-MF. Also, as
could be anticipated, the metabolism inhibitor, piperonyl butoxide, prevented the in vim
covalent binding and toxicity of 3-MF in the lungs of mice. Conversely, diethylmaleate
treatment, which removes glutathiont (presumably an alternate, "nontoxic" site for
reaction of the active 3-MF metabolite), resulted in the enhancement of pulmonary
covalent binding and toxicity of 3-MF in mice.

Target tissue toxicity

Drs. Haschek, Hakkinen, Morse and Witschi at the Oak Ridge National Laboratory have
extensively studied the toxicity of single-dose and multi-dose regimens of 3-MF
administered by inhalation. Several detailed reports of these results are in press (14-16)
and others are forthcoming. A few of the major observations from this work are
particularly noteworthy in the present context.

In all the species studied, including mice, rats and hamsters, the bronchiolar Clara cells
were a prominent site of acute damage in the lungs after a single 1 hr exposure to 3-MF. As
indicated before, this is exactly what we would anticipate based on the knowledge that
3-MF must be activated by metabolism, and that the necessary enzymatic machinery is
present in these cells. The exposure concentrations studied were in the range of 300-900
ppm for mice and 3600-7900 ppm in rats and hamsters.

In mice, the Clara cell damage was followed by bronchiolar cell proliferation and
airway repair which was essentially complete within 21 days. In the hamster, after
nonlethal exposures, the selective necrosis o.f pulmonary Clara ceils; was repaired within
about 14 days. In contrast in the rat, the pulnion.tr}' bronchiolar damage.was more
extensive and was followed by scattered peribronchiolar fibrosis and epithelial mucous
metaplasia suggestive of "small airway disease" of man. Also as might be expected, the
higher concentrations of 3-MF caused ccntrilobulxr liver necrosis in all three species.
Only in mice did 3-MF cause kidney necrosis, and this result was consistent with studies
with another firan compound, 4-ipomeanol, that causes nephroroxiciry only in mice and
not in rats anr- hamsters (17). Metabolism studies with 4-ipomeanol showed that only.the -
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kidneys of adult male mice (as used in the present studies) and not those of rats or
hamsters contained a cytochrome P-450 enzyme activity which catalyzed the covalcnt
binding of the compound to renal macromol:cules.

Another striking lesion that occured in all three species was a relatively selective
necrosis of the nasal olfactory epithelium. In rats, the olfactcv damage was more severe
and still not resolved even after a month, and a partial occlus e fibrosis of the nasal cavity
was present (16> Although we have not yet studied directly i V -netabolilsm of any ftiran
compound in olfactory tissue, it seems likely that this target tissue damage by 3-MF is also
a result of the capacity to metabolically activate the compound in situ. Interestingly, there
have been several recent reports of cytochrome P-450 dependent mixed function oxidase
activity- in the nasal epithelium of various animal species (18).

CONCLUSIONS

At this point we should like to conclude with a few comments concerning the possible
relevance of such studies to the problem of human risk assessment. Obviously, we still
lack much critical knowledge before we could yet make any really quantitative
extrapolations for human risk with 3-methyUuran. Nevertheless, what we have learned is
potentially useful at least in a qualitative sense. For example, some knowledge of the
biochemical mechanism of toxicity and, in particular, the importance of target tissue
metabolism, may alert us not only to possible target tissues for damage but also in some
cases the characteristic pattern of cellular damage we might expect to see in a given
tissue. Indeed, if, as if the case if 3-methyIftiran, we know that target tissue susceptibility
depends upon the capacity of that tissue to metabolize the compound to a reactive
intermediate in situ, we may directly compare animal and human tissues in this respect.
This requires, of course, that we have access to suitable samples of human material. For
example, an inability of human kidney to metabolize 3-methylfuran to methylbutenedial
might predict that humans would more likely resemble rats and hamsters, rather than
mice, with respect to susceptibility to renal damage by 3-methylfuran.

However, our ability to make more quantitative projections based on these kinds of
studies still is difficult or impossible due to many critical gaps in our knowledge. These
gaps not only concern toxic mechanisms but also the question of actual exposure
concentrations encountered and what they may really mean with a particular compound.
For example, even if we had accurate quantitative data on actual human exposure to
3-methylfuran (which we do not presently have) and could therefore relate this to animal
exposures, we would still need to relate this in turn to the resultant concentrations to
which the target tissues are subjected. This information, while relatively straightforward
to obtain in laboratory animals, is difficult, if not practically impossible, to obtain in
humans. Moreover, the target tissue concentrations of the parent compound alone are not
sufficient to allow any kind of extrapolation in terms of expected toxicity. Vt'e ne:d also to
know how to quantitatively relate exposure concentrations to the amounts of the ultimate
toxic mernboiites (s) produced at the target sites. Even then, given our present state of
knowledge, we must realize that it is still impossible to place any quantitative significance
on the actual amounts of reactive metabolites) produced in a potential target tissue. How
much or how little of a particular metabofite in a particular tissue is required to produce
to.ticity in a given animal species is subject to the effects of a plethora of biological
variables,, only a few of which we are yet able to identify.

Thus, it clearly appears that, for any given compound whose target tissue toxicity
depends upon in situ metabolic activation, we may have a long way to go in terms of
quantitative risk cxtapolations from laboratory animals to man. Nevertheless, we do seem
to be gaining new knowledge of metabolism and toxicity mechanisms that may lead to
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improvements in our ability to make such predictions in the future. At the very least, this
new knowledge can presently both help us predict likely target tissues for a given
compounds, as well as also help us to predict what other compounds might produce
similar kinds of target organ foxiciry.
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