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INTRODUCTION 

Recent progress in understanding and predicting toxicity in the respiratory 
tract has been made largely through advances in two areas. New concepts 
regarding the uptake and clearance of inhalants have led to rethinking of 
long-held principles. At the same time, advances in understanding the role of 
respiratory tract metabolism in determining the fate of xenobiotics is improv­
ing the clarity with which we explain the causes of respiratory tract toxicity. 
The purpose of this review is to provide updated commentary on recent 
developments in the study of the dosimetry of inhaled materials and of the 
metabolism of xenobiotics in the respiratory tract. Our purpose is to highlight 
recent important developments in the area rather than to exhaustively review 
the literature. 

Several reviews cover aspects of metabolism in the respiratory tract: 
xenobiotic metabolism in the entire respiratory tract (1, 2); detailed reviews 
of xenobiotic metabolism in the nasal cavity (3) and lung (4-6); the 
relationship of pulmonary metabolism to the toxicity of compounds (7, 8) and 
future research needs in terms of toxicity in the nasal passages (9). The factors 

'The US Government has the right to retain a nonexclusive, royalty-free license in and to any 
copyright covering this paper. 
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384 DAHL & LEWIS 

affecting the concept of dose for inhalants have been examined (10); and 
interspecies comparative dosimetry for inhaled materials was the subject of a 

symposium proceedings (11). The interested reader is referred to these articles. 

UPTAKE AND CLEARANCE 

Progress in Gas and Vapor Uptake Modeling 

Traditionally, gas and vapor uptake has been described by lung ventilation/per­

fusion models (e.g. 12). An assumption of such models is that uptake occurs 
in the alveolar region of the lung. These models predict that the uptake of 

highly water-soluble vapors (more accurately, those with high water/air 
partition coefficients) is ventilation-limited (i.e. uptake depends only on 

respiratory tidal volume and breathing rate), whereas the uptake of poorly 
water-soluble vapors is perfusion limited (i.e. uptake depends only on blood 
flow through the alveoli). Many workers have recognized, however, that 

experimentally determined uptake often varies from that predicted by venti­

lation/perfusion models (e.g. 13). Because of the inadequacies of simple 
ventilatiOn/perfusion models, new interest in the factors affecting the uptake 
of inhalants has been kindled. Sophisticated modeling methods have been 
used to calculate and to validate the effects of airflow patterns on vapor uptake 
and site of toxicity (14, 15). The role of metabolism of vapors on uptake in 
the nasal cavity has been examined (16); an experimentally validated 
mathematical model describing the nasal uptake of vapors and gases has been 
developed (17); and a similar model, albeit assuming that uptake into blood 
occurs only in the gas exchange region, has been developed for vapor uptake 
in the lung (13). The groups involved in this research continue' to produce 
both data and explanations that expand our understanding of how inhaled 
gases and vapors interact with the respiratory tract. Among recent advances 
are the findings that air flow patterns correlate with sites of toxicity for inhaled, 
highly reactive vapors (14); that metabolism in the nasal cavity contributes 
substantially to the uptake of organic esters (16); and that substantial 
desorption of vapor molecules from the nasal and lung airways occurs during 
exhalation (13, 17). 

New Concepts in the Clearance of Lipophilic Compounds 

Based on earlier work by Gerde & Scholander (18), Gerde et al (19) published 

a theoretical model describing the uptake of highly lipophilic compounds 
(those compounds with oil/water partition coefficients exceeding -100,000). 
As a consequence of strong affinities for the lipoidal parts of the mucosal 
tissue, diffusion of highly lipophilic compounds through the mucosa into the 
blood stream is slowed; therefore, much longer half-times for clearance are 
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UPTAKE AND METABOLISM 385 

expected for highly lipophilic compounds compared to less lipophilic ones. 
In tum, the postulated long residency for highly lipophilic compounds, such 
as benzo(a)pyrene (BaP), suggests that metabolism will contribute substan­
tially to clearance from the respiratory tract. The theory further predicts that 
less lipophilic compounds will clear rapidly without substantial metabolism 
and that even highly lipophilic compounds will pass relatively quickly through 
the thin air/blood barrier of the gas exchange region. 

RESPIRATORY TRACT METABOLISM 

Nasal 

CYTOCHROMES P450, ASSOCIATED ACTIVITIES ,  AND POTENTIAL TOXIC EFFECTS 

The uniqueness of the nasal tissue cytochrome P450s was recognized initially 
from studies of its metabolic activities, and examples of unusual activities 
continue to be reported. For example, rat nasal tissues have very high 
capacities for the production of hydrogen cyanide from organonitriles (20). 
Although volatile organonitriles are commonly inhaled and, because of their 
high water solubility, may undergo extensive uptake and metabolism in the 
nasal cavity, the toxic effects of the released cyanide may be ameliorated by 
the presence in the nasal tissues of the enzyme rhodanese, which catalyzes 
the formation of thiocyanate from cyanide (21). 

Methylenedioxyphenyl (MDP) compounds are widely dispersed in nature 
and are also used in the production of pesticides---especially in household 
sprays, where they potentiate the pyrethroid toxicants. MDP compounds are 
metabolized by cytochrome P450-dependent monooxygenases, putatively to 
carbenes that bind to and inactivate P450 at the heme iron. MDP compounds 
are much more potent inhibitors of rabbit nasal demethylases than of liver 
demethylases (22), and inhalation of these compounds may have important 
effects on nasal metabolic activities. 

MDP compounds are not the only inhibitors of P450-mediated nasal 
metabolism encountered in nature. Hong et al (23) showed that a single oral 
dose of diallyl sulfide, a component of garlic, substantially decreases the 
capacity of nasal mucosa to metabolize several nitrosamines. 

The unique characteristics of nasal P450s may also make nasal tissue 
particularly vulnerable to the effects of procarcinogenic nitrosamines because 
nasal tissue homogenates activate certain nitrosamines to mutagenic products, 
even when liver and lung tissue homogenates do not (24). 

Major progress has been made in the identification and localization of 
cytochromes P450 in the nasal cavities of test animals and in the determination 
of cytochrome P450-mediated activities in the human nose. The cDNA-de­
rived amino acid sequence has been determined for a nasal olfactory 
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386 DAHL & LEWIS 

tissue-specific isozyme, rabbit P450 NMb (2G 1) (see Ref. 25 for P450 
nomenclature) (26). 2G 1 metabolizes testosterone while a second isozyme 
found at high levels in rabbit olfactory tissue, NMa (a member of P450 family 
2), is apparently largely responsible for metabolism of the potent rat nasal 
procarcinogen, hexamethylphosphoramide (HMPA), to the carcinogen form­
aldehyde (27). Cytochrome P450 isozymes 2Gl and a 2A subfamily member 
were localized in the rat olfactory mucosa using immunohistochemical 
techniques. These enzymes are highly concentrated in the Bowman's glands 
(28). A P450 isozyme belonging to the 4A subfamily is possibly responsible 
for the metabolism of arachidonic acid to 20-hydroxyeicosatetraenoic acid in 
rabbit olfactory tissue (28a). 

P450 isozymes 1 Al (typical substrate, BaP), 2B I (typical substrates 
pentoxyresorufin, BaP, aminopyrine), and 4Bl (typical substrate, 2-
aminofluorene) have all been reported to occur in nasal tissue (see Ref. 3). 
Adams et al (29) closely examined the distributions of these isozymes in rat 
and Syrian hamster nasal tissue. Few differences are found in the distribution 
of cytochrome P450 isozymes 2BI, 4BI, and IAI between the hamster and 
rat nasal cavities. The nasal transitional epithelia (see Ref. 3 for summary of 
nasal anatomy) in both species have high concentrations of form 2B I and 
lower concentrations of forms 4BI and tAl .  The relative concentrations of 
these enzymes is similar in the respiratory epithelium, olfactory sustentacular 
cells, acinar cells of the Bowman's glands, and in the septal organ. The 
vomeronasal gland in both species has low P450 levels. NADPH-cytochrome 
P450 reductase levels tend to parallel those of isozyme 2B I (29). 

Differences between activities in monkey nasal tissue from those in human 
nasal tissue may indicate that the monkey is not necessarily the best model 
for humans with regard to nasal metabolism (30). P450-dependent metabolic 
activities reported in human nasal respiratory tissue include dealkylases for 
HMPA, aminopyrine, ethoxycoumarin, ethoxyresorufin, diethylnitrosamine, 
and dimethylnitrosamine (3, 31). Among other differences, the nasal respira­
tory mucosa of cynomolgus monkeys has ethoxycoumarin dealkylase activity 
100-fold higher than that in humans (30). Other P450 activities reported in 
the monkey nasal tissue include aminopyrine, ethoxyresorufin and erythro­
mycin dealkylases, and aniline hydroxylase. 

The nasal cavity is increasingly reported as a site for metabolite-induced 
lesions. Orally administered phenacetin causes nasal tumors-as well as 
kidney and urinary bladder tumors-in rats. Both squamous cell carcinomas 
and adenocarcinomas occur in the nasal cavities of rats administered phenac­
etin chronically. Degenerative changes in the olfactory epithelium and necrosis 
in Bowman's glands occur following acute phenacetin administration (32). 
Acetaminophen, like structurally similar phenacetin, is toxic to nasal cells as 
well as to bronchiolar Clara cells after oral administration (33). 
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UPTAKE AND METABOLISM 387 

Within the nasal cavity, the olfactory mucosa is particularly vulnerable to 
metabolite-induced toxic effects (3). For example, iminodipropionitrile 
(IDPN) metabolites cause olfactory toxicity in the rat after administration by 
noninhalation routes (34), and olfactory tissue lesions in rats and mice result 
from inhaled ferrocene vapor (35, 36). The toxicity of both compounds is 
probably related to the high metabolic capacity of the olfactory tissue. When 
administered by inhalation, the chemical intermediate, 3-trifluoromethylpyrid­
ine (3-TMP), is a potent olfactory tissue toxicant in rats, but much less so in 
monkeys. The role of P450-mediated metabolism in the toxicity of 3-TMP is 
shown by the inhibition of binding of the compound after treatment with 
metyrapone, a P450 inhibitor (37). 

CARBOXYLESTERASES Volatile carboxylic esters are common in the natural 
environment and in the occupational setting, and their hydrolysis catalyzed 
by esterases may playa role in determining their biological fate and potential 
toxicity. As mentioned previously, Morris (16) showed that nasal hydrolysis 
of ethyl acetate contributes to the uptake of ethyl acetate in rats. Nasal 
esterase-mediated hydrolysis also activates some esters to toxic metabolites. 
For example, a mixture of dibasic esters used as industrial solvents is 
hydrolyzed by rat nasal tissue to produce toxicants (38, 39). 

Human nasal respiratory mucosa, like that of other species, contains high 
levels of esterases as measured using naphthyl butyrate as the substrate (40). 
The enzyme responsible is localized to the apical portions of the epithelial 
cells and to some glands in the lamina propria (41). The pathological state of 
the nasal mucosa may be an important modifier of esterase activity, and hence, 
of toxicity of inhaled esters. Thus, human nasal tissues with evidence of 
hyperplasia or squamous metaplasia have greatly decreased im­
munohistochemical staining for carboxylesterase (41). 

OTHER ENZYMES AND COFACTORS Decreased tissue levels of the antioxidant, 
glutathione (aSH), may increase the susceptibility of the affected tissues to 
the toxic effects of chemicals normally detoxicated by reaction with aSH. 
Among heart, kidney, liver, lung, nasal mucosa, and testes, the nasal tissue 
shows the sharpest drop in aSH content during inhalation exposure to low 
levels of 1,3-dichloropropene (DCP)(42). After the aSH is depleted, further 
exposure to DCP or other xenobiotics such as aflatoxin (42a) or the herbicide 
dichlobenil (42b)-administered by inhalation or by other routes-may result 
in unexpected nasal toxicity. 

Other factors, such as age, may affect tissue aSH levels. For example, 
aSH levels decrease with age in several brain regions, including the olfactory 
bulb. However, aSH levels in the rat olfactory epithelium apparently do not 
vary with age (43). 
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The cyanide-metabolizing enzyme, rhodanese, shows very high levels of 
activity in the nasal tissues of rats (21). High rhodanese activity has been 
reported in human nasal respiratory tissue as well, and the activity may be 
modulated by smoking (44). The subcellular and glandular distribution of 
rhodanese differs in bovine and rat nasal tissues (45), emphasizing the 
importance of characterizing species-specific enzyme activity and localization 
before making interspecies extrapolations with respect to toxicity. 

Nasopharyngeal and Tracheal 

Although the nasopharynx and trachea are at times the target tissues for 
protoxicants, only a few recent studies have examined metabolic activities in 
these tissues. Parenteral 3-methylcholanthrene (3-MC) administration induces 
P450IAI in the rat nasopharynx as well as in the lung, whereas P4501A2 is 
not induced in the respiratory tract at doses effective in the liver. The ratio 
of aryl hydrocarbon hydroxylase (AHH) activity to IAI for rat lung is tenfold 
that for the nasopharynx, in which there is little AHH activity even after 
induction (46). 

Regenerating hamster tracheal epithelium contains cytochrome P450 form 
2 and NADPH-cytochrome P450 reductase. The secretory cells of the trachea, 
in particular the apical portions, have the highest concentrations of these 
enzymes (47). Adult hamsters may be particularly sensitive to toxic effects 
in the trachea. Thus, after parenteral administration of naphthalene, the 
tracheae and lobar bronchi of hamsters, but not rats, show cytotoxic changes 
(47a). 

Bronchiolar and Alveolar and Whole Lung 

CYTOCHROMES P450 AND ASSOCIATED ACTIVITIES AND TOXICITIES The lungs 
from a number of species, including humans, have striking similarities in the 
types of P450 isozymes constitutively present or inducible, but there are also 
some possibly important differences (Table 1). A notable interspecies differ­
ence is found in the levels of constitutive enzymes present, as indicated in 
the following comments on lung P450s in six species. 

Mouse Murine lung, like that of other species, contains very low constitutive 
levels of P450IA isozymes; they are, however, readily inducible. Murine 
pulmonary P4501Al is nearly maximally induced 48 hr after parenteral 
treatment with 2,3,7 ,8-tetrachlorodibenzo-p-dioxin (TCDD) and remains at 
that level for 4 wk (63). A monoclonal antibody to a 3-MC-induced P450 
indicates the induced isozyme is present in the alveolar walls and in the blood 
vessel endothelium of parenterally 3-MC-administered mice but not in that of 
control mice (64). Similar studies in the lungs of "responsive" and "non­
responsive" mice localized 3-MC and phenobarbital-inducible cytochromes 
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P450 using antibodies against the appropriate isozymes. Forms IAI andlA2 
are present in 3-MC-induced lungs, but are not constitutive. Forms 2Bl and 
2B2 are constitutively present, but are not inducible. lAl  is induced in Type 
II cells of the septa, but not in endothelial cells; whereas lA2 is induced in 
both cell types. P4502Bl or 2B2 or both are present in Type II alveolar cells 
and bronchiolar epithelial cells, including Clara cells (48). Clara cells isolated 
from mouse bronchiolar epithelium lack cytochrome P4501Al,  but do contain 
cytochrome P450 "mN", which can metabolize the pneumotoxicant, naphtha­
lene. In addition, three other major components of the P450 monooxygenase 
system present in isolated murine Clara cells are P450 isozymes 2B 112 and 
4BI, and NADPH cytochrome P450 reductase (49). 

A number of murine pneumotoxicants require metabolic activation. Naph­
thalene has been well studied with regard to its capacity to necrose Clara cells 
in the mouse lung (65). A P450 isozyme termed P450m50b may be the major 
one involved in the pulmonary metabolism of naphthalene (50). In addition 
to naphthalene, both acetaminophen and phenacetin require metabolic activa­
tion-possibly by P4502El in the case of acetaminophen-to exert toxic 
effects on mouse bronchiolar Clara cells (33). 

Rat In untreated rat lung, P4502Bl is the major isozyme, but isozyme lAl 
has also been detected (66). P4501Al is induced in the rat lung by 3-MC 
administration, whereas, unlike the case for the mouse, P4501A2 is not. The 
ratio of AHH activity to lAl is larger in rat liver than in lung, indicating that 
isozymes besides lAI may be important in providing lung AHH activity (46). 
Quite possibly, 2B 1 contributes substantially to this activity. 

Baron & Voigt (51) and Voigt et al (67) used immunohistochemical and 
histochemical techniques to study the localization, distribution, and induction 
of xenobiotic metabolizing enzymes and AHH activities in rat lung. P450 
isozymes lAl and steroid-inducible 3A2 (responsible for steroid 613-hydrox­
ylation, among other activities) are about equally distributed among bronchial 
epithelial cells, Clara cells, and Type II pneumocytes. Isozyme 2BI and 
NADPH P450 reductase are at significantly higher concentrations in the Clara 
cells than in the other cell types examined. BaP hydroxylase is uniformly 
distributed among the three cell types from untreated rats and is uniformly 
increased among the cell types after treatment with 3-MC or Arochlor 1254. 
All three cell types also show dramatically increased levels of isozyme lAl 
in rats pretreated with Arochlor 1254. 3-MC pretreatment dramatically 
increases lAI levels in Clara cells and Type II pneumocytes, but not in 
bronchial epithelial cells (51). These findings corroborate those reported by 
Keith et al (66) who reported P4502Bl to be localized in rat Type II cells 
and Clara cells. These workers also reported that P450lAl is highly inducible 
by 3-MC administration in the rat lung, especially in endothelial cells, Clara 
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390 DAHL & LEWIS 

Table 1 Some P450 isozymes reported in lungs of mice, rats, rabbits, Syrian hamsters and 
humans· 

Isozyme Comments References 

Mouse I A I  Induced i n  type I I  cells 48 
IA2 Induced in type II cells and endothelial cells 48 
2BI Constitutive in type II cells and Clara cells 48 
2B2 Constitutive in type II cells and Clara cells 48 
4B I Rabbit form activates ipomeanol and 2-aminofluorene 49 
"mN" In Clara cells, metabolizes naphthalene 49 
"mSOb" In Clara cells, major naphthalene metabolizing en- 50 

zyme 

Rat IAI Induced in bronchial epithelium, Clara cells and type 51 
II cells 

2A3 Absent in rat liver 68a 
2B I Constitutive at highest levels in Clara cells 51 
2EI Induced by hyperoxygen 52 
3 A1I2 Induced in bronchial epithelium, Clara cells and type 51 

II cells 
4BI Absent in rat liver 62 
"FI" Constitutive. Induced by 03 53 
"FH" Cross reacts with rat anti 2B 1 .  Constitutive. Induced 53 

by 03 

Rabbit l A l  Highly inducible . Occurs i n  endothelial cells without 54 
reductase 

2BI With 4BI, accounts for 80% of uninduced P450 in 55 

lung 
2E I,  2E2 2EI 5% that of liver; 2E2 2 . 5 %  that of liver 5 5a 
4A4 P450 prostaglandin w--hydroxylase. Occurs only in 56 

pregnant rabbits or after induction by progesterone 
4 Bl Activates 2-aminofluorene and ipomeanol 57 

Hamster "Me" Possibly l A I. Highly inducible 58 

2B Along with reductase, absent from mesothelium in 59 

adults 
4B Present in mesothelium in adult 59 

Human I A I  Inducibility related to smoking and lung cancer 60 

2FI Ethoxycoumarin, pentoxyresorufin and 3 - 6 1 ,  6 l a  

methylindole are substrates 
4 Bl Unlike rabbit form, does not activate 2- 62 

aminofluorene 

"NOTE ADDED IN PROOF 
Kato et a! report racial differences in human lung 2EI po\ymorphisms (138). 
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cells, and Type II cells. P4501A2, however, is not found in rat lung 
micro somes (66). 

MDP compounds, normally thought of as P450 inhibitors, can also induce 
P450s, and they differentially induce P450lAI in rat lung Clara cells. 
P4502B 1 decreases as a result of treatment, but the level of mRNA encoding 
2B 1 is not decreased (68). The authors conclude that these compounds regulate 
P450s by both transcriptional and post transcriptional mechanisms. A 3-
methylcholanthrene inducible P450 unique to the rat lung, 2A3, shares 85% 
amino acid similarity with human 2A3 and 94% similarity to mouse 
testosterone 15a-hydroxylase (68a). In contrast to the rat 2A3, the human and 
mouse forms do appear in liver. 

Ethoxyresorufin deethylase activity, but not p-nitrophenol hydroxylase, is 
reported to increase in rat lung micro somes after oral ethanol administration 
(69). Because p-nitrophenol is an excellent substrate for ethanol-inducible 
P4502El,  whereas ethoxyresorufin probably is not, these results offer 
intriguing possibilities for unusual mechanisms for induction in the lung. For 
some assays, however, rat alveolar Type II cell P450 activities exhibit complex 
kinetics, especially at low enzyme concentrations (70). Thus, the findings 
regarding ethanol induction may have been influenced by the enzyme 
concentration range examined. 

Ethanol-inducible cytochrome P4502El is induced fourfold in rat lung and 
liver by oxygen (95% 02 for 60 hr), indicating that this isozyme may moderate 
oxygen-mediated toxicity (52). Possibly related results indicate that inducers 
of cytochrome P450 protect against oxygen toxicity. [3-Naphthaflavone or 
3-MC induction provides better protection than does phenobarbital induction 
(71). 

Ozone induction of P450 in rat lung is ascribed to induction of constitutive 
forms and not of new forms. Two constitutive P450s (FI and FII) are induced 
by 2 wk of ozone exposure. FII cross-reacts with antibody to rat liver form 
2Bl (53). A role for P450 induction in ozone toxicity, however, has not been 
established, and induction may simply result from changes in relative ratios 
of cell types. 

Rabbit Reminiscent of the rat, P450s in the rabbit are localized primarily in 
Clara cells and Type 11 cells, in addition to alveolar macrophages. The total 
rabbit lung P450 concentration is considerably greater than that of the rat. In 
untreated rabbit lungs, cytochrome P450 forms 2Bl and 4Bl account for 80% 
of the total pulmonary P450. Form IAI contributes only a few percent of the 
total P450 in untreated rabbit lung but is induced 26-fold by 3-MC or TCDD 
administration. Form lA2 has not been reported in either untreated or 
3-MC-induced rabbit lungs (55). Both P450lAI and its encoding mRNA are 
strongly induced by TCDD in lung Clara cells and endothelial cells; neither 
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392 DAHL & LEWIS 

P450 reductase, a key component of the mixed function oxidase system, nor 
its encoding mRNA is detected in endothelial cells. The explanation for this 
finding is the subject of continuing research (54). 

A P450 isozyme apparently unique to pregnant rabbit lung or lungs from 
progesterone-induced rabbits (56) is described in the section of this review 
subtitled, Influence of Hormones and Inflammation on Respiratory Tract 
Metabolism. 

Syrian hamster Suggestive of virtually all species examined to date, AHH, 
an activity linked to the activation of some important procarcinogens, is highly 
inducible in the hamster lung. P450 MC has been isolated from 3-MC-induced 
Syrian hamster lung. The lung form appears to differ from liver forms. It is 
related to rat 1A1 and has a high (11.4 mol/minlmol P450) catalytic activity 
for BaP metabolism (58). 

P4502E1 is another isozyme that, like 1A1, is linked to the activation of 
some protoxicants, including nitrosodimethylamine. Orally administered 
acetone, an inducer of ethanol-inducible cytochrome P4502EI, induces aniline 
hydroxylase, a 2El activity, in the lungs of hamsters, but does not affect 
nitrosodimethylamine demethylase or the overall levels of cytochromes P450 
or b5. Acetone administration markediy decreases hamster lung microsomal 
BaP hydroxylase, a P450l AI activity, and 7-ethoxycoumarin O-deethylase 
activities (72). These findings contrast with those reported in the rat (69) in 
which ethoxyresorufin metabolism, a P4501AI activity, increases after 
ethanol administration, whereas p-nitrophenol hydroxylase, a 2E1 activity, 
decreases. 

Other isozymes studied in hamster lung include forms found in the lungs 
of most other species. P450 isozymes of the 2B and 4B subfamilies and 
cytochrome P450 reductase follow different developmental pathways in the 
lungs of hamsters (59). P4502B and reductase first appear in the trachea and 
bronchi on gestational day 14 and in all other conducting airways and in the 
lung vasculature on day 15. Isozyme 4B follows 2B and reductase by about 
24 hr. Type II cells and the mesothelium contain all three enzymes on neonatal 
day 1. At 3.5 wk, the mesothelium no longer contains either reductase or 2B. 
Other sites retain al\ three enzymes in the adult. 

Human Wheeler & Guenthner (73) have reviewed cytochrome P450-depen­
dent metabolism in human lung. These authors indicate that total human lung 
P450 is 2 pmoles/mg of microsomal protein, only 5% of that in rat lung and 
less than 1% of that found in untreated rabbit lung. Shimada et al (74) 
solubilized and purified microsomal P450 isozymes from nine human lung 
specimens. They reported � 10 pmole of P450/mg microsomal protein. The 
reason for the fivefold higher P450 concentration compared to that reported 
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by Wheeler & Guenthner is not clear. Two potentially new P450 isozymes 
were found. In addition, isozyme lAl capable of metabolizing BaP was 
present but isozyme lA2 was absent in all samples. 

Human lung AHH activity is only a few percent that of human liver and 
about 20% that of uninduced rat lung. Human lung homogenates are reported 
not to activate mutagens requiring AHH activity, although bronchial explants 
have been reported to have AHH activity. Although isozyme P4501Al, often 
associated with AHH activities, has been identified in human lung by 
immunochemical methods, AHH in human lung may be catalyzed to a 
significant degree not only by lAI (or lA2) isozymes but also by other P450 
isozymes (73), a conclusion similar to that drawn for rat lung by Wilson et 
al (46). 

Using a technique involving discontinuous sucrose gradient centrifugation 
to remove particulate contaminants interfering with the measurement of the 
low levels of lung P450, Wheeler & Guenthner (75) compared the cytochrome 
P450 content of human lung to that of baboons and found them to be nearly 
equivalent to each other but < I % that in rabbits. The human lung P450 
measurements correlated well with metabolic activities in the microsomal 
fraction (75). 

cDNAs for human lung 4Bl (62) and 2Fl (61), the latter possibly unique 
to the human lung, have been isolated and expressed in human cell lines. 
Expressed human 4B 1 lacks 2-aminofluorene and lauric acid hydroxylase 
activity. Aminofluorene is a procarcinogen and a good substrate for rabbit 
4B l .  Thus, this finding may affect the interpretation of carcinogenicity data 
obtained using test animals. Expressed 2Fl has ethoxycoumarin, pen­
toxyresorufin O-demethylase (61), and 3-methylindole oxidase (61a) activi­
ties, but no ethoxyresorufin O-demethylase activity (61). Thus, the exclusivity 
of phenobarbital-inducible P4502B 112 for the metabolism of pentoxyresorufin 
(76) appears to be broken by 2Fl. As a consequence, metabolism of this 
substrate in human lung cannot be taken as an indication of the relative 
abundance of 2B 112. 

Twelve human P450s and two P450s from other species were expressed in 
human hepatoma cells (57). These Hep G2 cells were examined for their 
ability to activate the pneumotoxicant (77), ipomeanol. Forms IA2, 3A3, and 
3A4 (see Ref. 78 for a review of human P450s) catalyze ipomeanol oxidation 
to metabolites that bind DNA. Except for lA2 in the mouse, these enzymes 
are not known to be expressed in either human or rodent lung. Cytochromes 
P4502Fl and P4504B l ,  isozymes occurring in human lung and discussed 
previously, have only modest ability to metabolize ipomeanol. The most active 
enzyme for ipomeanol metabolism is 4B 1 from rabbit, which, as mentioned, 
also can metabolize 2-aminofluorene, another substrate that the human form 
does not metabolize (57). 
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Fast-emerging and impot:tant research may soon pinpoint environmental 
and genetic influences on susceptibility to lung cancer. Cigarette smoke has 
long been known to induce lung AHH activity in animals (79). Cigarette 
smoke also has pronounced effects on pulmonary xenobiotic metabolism and 
lipid peroxidation in human lungs. Although enzyme preparations from the 
bronchial tree and the peripheral lung have low capacities to activate 
promutagens in the Ames test, and they even decrease the activity of several 
direct mutagens, there is, nonetheless, support for the hypothesis that 
P450lAI levels in tobacco smokers are associated with lung cancer risk (80). 
The presence of peripheral lung adenocarcinoma and lung P450lAI levels 
correlate, but there is no strong correlation between bronchial cancer and lung 
P450lAI levels. Macrophages in all lung cancer patients are consistently 
negative for antigen to a lAl monoclonal antibody. Type II cells from 
bronchial cancer and peripheral lung cancer patients tend to have more IAI 
activity than do Type I cells. Among patients with peripheral lung cancers, 
but not those with bronchial cancer, the bronchiolar epithelium tends to have 
more P450lAI in the cuboidal cells than in ciliated cells (60). 

Among patients with peripheral lung cancers, the vascular endothelium in 
the bronchi tends to have measurable lAI (60). The finding of a high degree 
of inducibility for P4501Al in rabbit pulmonary endothelium and the absence 
of endothelial P450-reductase, suggesting that lAI in this case may serve as 
a binding protein and not as an enzyme (54), may be important in indicating 
the role of lAI in human carcinogenesis if the reductase is also absent in 
human lung endothelium. 

P4501A1 is not the only P450 isozyme that correlates with susceptibility 
to lung cancer. P4502D6-which metabolizes the anti-hypertensive, 
debrisoquine, and which is apparently absent or defective in -10% of 
Caucasians-metabolizes the tobacco procarcinogen, NNK (81). Because 
poor metabolizers of debrisoquine are at low risk for lung cancer (82), the 
inference that 2D6 participates in lung carcinogenicity would be obvious, 
except that it has not been reported to occur in lung tissue. 

Major differences between humans and rodents in the ratios of potentially 
activating enzyme activities to detoxicating activities may contribute to the 
apparent resistance of humans to the toxic effects of some inhalants (83, 84). 
Human Type II cell BaP 4,5-oxide hydrolase activity, a detoxication pathway 
for this BaP metabolite, is reported at levels of 1.08 nmol/min/mg protein­
compared to only 0.152 and nmol/min/mg protein for rabbit and rat Type II 
cells, respectively. In contrast,7-ethoxycoumarin O-deethylation, a P450-de­
pendent activity that may indicate a capacity to activate BaP, is not detected 
in either human Type II cells or human macrophages, but occurs at levels of 
-100 pmol/min/mg protein in both rabbit and rat Type II cells (85). 
P450-mediated metabolism, however, may not be the only, or even the major, 
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source of activated metabolites in the human lung. Devereaux et al (85) 
conclude that, in human lung, non-P450-mediated oxidations, such as 
cooxidation by prostaglandin synthtase, may be important in xenobiotic 
metabolism. In this regard, the bioactivation of cyclophosphamides by 
prostaglandin-H synthtase has been suggested as an explanation for the 
susceptibility of the lung to the toxic effects of this drug (86). The role of 
prostaglandin-H synthtase in xenobiotic metabolism may be extensive (87, 
88). 

CARBOXYLESTERASES Carboxylesterases play an important role in the de­
toxication of organophosphorus esters, a class of compounds that includes 
many chemical weapons as well as pesticides that may pose an inhalation 
hazard (89). In part for this reason, interest continues in lung car­
boxylesterases. Inhalation of soman, an organophosphorus ester used as a 
nerve gas, at 7.3 or 32 ppb for 40 hr is reported to inhibit rat blood plasma 
carboxylesterase to a greater extent than lung carboxylesterase. A closer 
examination of the accessibility of lung esterases to inhaled soman may help 
to explain this finding (90). 

Rat alveolar macrophage carboxylesterase plays a role in detoxicating 
malathion and phenthoate. Interestingly, lung injury produced by O,O,S­
trimethyl phosphorothioate, paraquat, or bromobenzene results in an increase 
in macrophage esterase activity (91). Human alveolar macrophage serine 
esterase has been characterized and found to be related to a liver microsomal 
enzyme (92). 

The enzymology of lung esterases, like that of esterases in general, is not 
nearly as well understood as is that of the P450s. Six carboxylesterases have 
been isolated from rat liver microsomal fractions, and several have been 
reported in the rat lung (93). Carboxylesterases in guinea pig lung have been 
identified through differential inhibition by organophosphorus compounds 
(94). 

OTHER ENZYMES Flavin-containing monooxygenases (FMO) in rabbit lung 
differ from those expressed in liver (95), although expression of FMO enzymes 
in COS-l cells indicates that both rabbit lung and liver have more than one 
form (96). 

At least two alpha-class glutathione transferases (GSH-T) are regulated by 
different genes in the rabbit lung. Both are apparently closely related to the 
human Ha subunit. Tissue- and species-dependent expression of the cytosolic 
GSH-T implies unique functions for each isozyme and unique contributions 
to the differential susceptibilities of tissues and animals to toxicants (97). * 

*NOTE ADDED IN PROOF 
Singhal et al report three a-class, two f.L-c1ass, and one 'IT-c1ass GSH-Ts in human lung (139). 
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UPTAKE AND METABOLISM: CONSIDERATIONS FOR 

DRUG DELIVERY AND INFLUENCES OF HOST 

FACTORS AND EXPOSURE ROUTE 

Intranasal and Intrabronchial Drug Delivery 

Interest in the nasal route for systemic administration of drugs has been 
rising rapidly (98, 99). Reviewing the mechanisms involved in nasal 
absorption, Fisher (98) concludes that, although both aqueous and lipoidal 
routes exist, research investigating the factors affecting nasal uptake is 
fragmentary, and systematic research results are lacking. The presence of 
substantial enzyme activities for xenobiotic metabolism (3) as well as 
peptidases (100) in the nasal cavity should certainly be considered in planning 
a systematic study. 

The isolated perfused rabbit lung has been used as a model for both 
intravascular and intrabronchial administration of bronchodilator drugs. Dies­
ter prodrugs are 30--50% metabolized on the first pass through the lungs 
following endotracheal administration (101). Taking advantage of such 
first-pass lung metabolism in drug design for diseases such as asthma, for 
which treatment by inhalation is common (102), may provide a means for 
ameliorating undesirable systemic effects. 

The efficacy of inhaled pharmaceuticals and the potency of inhaled toxicants 
will be influenced by the basic principles affecting their clearance. Inhaled 
compounds seem to fall into three categories for clearance from the lung: 
highly lipophilic, less lipophilic, and water soluble. Highly lipophilic com­
pounds, such as BaP, are probably retained in the respiratory tract tissue and 
are metabolized substantially prior to elimination (18, 103, 104). Less 
lipophilic compounds, such as resorcinol derivatives of salmetrol (105) and 
antipyrine (106), apparently pass quickly into and through lipid membranes 
and clear rapidly into the blood. As lipophilicity further decreases toward 
water-soluble compounds, such as mannitol, uptake appears to depend on 
diffusion through aqueous membrane pores and lung retention increases 
substantially above that of lipophilic compounds, although it does not reach 
the level attained by highly lipophilic compounds (18, 103, 104). 

To achieve higher persistence of drugs administered via inhalation, partic­
ular attention should be given to lipophilicity/retention relationships in drug 
design. Thus, for cyclosporine-type drugs and drugs against bronchial 
asthma-a disease that is thought to result from chronic inflammation 
( l02)-drug design including consideration for novel lipophilicity/retention 
relationships (18, 19) might lead to increased persistence in the targeted 
tissues. 
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Noninhalation Routes of Pulmonary Exposure 

Xenobiotics administered by noninhalation routes can interact with respiratory 
tract enzymes (107) and, under certain circumstances, the lungs may play a 
significant role in the metabolic elimination of xenobiotic agents in the 
circulation (108). BaP is metabolized extensively in the isolated perfused rat 
lung (108), suggesting metabolism in endothelial cells despite the reported 
lack of P450 reductase in rabbit lung endothelium (54). On the other hand, 
extrapulmonary metabolism can be involved in the mechanisms of pulmonary 
toxicity (109) and may play a key role in the activation of some pro­
carcinogens. Thus, Wall et al (110) used orthotopic liver transplantation in 
rats to show that, once BaP reaches the liver, liver release accounts for 
virtually all circulating polar metabolites. Of course, ingested or inhaled BaP 
must first pass through the mucosa of the gastrointestinal tract or respiratory 
tract before reaching the blood for delivery to the liver. During this passage, 
considerable metabolism may occur (19). 

Influence of Hormones and Inflammation on Respiratory 
Tract Metabolism 

The influence of hormones on respiratory tract disease and on the function of 
respiratory tract enzymes in the metabolism of hormones is an emerging 
research area. Testosterone is a substrate for olfactory enzymes in the rabbit 
and the rat. In the rabbit, metabolism may be catalyzed by an isozyme unique 
to olfactory tissue, P4502G 1. Sex-related steroids are also metabolized in the 
olfactory epithelium of the sow (see Ref. 3). Testosterone may play a key 
role in nasal cavity tumors induced by nitrosamines (111), and certain 
nitrosamine-induced nasal cavity tumors can be prevented in rats by orchiec­
tomy (112). For example, castration of rats decreases the capacity of the nasal 
mucosal tissue to metabolize N-nitrosobis(2-oxopropyl)amine, whereas cas­
tration increases the capacity of the liver from rats to activate the same 
compound (113). 

Rabbit olfactory microsomes metabolize arachidonic acid to 20-
hydroxyeicosatetraeonic acid, a mediator of inflammation. The isozyme 
responsible is probably a member of the P450 4A subfamily (28a). A unique 
eicosanoid-metabolizing enzyme, termed P450PG.w, was isolated from the 
lungs of pregnant rabbits. This isozyme may be responsible for physiologically 
significant processes other than xenobiotic metabolism (114). Pregnant rabbit 
lung P450PG.w is apparently induced at the transcriptional level, and induction 
is tightly regulated at the protein and the mRNA levels (115). Selective 
inhibition of P450PG-w, has been suggested as a useful tool for studying the 
role of prostaglandin hydroxylation in the rabbit lung during pregnancy (116). 
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398 DAHL & LEWIS 

The relationships among mediators of respiratory tract inflammation, the 
presence of respiratory tract inflammation, and enzyme activities, continue to 
yield tantalizing results that may prove significant in the control of lung 
disease. Thus, xenobiotic metabolism in alveolar Type II cells may be 
modified by inflammatory mediators, such as platelet-activating factor, 
produced by alveolar phagocytes (I17). In sensitized guinea pigs, P450 
content and associated activities in the lung are significantly decreased. 
Because P450s play an important role in the arachidonate cascade ( 118), 
reduced P450 activities may lead to decreased metabolism of compounds in 
the arachidonate cascade that, in tum, decreases the capacity to terminate the 
action of cysteinyl leukotrienes (119). 

The antioxidant, GSH, also plays a role in the synthesis of leukotrienes 
and proteins and in the activation of enzymes, in addition to its role in the 
protection of cells from toxic xenobiotics and oxidants (120). Oxidative stress 
may substantially influence lung metabolism. As mentioned previously, 
hyperoxygen exposure induces cytochrome P4502EI in both lung and liver 
(52), and ozone induces some constitutive forms in the lung (53). 

Exposure of the Brain to Inhalants Via the Olfactory Tissue 

The olfactory neurons extend from the airway lumen directly into the olfactory 
bulb, providing a partition that is literally only one cell in thickness. The 
adequacy of the nose/brain barrier (121) to prevent entry of inhalants into the 
brain is coming under increasing scrutiny, particularly in light of the 
relationship of certain diseases, including Alzheimer's, to olfactory deficits 
(122). 

Metabolism may play a role in providing or preventing access of inhalants 
to the brain. Nonvolatile metabolites of 14C-labeled toluene and xylene 
accumulate in the olfactory bulbs during a I-hr inhalation exposure to these 
solvents (123). For xylene, biochemical analysis indicates that the olfactory 
bulbs primarily accumulate methyl hippuric acid, representing glycine-conju­
gation subsequent to P450-dependent hydroxylation. Radioactivity progres­
sively clears from the olfactory epithelium and deposits in the olfactory bulbs 
over a time course of I to 24 hr, a time course consistent with that expected 
for fast axonal transport (IOcm to I m/day depending on species) (124). Nasal 
xenobiotic metabolizing enzymes may play a role in producing xylene 
metabolites for transportation to the brain during and following inhalation. 
However, immunohistochemical localization of cytochrome P450 isozymes 
in the olfactory bulbs is consistent with the potential metabolism of xylene in 
this tissue as well (125, 126). 

The apical portion of the olfactory epithelium and Bowman's glands and 
ducts contain high levels of glucose-6-phosphate dehydrogenase (G-6-Pd) 
(127). In both young and aged rats, the olfactory epithelium and olfactory 
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bulb have much higher G-6-Pd activities than do nasal respiratory epithelium 
or the occipital cortex. In the olfactory bulbs, the highest concentrations occur 
in the nerve and glomerular layers, but enzyme activity decreases with age 
in olfactory tissues. G-6-Pd plays a key role in the production of cofactors 
for P450 and other enzymes important in xenobiotic metabolism. Decreased 
G-6-Pd is suggested to increase exposure of tissues to oxidative stress and to 
increase vulnerability to cell degeneration, as seen in aged patients, 
Alzheimer's disease patients, and in certain other patients with neurodegenera­
tive disease (127). 

Cancer of the Respiratory Tract 

NASAL Among men in southeast China and Hong Kong, one third of all 
cancers occur in the nasal cavity. The putative procarcinogens are nitrosamines 
ingested in salted fish (128). In light of the influence of testosterone on the 
potency of nitrosamines in causing nasal cancer in animals (see Influence of 
Hormones and Inflammation on Respiratory Tract Metabolism), the special 
susceptibility of men to this disease can hardly be dismissed as coincidental. 
In rodents, N-nitrosodimethylamine causes nasal tumors after long-term 
inhalation exposure to 0.04, 0.2, or I ppm. Oddly, although 13 of 36 nasal 
tumors were observed in the low-dose animals, the survival time was 2 mo 
longer for these than for controls (129). 

Environmental factors can influence the course of nasal cancer. Thus, oral 
alcohol administration favors the development of olfactory neuroepitheliomas 
that infiltrate the frontal lobe of the brain in mice co-administered N­
nitrosodimethylamine or N-nitrosonomicotine (130, 131). 

LUNG In recent years, there has been a decrease in the incidence of 
bronchiogenic cancer and an increase in cancer occurring in the peripheral 
lung (132). As mentioned before, peripheral adenocarcinomas and P450lAI 
in lungs correlate, but there is no strong correlation between bronchial cancer 
and P4501AI. Among patients with peripheral cancers, the vascular epithe­
lium in the bronchi tends to have measurable IAI (60). What all this may 
mean from either a causal or diagnostic view is not clear at this time. The 
observation that in the rabbit, P450 reductase-an important component for 
P450-mediated activities-is absent in the endothelium (54); and the obser­
vation that there are at least two forms of P4501AI, only one of which is 
closely related to lung cancer (133), may be important clues at the molecular 
level for the elucidation of the role of lung P450 in the cause of lung cancer. 

Hepatic P4502D6, the major enzyme involved in the metabolism of 
debrisoquine, activates NNK and several other nitrosamines. Virtually all 
lung, urinary bladder, and gastrointestinal cancer patients (but not breast 
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cancer patients) have high metabolic capacities for debrisoquine metabolism 
(134,135). 

Tobacco-specific nitrosamines, including NNK, are metabolized at different 
rates by different cells in the respiratory tract (136), and complex dose-re­
sponse relationships exist between the 06 -methylguanine formed from acti­
vated NNK in Clara cells and the induction of pulmonary neoplasia by NNK 
in the rat (137). Studies such as these may be very important for understanding 
the causes of lung cancer because the initial activation of procarcinogens is 
only the first of many enzyme-mediated reactions resulting in mutated cells. 

SUMMARY AND CONCLUSIONS 

The combined impact of new research regarding the dosimetry of inhalants, 
discussed in early paragraphs of this review, and the rapidly developing 
knowledge regarding the location and substrate specificities of the enzymes 
responsible for xenobiotic metabolism should soon lead to new insights into 
the causes and prevention of cancer and other diseases of the respiratory tract 
and may provide insight into the design of drugs used in the treatment of 
respiratory tract disease. Among the developments to be expected within the 
next decade are the following: 

1. The issue of extrapulmonary versus intrapulmonary activation of lung 
prodrugs and protoxicants will be resolved by validation of the different 
dosimetries predicted for highly lipophilic inhalants compared to less lipo­
philic ones (19). 
2. The possibly complex roles of P450 isozymes IAI and 2D6 and other 
forms in the causation of human lung cancer will undoubtedly be better 
understood in the next few years. 
3. Interspecies comparisons of respiratory tract enzyme activities-both 
activating and detoxicating-will lead to improved use of laboratory animals 
as models for expected toxicological and pharmacological effects in humans. 
4. The potential role of nasal uptake and metabolism in causing brain disease 
will be established or denied experimentally. 
5. The complex relationships between host factors-such as hormone levels 
and the presence of inflammation-and metabolism-mediated toxicity will 
become clearer. 
6. As new research results continue to illuminate the complexities of the 
interactions of xenobiotics with respiratory tract tissue, clues as to how best 
to administer drugs via the respiratory tract and understanding of changes in 
disease patterns-such as the recent shift in sites for lung cancer-will follow. 
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