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Abstract

The xenobiotic metabolism in the lung, an organ of first entry of xenobiotics into the organism, is crucial for inhaled com-
pounds entering this organ intentionally (e.g. drugs) and unintentionally (e.g. work place and environmental compounds).
Additionally, local metabolism by enzymes preferentially or exclusively occurring in the lung is important for favorable or
toxic effects of xenobiotics entering the organism also by routes other than by inhalation. The data collected in this review
show that generally activities of cytochromes P450 are low in the lung of all investigated species and in vitro models. Other
oxidoreductases may turn out to be more important, but are largely not investigated. Phase II enzymes are generally much
higher with the exception of UGT glucuronosyltransferases which are generally very low. Insofar as data are available the
xenobiotic metabolism in the lung of monkeys comes closed to that in the human lung; however, very few data are available
for this comparison. Second best rate the mouse and rat lung, followed by the rabbit. Of the human in vitro model primary
cells in culture, such as alveolar macrophages and alveolar type II cells as well as the A549 cell line appear quite acceptable.
However, (1) this generalization represents a temporary oversimplification born from the lack of more comparable data; (2)
the relative suitability of individual species/models is different for different enzymes; (3) when more data become available,
the conclusions derived from these comparisons quite possibly may change.

Keywords Xenobiotic metabolism - Lung - Cytochrome P450 - Phase II metabolism - Experimental animals - In vitro
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Introduction

Over the past decades it became more and more obvious
that the mammalian lung—for a long time step motherly
treated with respect to xenobiotic metabolism—is crucial
on the one hand for xenobiotic metabolism of inhaled com-
pounds and on the other hand with respect to xenobiotica-
metabolizing enzymes which occur selectively or even
exclusively in the lung also for compounds taken up by
routes other than inhalation. Since studies on pulmonary
xenobiotic metabolism directly in living humans meet with
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ethical and practical constraints, models which mirror the
human pulmonary metabolism as closely as possible have
become crucial for predictions of desired pharmacological
and undesired toxicological effects. The main purpose of
this review was to present currently available information
on pulmonary metabolism in experimentally used animal
species and human in vitro models in order to contribute to
the possibility of a rational selection of the—according to
present knowledge—relatively best-suited surrogate system
for a given problem.

As will be seen from the data collected in this review
and from the summary presented in Table 11 at the end of
this review, the selection of an appropriate system will be
different as far as different enzymes are decisively involved
in the metabolism of the compound under consideration.
Since different properties of the compound in question
may depend on different metabolites or on the extent of the
removal of the parent compound, different systems may be
required for investigating different properties even for one
given compound.
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The mammalian lung is a very complex organ with many
compartments/subcompartments and over 40 different cell
types (Stone et al. 1992). As will become obvious to the
reader by the data collected in this review, the pattern of
xenobiotica-metabolizing enzymes is different in these
various compartments and cell types. The majority of the
currently available information apt for recognizing the rela-
tive suitability of individual experimental animal species
or human in vitro models for mimicking the situation in the
human lung are derived from the entire organ lung, such as
lung homogenates and fractions derived from them. Such
comparable data are collected in the tables of this review
while more qualitative than quantitative data can be found
in the text of this review.

Changes of these enzyme levels and/or activities during
the process of carcinogenesis and in cancer cells as well as
polymorphisms and their influence on the susceptibility to
cancer have been excluded from consideration in the present
review and may be the topic of a future review.

Finally two words of caution. (1) The activities of some
pulmonary xenobiotica-metabolizing enzymes such as the
activities of some cytochromes P450 (CYPs) are very low
and accordingly difficult to measure with high precision.
This may explain very large standard deviations in such
cases, different values given in different studies as well as
observed activities in some studies versus no activities in
other studies. The numbers quoted from such studies should,
therefore, be viewed with caution. (2) Many activities quoted
in this review and/or presented in the tables stem from origi-
nal publications in which it was not stated whether the rates
given have duly been tested under ascertained conditions
of linearity or whether one given result was just divided by
minutes and by milligrams of protein. Hence, not all values
presented may really be comparable. Thus, it would be wise
to consider the numerical values quoted in this review as
just indicating high, moderate, low or not observed activi-
ties. Similar considerations apply to low versus no activities,
since in most “zero activity” cases the limits of detection
were not given by the authors and a low activity numerically
given by one author in reality may have been lower than the
zero activity given by another author.

Each xenobiotica-metabolizing enzyme family/superfam-
ily is briefly introduced at the beginning of its first occur-
rence in the review.

Xenobiotica-metabolizing enzymes
in the rat lung

Cytochromes P450 (CYP)

Cytochromes P450 are the major xenobiotica-metabolizing
oxidoreductases in the mammalian liver and in several
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extra-hepatic tissues. They act as mixed-function oxidases
in most cases introducing one oxygen atom of the oxygen
molecule O, into the substrate and reducing the other oxygen
atom generating water. NADPH serves as reducing cofactor.

CYP and CYP reductase transcript expression

CYP reductase Sukumaran et al. (2011) reported the pres-
ence of CYP reductase mRNA in the rat lung and circadian
oscillations of its levels.

CYPs Several individual observations have been reported
concerning the expression of various CYPs in the rat lung
exemplary given in the following approximately in chrono-
logical order (Table 1).

Zhu et al. (1985) demonstrated the presence of CYP4A
mRNA in rat lung arterial endothelial and smooth muscle
cells as well as in bronchial epithelial and smooth muscle
cells, type I epithelial cells and macrophages.

Hellmold et al. (1993) reported that CYP4A2 and CYP
4 A8 transcripts were expressed in the rat lung.

Zeldin et al. (1996) discovered the presence of the at that
time novel CYP2J3 mRNA in rat lung.

Lake et al. (2003) showed in precision-cut rat lung slices
induction (up to 8.3-fold) of CYP1A1 mRNA by exposure
of the slices to BNF (beta-naphthoflavone), aroclor 1254 or
BP (benzo[a]pyrene). Harrigan et al. (2006) confirmed and
extended these observations to an increase also observed
in the slices after in vivo treatment of the donor rats with
TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) and to the
observation of analogous increases in the levels of CYP1B1
mRNA.

Gate et al. (2006) reported a massive increase (26—-2203-
fold) in the CYP1A1 and 1B1 and a marked decrease (— 2.4-
fold) in the CYP2F2 mRNA level in the rat lung upon expo-
sure of the animals to bitumen fumes.

Hanlon et al. (2009) showed in precision-cut rat lung
slices marked increases in CYP1A1 and somewhat less
CYPIB1 mRNA upon treatment of the slices with the
aliphatic isothiocyanates sulforaphane and erucin. Sul-
foraphane led to a modest increase in CYP3A2 mRNA as
well. Somewhat contrary to expectation the intact glucosi-
nolates glucoraphanin and glucoerucin also led to increases
in CYP1AI and 1B1 mRNA in precision-cut lung slices
(Abdull Razis et al. 2011).

Samuelsen et al. (2012) reported that exposure of rat lung
primary alveolar type 2 cells to 2-hydroxyethyl-methacrylate
(HEMA) led to nuclear translocation of the AhR (aryl hydro-
carbon receptor) and to induction of CYP1A1 and CYP1B1
(and GSTA2) mRNA, known to be AhR-dependent, but not
to an increase in CYP2B1 or CYP2E1 mRNA, known not
to be AhR-dependent. At the same time, the cells started to
have an apoptotic-like morphology, which was prevented by
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Table 1 Expression of the major xenobiotica-metabolizing human
CYP1, CYP2 and CYP3 families on the mRNA level: lung contrasted
with liver

Enzyme Lung Liver
CYP1A1 /=0 —
+++°
CYP1A2 - -
CYPIBI e/ +
CYP2A6 ++/+ +++
CYP2A13 ++++ +++
CYP2B6/7 +++ +++
CYP2C8 +/— 4+
CYP2C9 +/— 4+
CYP2CI18 + n
CYP2C19 +/— 4+
CYP2D6 +/— 4+
CYP2EI o/ + +++
CYP2F1 +++H/++ _
CYP2J2 + +
CYP2RI + +
CYP2S1 + -
CYP2W1 ++¢ +¢
CYP3A4 +/— +4++
CYP3A5 +++H++ -+
CYP3A7 - +
CYP3A43 - o
CYP4B1 + -

Data from 22, 58, 59, 133, 146, 151, 189, 190, 232 quoted in Pavek
and Dvorak (2008); in addition: Zhu et al. (2006), Thum et al. (2006),
Gervot et al. (1999), Macé et al. (1998), Raunio et al. (1999) and
Nhamburo et al. (1989)

+++, high; ++, moderate; +, low; —, undetectable; +/—, controver-
sial

Contrasts in bold letters/symbols

*Nonsmokers

bSmokers

‘Late-term fetal lung

co-treatment with the CYP inhibitor disulfiram. The authors
suggest that HEMA leads to induction of AhR-dependent
xenobiotic-metabolizing enzymes, followed by metabolism
of HEMA to a reactive metabolite, which induces apoptosis.

Chan et al. (2013) reported transcript expression of
CYPI1A1 and CYPI1BI1 in the neonatal (7 days old) and adult
(8 weeks old) male Sprague—Dawley rat lung. CYP1A1 and
CYP1B1 mRNA were higher in the adult compared with
the neonatal rat lung (CYP1A1 mRNA more than 250-fold).
In the neonatal lung CYP1A1 mRNA was equally distrib-
uted between airways and lung parenchyma, but in the adult
CYPIA1 mRNA was 3-fold higher in lung parenchyma
while CYP1B1 mRNA levels were higher in the airways
than in the alveolar region. In rat lung slices Chang et al.

(2006) showed that Clara (Club) cells (non-ciliated bronchi-
olar epithelial cells) were highly sensitive (and much more
sensitive than other cell types) to the CYP1A1 and CYP1BI1
mRNA (and protein) inducing effect of TCDD (2,3,7,8-tet-
rachlorodibenzo-p-dioxin) and BP.

Expression of CYP and related proteins

CYP reductase Dees et al. (1980) observed CYP reduc-
tase protein in the bronchial and bronchiolar epithelia and
alveolar wall of rat lung, indistinguishable between pheno-
barbital-treated and control rats. Baron and Voigt (1990)
confirmed and extended these findings showing the pres-
ence of CYP reductase in rat lung bronchial as well as Clara
(Club) cells and ciliated bronchiolar epithelia and in type
II pneumocytes, quantitatively mostly (about 2-fold more)
in the Clara cells compared with the other CYP reductase-
containing cells. The relative distribution of CYP reductase
remained unchanged after treatment of the rats with 3-meth-
ylcholanthrene or Aroclor 1254.

CYPs Inuntreated rats CYP1A1 protein (called P450c in the
original publication) was seen in only a few Clara (Club)
cells (non-ciliated bronchiolar epithelial cells) and type II
pneumocytes. After treatment of the rats with 3-methylcho-
lanthrene, staining was markedly enhanced and was present
in many Clara cells and type II pneumocytes and was addi-
tionally present in arteries, arterioles, veins, venules and
capillaries endothelia (Keith et al. 1987). In contrast, Foster
et al. (1986) observed (in untreated and in beta-naphtho-
flavone-treated rats) CYP1A1 protein only in bronchiolar
Clara cells. The differences in the observations may have
been due to differences in the methodologies used by the
two teams, which include the following: Keith et al. (1987)
used polyclonal antibodies raised against CYP1Al (and
polyclonal antibodies raised against CYP2B2) and fixed,
embedded sections. Foster et al. (1986) used monoclonal
antibodies raised against CYP1Al and frozen sections.
Baron and Voigt (1990) confirmed dramatic increases of rat
lung CYP1AL1 (called P-450 BNF-B and P-450 MC-B in
the original publication) upon pretreatment of the rats with
CYP1A1 inducers (they used 3-methylcholanthrene and
Aroclor 1254). The induced protein was localized to Clara
cells and to alveolar wall cells (especially type II pneumo-
cytes), while no increase of the immunochemical staining
was observed in bronchial epithelium or in ciliated bronchi-
olar cells. The broader spectrum CYP inducer Aroclor 1254
led to similar increases of CYP1A1 protein as observed
after pretreatment of the rats with 3-methylcholanthrene,
but in addition in about 30% of the cells in the bronchial epi-
thelium. In rat lung slices Chang et al. (2006) showed that
Clara cells were highly sensitive (and much more sensitive
than other cell types) to the CYP1A1l and CYP1BI1 protein
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(and mRNA) inducing effect of TCDD and benzo[a]pyrene.
For an overview of the localization of various xenobiotica-
metabolizing enzymes, see Table 2.

Adams et al. (1985) observed in the rat lung suppression
of CYP1AL1 protein synthesis after pretreatment of the ani-
mals with phenobarbital.

Somewhat in line with the very low levels of CYP1A1
protein in the rat lung described in the above-mentioned
studies, Hellmold et al. (1993) did not observe any CYP1A1
protein in lung microsomes derived from untreated rats, but
did observe it in those derived from BNF-treated rats.

Ma et al. (2002) reported a marked increase in the
CYPI1A1 (but not CYP2B1) protein levels in the rat lung
upon intratracheal instillation of asphalt fume condensate.

Lake et al. (2003) showed in precision-cut rat lung slices
induction of CYP1A1 protein by BNF or aroclor 1254. Har-
rigan et al. (2006) confirmed induction of CYP1A1 protein
levels in precision-cut rat lung slices by treatment of the
slices with BP and extended the observation to an increase
also observed in the slices after in vivo treatment of the
donor rats with TCDD and to the observation of analogous

increases in the levels of CYP1B1 protein. Abdull Razis
et al. (2011) observed increases of the CYP1A1l and 1B1
protein upon treatment of rat lung precision-cut slices with
the glucosinolates glucoraphanin or glucoerucin.

Chan et al. (2013) reported protein expression of CYP1A1
and CYPIBI in the neonatal and adult rat lung. CYP1A1
protein was increased by particulate matter (“PM”) using an
ultrafine premixed flame particle (“PFP”) as a defined and
replicable agent. The increase was transient in the adult rat
lung (visible at 2 h but no longer at 24 h after an exposure of
6 h). In the neonate rat lung the increase was confined to the
bronchiolar epithelium, also transient, but delayed (visible at
24 h but no longer at 48 h after the 6 h exposure) and much
weaker as compared with the adult rat lung.

CYP2B1 (“P450 PB-B”) protein levels in the untreated
rat lung are much greater than those of CYP1A1 (“P-450
BNF-F’) (Guengerich et al. 1982; Guengerich 1990; Keith
et al. 1987). Out of seven investigated organs, De Waziers
et al. (1990) observed the highest concentration of the
CYP2B1/2B2 protein in the rat lung, similar to duode-
num, higher than in the liver. Keith et al. (1987) observed

Table 2 Localization of some xenobiotica-metabolizing enzymes proteins in the human lung. Adapted and extended from Gundert-Remy et al.

(2014)
Enzyme Bronchiolar  Ciliated Cuboidal Claracells  Alveolar Type I pneu- Type Il pneu- Alveolar mac-
epithelium? columnar epi- bronchiolar epithelium®  mocytes mocytes rophages
thelial cells epithelial
cells
CYP 1A1, 2A6, 1A1, 1A2,2] 1A, 3AS 2B6, (2B7)° 1Al1, 2B6; 1A1, 1A2, 1A1, 1A2, 1B1, 2E1, 2J,
2A13, 2B6, 2E1, 2J2, 3A5 3AS 3A5
2C8, 2C18, 3A5
2El1, 2J2,
3A5
Microsomal epox- + + + + +
ide hydrolase
NADH/NADPH + +
quinone oxidore-
ductase
Glutathione + + + + +
S-transferase?
Phenol + +
sulfotransferase?
Thermolabile + +
sulfotransferase?
Glucuronosyl - -
transferase

+, clearly demonstrated; —, investigated and not found; no sign, not investigated

“Not differentiated between cell types
Not differentiated between type I and type I pneumocytes

¢ Apparently one single report

dStudies performed before the advent of modern nomenclature. Phenol sulfotransferases generate sulfates from phenolic compounds includ-
ing phenolic and catechol drugs and neurotransmitters. One phenol-sulfotransferase sub-form is thermolabile, generates sulfate formation from
micromolar concentrations of dopamine and other phenolic monoamines, and is relatively resistant to inhibition by DCNP (2,6-dichloro-4-nitro-
phenol) (the other sub-form is thermostable, catalyzes sulfate formation from micromolar concentrations of simple phenols such as p-nitrophe-
nol, and is relatively sensitive to inhibition by DCNP). The simple term “phenol-sulfotransferase” does not distinguish between these two
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(in untreated rats and after treatment with phenobarbital or
3-methylcholanthrene) CYP2B1 in bronchiolar Clara (Club)
cells and type II pneumocytes, but not in other rat lung cells.
Baron and Voigt (1990) observed CYP2B1 protein in the
same cell types as reported by Keith et al. (1987) and in addi-
tion in bronchial epithelial cells and in ciliated bronchiolar
cells. CYP2B1 levels in Clara cells were about 2-fold higher
compared with the other cell types. Using image analysis of
the immunochemical determinations the relative levels were
determined to be (mean integrated absorbance X 100) as fol-
lows: Clara cells 42.7, type II pneumocytes 30.2, bronchial
epithelial cells 29.5, type I pneumocytes/capillary endothe-
lial cells 23.2, ciliated bronchiolar cells 20.7. The relative
distribution of CYP2B1 remained unchanged after treatment
of the rats with 3-methylcholanthrene or Aroclor 1254. Cas-
sel et al. (2000) showed preferential expression of CYP2B1
protein in rat lung Clara cells starting on postnatal day 4
in line with a C/EBP binding site in the CYP2B1 proximal
promoter and with a relatively high-level expression of C/
EBPa and C/EBPS in rat lung Clara cells.

Using immunochemical methods De Waziers et al. (1990)
observed CYP2EI protein in rat lung. However, levels were
much lower (only 1.5%) than in the rat liver.

CYP3A2 (called P-450 PCN-E in the original pub-
lication) protein was observed in comparable levels in
untreated rat lung bronchial epithelia, Clara cells as well
as ciliated bronchiolar cells, type II and other alveolar wall
cells (Baron and Voigt 1990). This distribution is similar
to that of CYP1A1, but dissimilar to the selective locations
of CYP2B2 and CYP reductase presented above. These
divergent locations are expected to lead to corresponding
selective targets of toxicities of xenobiotics according to
the individual locations of the CYPs responsible for their
toxication. The relative distribution of CYP3A2 remained
unchanged after treatment of the rats with 3-methylcholan-
threne or Aroclor 1254 (Baron and Voigt 1990).

Zhu et al. (1985) demonstrated the presence of CYP4A
protein in rat pulmonary arteries, bronchi and also in cul-
tured rat lung endothelial cells.

Zeldin et al. (1996) observed CYP2J3 protein not only in
rat lung tissues primarily in ciliated epithelial airway cells,
but also in nonciliated epithelial airway cells, lung vascular
endothelium and alveolar macrophages.

CYP catalytic activities (Table 3)

In a pioneering work Wattenberg and Leong (1962) observed
benzo[a]pyrene hydroxylase [later called aryl hydrocarbon
hydroxylase (AHH)] activity in the rat lung alveolar wall,
while they did not detect the activity in bronchus or bron-
chioles. This lack may have been due to technical difficul-
ties, since later Baron and Voigt (1990) clearly observed
benzo[a]pyrene hydroxylation at similar levels in rat bronchi,

bronchioles as well as in type II pneumocytes (and much
less in other alveolar wall cells). Furthermore, Grasso et al.
(1971) had detected aniline hydroxylase activity in rat bron-
chial and alveolar wall epithelial cells. AHH activity was
dramatically increased in rat lung upon pretreatment of the
rats with 3-methylcholanthrene or Aroclor 1254 (Baron and
Voigt 1990). The sites of the increased AHH activity did not
completely coincide with the sites of increases of CYP1Al,
in line with the fact that benzo[a]pyrene is hydroxylated
mainly but not exclusively by CYP1A1. Thus, AHH activ-
ity was markedly increased not only in sites where CYP 1A1
was increased by the treatment with 3-methylcholanthrene or
Aroclor 1254, but in addition also in ciliated epithelial bron-
chiolar cells and in all bronchial epithelial cells, not only in
those in which CYP1A1 was induced by Aroclor 1254.

Also very early on Clara (Club) cells were identified
as a prime location for CYP-dependent covalent binding
of the rodent and cattle pneumotoxin 4-ipomeanol and as
prime location of its toxicity (Boyd 1977). On the same line
Belinsky et al. (1987) and Devereux et al. (1988) observed
that guanine O6-methylation produced by 4-(N-methyl-N-
nitrosamino)- 1-(3-pyridinyl)-1-butanone (NNK) was found
in several cell types of the rat lung (type II pneumocytes,
endothelial cells, alveolar macrophages), but quantita-
tively mostly in Clara cells. However, in the same studies
0O6-methylguanine formation upon the treatment of rats
with N-nitrosodimethylamine was similar in rat lung type II
pneumocytes, endothelial cells, alveolar macrophages as in
Clara cells in line with the assumption of variously localized
CYPs being chiefly responsible for the metabolic toxication
of these different nitrosamines.

Lorenz et al. (1979) already very early observed consid-
erable activities of 7-ethoxycoumarin O-deethylase in rat
lung (Table 1). Rates in rat lung microsomes were 57-fold
higher as compared with human lung microsomes (Oesch
et al. 1980). Rates were much higher in rat Clara cells com-
pared with rat alveolar type II cells (Devereux et al. 1989).

Bond (1983) observed in rat lung S9 significant activity
for metabolizing 1-nitropyrene to 3-, 6- and 9-hydroxypyr-
ene. The rate (60 pmol/min/mg S9 protein) was consider-
ably lower compared with the nasal and liver tissue (650
and 300 nmol/min/mg S9 protein, respectively). In the iso-
lated perfused rat lung Bond and Mauderly (1984) observed
biotransformation of 1-nitropyrene to 3-, 6- and 8-hydrox-
ynitropyrene and small quantities of 10-hydroxynitropyrene.
Pretreatment of the rats with 3-methylcholanthrene led to a
10-fold increase in the total metabolism of 1-nitropyrene in
the perfused lung. Pre-exposure of the rats to diesel exhaust
(7400 pg particles/m® for 4 weeks) led to a 2-fold increase
of 1-nitropyrene metabolism and to a 4-fold increase of its
covalent binding to lung constituents (Bond et al. 1985).

Wheeler et al. (1990) characterized in human and
baboon lung a CYP homologous to the toxicologically
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important CYP1A1 of rodents. Typical CYP1A enzymatic
activities were found in human and baboon lung micro-
somes, in similar activities between these two species, but
considerably lower activities as compared with rat and rab-
bit microsomes (see Table 1 comparing the Wheeler et al.
1990 data between these species).

De Waziers et al. (1990) observed relatively high con-
stitutive 7-pentoxyresorufin O-depentylase (PROD) activi-
ties in the rat lung, out of seven investigated organs highest
in lung and duodenum. The PROD activities in these seven
organs closely correlated with the relative levels of consti-
tutive CYP2B1/2B2 protein.

The rodent carcinogen butadiene was converted more
than 10-fold slower to the monoepoxide by lung micro-
somes of the much less sensitive species rat compared
with lung microsomes of the much more sensitive species
mouse (Csanady et al. 1992).

Seaton et al. (1996) observed that isolated bronchioles
of rats metabolized butadiene to the reactive butadiene
epoxide only half as fast as the mice, which upon exposure
to butadiene develop brochiolar-alveolar neoplasms, while
rats are much less susceptible.

Shimada et al. (1992) reported the presence of AHH,
7-ethoxyreorufin O-deethylase (EROD) and PROD activi-
ties in rat lung microsomes which were increased by fac-
tors of 7 (AHH) and 5 (EROD) after treatment of the rats
with B-naphthoflavone. Hellmold et al. (1993) observed
in rat lung microsomes EROD activity which was about
100-fold increased after pretreatment of the rats with
B-naphthoflavone. They also observed in rat lung micro-
somes metabolic activation of the aromatic amines 1Q
(2-amino-3,8-dimethylimidazo[4,5-f]quinoline) and
MelQx (2-amino-3,8-dimethylimidazo[4,5-f]quinoxa-
line) to derivatives mutagenic for Salmonella typhimu-
rium TA98 which they showed for IQ by inhibition stud-
ies using antibodies to be due to about 70% to CYP2A3.
a-Naphthoflavone, reputed to be a specific inhibitor of
CYPI1A activity, inhibited the activation of 1Q by 30-40%
and the activation of MelQx by about 60—-80%.

Ma et al. (2002) reported an about 2.5-fold increase in
EROD (but not PROD) activities in the rat lung micro-
somes upon intratracheal instillation of asphalt fume
condensate.

Verschoyle et al. (1993) provided suggestive evidence
for the importance of rat lung CYP4B1 catalytic activity
for the toxication of 4-ipomeanol by observing inhibition
of its covalent binding to rat lung microsomal protein by
simultaneous treatment with the CYP4B 1-selective substrate
p-xylene (Smith et al. 1982).

Paolini et al. (1995) reported the presence of CYP2B-
dependent PROD activity in the rat lung and its inducibility
by quite a number of compounds (sodium phenobarbital,
phorone, 1,2-dichloroethylene, cyclophosphamide).

Price et al. (1995) optimized conditions for using rat lung
slices in xenobiotic metabolism studies. They employed an
agarose instilling technique in order to produce cylinders
for slice preparation using a Krumdieck tissue slicer. They
observed active biotransformation of 7-ethoxycoumarin (to
7-hydroxycoumarin plus its glucuronides and sulfates, the
latter as major metabolites) and of coumarin (to metabolites
of the 3-hydroxylation pathway and to minor amounts of
7-hydroxycoumarin). One year thereafter they (Price et al.
1996) used the technique to show that agaritine was biotrans-
formed by rat (and mouse) lung slices to reactive metabo-
lites, which covalently bound to lung proteins, less in the rat
lung compared with the mouse lung.

Green et al. (1997) observed moderate metabolism of
trichloroethylene in rat lung (23-fold slower than in mouse
lung, but “much faster” than in human lung, where it was
not detected).

Iba et al. (1998) investigated a potential induction of pul-
monary EROD activity by inhalation and by subcutaneous
treatment of Sprague—Dawley rats with nicotine. Pulmonary
EROD activity was increased after both routes of exposure
(in the female rats pulmonary EROD activity was increased
15-fold after subcutaneous treatment and 5-fold after inha-
lation; in the male rat pulmonary EROD was increased
3.5-fold after subcutaneous treatment and 1.5-fold after
inhalation).

Hynes et al. (1999) observed that isolated rat lung Clara
(Club) cells readily metabolized styrene to styrene 7,8-oxide.
Styrene metabolism was severalfold lower in rat Clara cells
compared with mouse Clara cells. The less genotoxic and
less cytotoxic enantiomer (S)-styrene 7,8-oxide was pref-
erentially formed in rat lung microsomes, while the mouse
lung microsomes formed preferentially the (R)-enantiomer
(in mose lung Clara cells the ratio (R):(S)-epoxide was 3.98).
The authors suggested that these differences are important
for the lower susceptibility of the rat to styrene-induced
pneumotoxicity (Hynes et al. 1999) [it should be taken into
account that the (R)-enantiomer also is faster hydrolysed by
EPHX1 (Wenker et al. 2001), such that the resulting toxic-
ity may be smaller than expected solely from the different
formation rates of the two enantiomers].

The mutagenic nitroaromatic compound 1-nitronaphtha-
lene (emitted from diesel engines) was shown to be activated
by the rat lung CYPs (Watt and Buckpitt 2000). Baldwin
et al. (2005) reported 1-nitronaphthalene was bioactivated
by CYP2F4 of the rat.

Lake et al. (2003) showed in precision-cut rat lung slices
induction of EROD activity by BNF, aroclor 1254 and BP.

After oral dosing of propranolol to rats EROD and
7-benzyloxyresorufin O-debenzylase (BROD) activities
were markedly (~50 to 70%) decreased in type II pneumo-
cyte homogenates (PROD activities remained unchanged),
while BROD activities were moderately (~30%) increased
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in alveolar macrophage homogenates. The authors conclude
that coadministration of oral propranolol with inhaled drugs
or inhaled environmental xenobiotics could lead to unwanted
interactions (Kastelova et al. 2003).

The lung-selective rat CYP2F3 (recombinant) catalyzed
the biotransformation of the pneumotoxin 1,1-dichloroeth-
ylene to glutathionyl acetate putatively generated via dichlo-
roethylene epoxide (Simmonds et al. 2004).

Umachandran et al. (2004) observed that in precision-cut
rat lung slices ECOD activities were stable only for the first
8 h. After 24 h only about 10% of the activity was left.

Konsue and Ioannides (2008) investigated the alleged
influence of the chemopreventive anti-cancer Brassicaceae
constituent phenethyl isothiocyanate on xenobiotic metabo-
lizing enzymes. They used doses commensurate with poten-
tial human diets (0.06 umol/g diet for 14 days; which they
called “low dose™), as well as higher doses (called medium
and high dose, 0.6 and 6 umol/g, respectively). In the rat
lung the microsomal CYP-dependent EROD and PROD
activities were not influenced at the low and medium dose.
At the high dose EROD activity was 2.7-fold increased and
PROD activity was decreased to about 30% of its activity in
the controls. However, Canistro et al. (2012) reported that
in rat lung microsomes CYP-dependent enzymatic activi-
ties were dramatically influenced by treating rats orally
with glucoraphanin-rich black cabbage seed extract (120
or 240 mg/kg body weight daily for 4 days). PROD activ-
ity was increased in male rats up to 26-fold, while EROD
activity showed a loss of 86% in female rats. Some further
CYP-dependent activities also were substantially modulated.
The authors state that eating Brassicaceae such as cabbage
after cooking, which inactivates myrosinase (the enzyme
that liberates from glucosinolates their corresponding iso-
thiocyanates), may expose people to intact glucosinolates
including glucoraphanin in addition to or rather than the
isothiocyanate sulforaphane, such that the claimed health
effects actually may include deleterious effects due to dras-
tic CYP activity modulations. Abdull Razis et al. (2011)
found that exposure of precision-cut rat lung slices to the
intact glucosinolates glucoraphanin and glucoerucin led to
increases of EROD activity, which were abolished by the
presence of myrosinase.

Yilmaz et al. (2018) observed that the metabolite M3 of
the anti-Parkinson drug mavoglurant is produced mainly
by CYP1A1. Accordingly, only traces of M3 were found in
hepatic systems (known to constitutively possess only very
low/negligible amounts of CYP1A1 protein), but significant
amounts of this metabolite were produced by rat lung micro-
somes and tissue slices (albeit relatively low amounts, which
suggests that other extrahepatic organs also contribute to
this reaction).

Yilmaz et al. (2019) observed in rat precision-cut lung
slices low, but clearly quantifiable CYP3A4 activity toward
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midazolam (about 0.3% substrate conversion in 4 h) and
toward the CYP2C substrates amodiaquine (about 0.6% con-
version), diclofenac (about 0.4% conversion), and diazepam
(about 2% conversion) (while in human precision-cut lung
slices no conversion was detected). The CYP1A1 substrate
AFQO056 showed about 30% conversion by the rat lung
slices, and extremely little conversion (less than 0.1% esti-
mated from the figure in Yilmaz et al. 2019) by the human
lung slices.

Non-CYP oxidoreductases
Flavin-dependent monoxygenase (FMO)

FMOs occur in the mammalian liver and appear to be
important xenobiotica-metabolizing oxidoreductases in
extrahepatic tissues, in the latter possibly more important
than CYPs. However, their substrate specificity is limited to
soft nucleophilic centers most notably converting nitrogen
and sulfur atoms in xenobiotic molecules to N-oxides an
S-oxides.

Sukumaran et al. (2011) reported the presence of FMO2
and FMO3 mRNA in the rat lung and circadian oscillations
of their levels.

Yilmaz et al. (2018) observed in rat precision-cut lung
slices substantial FMO activity toward benzydamine (about
80% substrate conversion in 4 h) (while in human precision-
cut lung slices only about 0.7% of the substrate was con-
verted by FMO). These FMO activities were much higher
than the CYP activities in rat (and human) lung slices
observed in the same study (Yilmaz et al. 2019).

NAD(P)H:quinone oxidoreductase (NQO)

NQOs protect against quinone toxicity by their direct 2-elec-
tron reduction avoiding semiquinone radicals as primary
metabolites. NQOs convert the carbonyl function to the
hydroxyl function which usually serves as substrate for con-
jugation by glucuronsyltransferases and/or sulfotransferases
followed by facilitated excretion. NADH or NADPH may
serve as reducing equivalent.

Gate et al. (2006) reported the presence of and a consider-
able increase (6.7-fold) in the NQO1 mRNA level in the rat
lung upon exposure of the animals to bitumen fumes.

Hanlon et al. (2009) showed in precision-cut rat lung slices
upon treatment of the slices with the aliphatic isothiocyanates
sulforaphane or erucin marked increases in NQO protein and
activity, the latter determined with 3-(4,5-dimethylthiazo-
2-yl)-2,5-diphenyltetrazolium bromide as substrate. Sul-
foraphane led to a modest increase in CYP3A2 mRNA as well.
Abdull Razis et al. (2011) found that exposure of precision-
cut rat lung slices to the intact glucosinolates glucoraphanin
and glucoerucin did not lead to increases of NQO activity, but
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addition of myrosinase, which liberates the isothiocyanates
from the glucosinolates, led to increases of NQO activity.

Alcohol dehydrogenase (ADH)

ADHs convert alcohols to aldehydes or ketones. Ethanol is
converted by ADH to acetaldehyde which is chiefly respon-
sible for ethanol’s acute toxicity. NAD serves as electron
acceptor.

Bernstein (1982) showed in rat lung slices remarkable
ethanol metabolizing activity (V,,,, 450 nmol/g lung/h). At
10 mM ethanol rat lung slices metabolized ethanol ten times
faster than rat liver slices, leading to the calculation that rat
lung metabolism could account for 30-40% of total in vivo
ethanol metabolism.

Aldehyde dehydrogenase (ALDH)

ALDHs convert aldehydes to the corresponding carboxylic
acids. This step usually represents a detoxication, but in the
important case of methanol the conversion of its metabolite
formaldehyde by ALDH leads to formic aid which is chiefly
responsible for methanol’s acute toxicity. Depending on the
ALDH isoenzyme in question, NAD or NADP may serve as
electron acceptor.

Yoon et al. (2006) studied the postnatal development of
ALDH in the rat lung (and liver). ALDH]1 protein levels were
at their maximum at postnatal day (PND) 1 and decreased
thereafter (both, in lung and liver). ALDH2 and ALDH3
drastically increased in the lung from PND1 to PND60. The
only detectable ALDH3 in the lung was ALDH3A1. Lung
ALDH was mostly cytosolic (in contrast to the liver where
ALDH was mostly mitochondrial).

Gate et al. (2006) reported a 50-fold increase in the
ALDH3A1 mRNA level in the rat lung upon exposure of
the animals to bitumen fumes.

Aldehyde oxidase (AO)

AO catalyzes the conversion of aldehydes to carboxylic
acids by simultaneous formation of hydrogen peroxide. It
uses molecular oxygen as electron acceptor.

Yilmaz et al. (2019) observed in rat precision-cut lung
slices AO activity toward carbazeran (about 0.9% substrate
conversion in 4 h) (while in human precision-cut lung slices
about 0.2% of carbazeran was converted by AO).

Hydrolases
Epoxide hydrolase (EH)

EHs convert electrophilically reactive epoxides to much less
reactive diols by addition of water to the epoxide function.

This usually represents a detoxication except where the diols
formed are precursors of even more toxic ultimate metab-
olites as in the case of pre-bay-region diols derived from
angular PAHs.

Microsomal epoxide hydrolase (mEH, also called
EPHX1) Expression on the protein level Antibody raised
against rat liver mEH stained rat lung bronchial epithelia,
Clara (Club) as well as ciliated bronchiolar cells and alveolar
wall cells, quantitatively strongest Clara cells (about 2-fold
compared with the other cells) (Baron and Voigt 1990).
Thus, the location of mEH in rat lung is similar to that of
CYP reductase and CYP2B2 and dissimilar to that of CYP
1A1 and 3A2 discussed above. The relative distribution of
mEH remained unchanged after treatment of the rats with
3-methylcholanthrene or Aroclor 1254 (Baron and Voigt
1990). De Waziers et al. (1990) determined the specific (i.e.
per mg protein) amount of mEH protein in rat lung as 6%
compared with the specific amount found in the rat liver.
Pushparajah et al. (2007) reported induction of mEH protein
in precision-cut rat lung slices by BP and activity toward BP
4,5-oxide. In the subsequent year (Pushparajah et al. 2008a),
they reported induction of mEH protein by BP, dibenzo[a,]]
pyrene and I-methylphenanththrene in precision-cut rat
lung slices, comparatively much more pronounced than in
rat liver slices (Table 4).

mEH activity (Table 5) Early on Oesch et al. (1977) inves-
tigated mEH activities in 25 extrahepatic organs of the rat.
Specific activities were remarkably high in the lung, fourth
after liver, testis and kidney. Schmassmann et al. (1978) and
Lorenz et al. (1979) also observed considerable activities
of microsomal epoxide hydrolase in rat lung. In the former
study they observed lack of rat lung mEH inducibility by sev-
eral epoxides, including long-lived, stable epoxides. Vogel-
Bindel et al. (1982) demonstrated relatively high activities
of rat lung mEH toward the steroid epoxides estroxide and
androstene oxide, the ratios of activities compared with the
rat hepatic mEH being similar as for BP 4,5-oxide.

Jones et al. (1983) reported much higher mEH activity in
rat lung Clara cells as compared with type II pneumocytes.

DePierre et al. (1984) observed EH activities in rat lung
10,000 g supernatants (hence the sum of mEH and sEH)
which were not increased by the standard inducers of many
xenobiotic metabolizing enzymes phenobarbital, 3-methyl-
cholanthrene or trans-stilbene oxide.

Boogaard and Bond (1996) reported that rat lung micro-
somes hydrolyzed diepoxybutane with a much higher
Vioa! Koy efficiency (19.2) than the mouse (3.93) providing a
likely contribution for the much lower susceptibility to the
carcinogenicity of the parent compound butadiene of the rat
lung compared with the mouse lung.

Sukhanov et al. (2009) reported on rats, which were kept
in vivariums, marked seasonal changes in pulmonary mEH
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Table 4 Non-CYP-mediated
oxidoreductase activities in lung
of various mammalian species

Substrate (for) Human Rat Mouse Rabbit References
Propanal (ALDH?) - 1.5+0.1° - - Yoon et al. (2006)
Hexanal (ALDH) - 0.4+0.1° - - Yoon et al. (2006)
Benzaldehyde (ALDH) - 1.5+0.2° - Yoon et al. (2006)
2,6-Dichlorophenolindophe- — - ~ 524 - Kalpana Deepa
nol (NQO?% Priya et al.
(2011)

Naloxone (AKR?) - - - 0.56°¢ Endo et al. (2014)
Loxoprofen (AKR?) - - - 0.62¢ Endo et al. (2014)
Metyrapone (AKR?) - - - 0.95¢ Endo et al. (2014)

Only constitutive activities; unless otherwise stated values either are mean=+ SD or there was no indication

in the original literature; —, no comparable values found

4 Abbreviations for enzymes: ADH alcohol dehydrogenase, AKR Aldo—keto reductase, ALDH aldehyde

dehydrogenase, NQO NAD(P)H quinone oxidoreductase

®nmol product/mg cytosolic protein/min

c .
ko PEr Min

4nmol 2,6-dichlorophenolindophenol reduced/min/mg cytosolic protein

Table 5 Xenobiotic hydrolase activities in lung of various mammalian species

Substrate (for) Human Rat Mouse Dog References
Para-nitrophenyl acetate (E*) 19.0-48.2 Forkert et al. (2001)
Beclomethasone dipropionate (E) 334234 Somers et al. (2007)
Phenanthrene 9,10-oxide (mEH?) 3590+ 250° Lorenz et al. (1979)
Benz[a]anthracene 5,6-oxide (mEH) 920+ 120° Lorenz et al. (1979)
Benzo[a]pyrene 4,5-oxide (mEH) 1219 + 428 362+46% 384 +21° 427+ 148° Oesch et al. (1977, 1980)
773 +114% 739 £189%¢ 239 4335 Lorenz et al. (1979), Oesch
et al. (1980), Umachan-
dran and Ioannides (2006)
154.2+19.1% Jones et al. (1983)

7-Methylbenz[a]anthracene 5,6-oxide (mEH) 1280+ 90° Lorenz et al. (1979)
3-Methylcholanthrene 11,12-oxide (mEH) 390+60° Lorenz et al. (1979)
Styrene 7,8-oxide (mEH) 0.43+0.07"1.08 +0.14" 8.02+0.77" ~10%¢ Schmassmann et al. (1978),

Pacifici et al. (1988b),

Carlson (1998), Bond

et al. (1988)

1.8-2.5" 2.1 Mendrala et al. (1993)

Cis-stilbene oxide (mEH) ~0.5% Fanucchi et al. (2000)
Trans-stilbene oxide (SEH?) 8.5+2.8° Pacifici et al. (1988a)
Diepoxybutane (mEH) 21.7+1.9" 19.3+7.8" 498497 Boogaard and Bond (1996)

Only constitutive activities; unless otherwise stated values either are mean +SD or there was no indication in the original literature
? Abbreviations: E esterase, mEH microsomal epoxide hydrolase (EPHX1), sEH soluble epoxide hydrolase (EPHX2)

pmol/min/mg microsomal protein

“pmol/min/mg 105,000 g supernatant fraction

dClearance ml/min/10° cells in lung parenchymal cells

®Nonsmokers

fSmokers

£nmol/min/mg 9000 g supernatant fraction protein

"nmol/min/mg microsomal protein
iDistal airways

iprecision-cut lung slices
Xpmol/min/10° 50% Clara cells
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activities (for phenanthrene 9,10 oxide as substrate), with
two peaks, a steep peak in March (3- to 4-fold difference
compared with the preceding lowest values) and a smoother
peak in July to August. In contrast to the liver, the mEH
activity in the lung was higher in females than in males.

Soluble epoxide hydrolase (sEH, also called EPHX2) sEH
levels are relatively low in the (adult male Sprague—Daw-
ley) rat lung compared with other organs (heart>kid-
ney > liver > brain > [ung> testis >spleen). The specific
activity in the rat lung was 15% of that observed in the rat
liver (Oesch et al. 1986; Schladt et al. 1986).

The team of Bruce Hammock (Smith et al. 2005) showed
that sEH is involved in tobacco-smoke induced lung inflam-
mation, which can be substantially attenuated by selectively
inhibiting sEH activity.

Esterases

Esterases cleave esters (and in many cases also amides) to
the corresponding alcohols (or amines, respectively) and
acids. The selective presence of individual esterase isoen-
zymes and their substrate/inhibitor specificity are the basis
for the selective toxicity of organophosphates to insects
while mammals are largely protected.

Sukumaran et al. (2011) reported the presence of CES3
(carboxylesterase 3) mRNA in the rat lung and circadian
oscillations of its levels.

Yilmaz et al. (2019) observed in rat precision-cut lung
slices esterase activity toward the CES1 substrate ramipril
(between 10 and 20% substrate conversion in 4 h) (while in
human precision-cut lung slices about 7% of the substrate
were hydrolyzed).

Conjugating enzymes
Glutathione S-transferase (GST)

GSTs convert electrophilically reactive xenobiotics to their
glutathione (GSH) conjugates. This is usually a detoxica-
tion, but in some cases a toxication (e.g. by generating three-
membered sulfonium containing heterocycles).

GST transcripts Mainwaring et al. (1996) demonstrated the
presence of GSTT transcripts in the rat lung, especially in
Clara (Club) cells. Levels were markedly lower than in the
mouse lung.

Gate et al. (2006) reported a significant increase (2-fold)
in the GSTAS mRNA level in the rat lung upon exposure of
the animals to bitumen fumes.

Sukumaran et al. (2011) reported the presence of GSTA3
mRNA in the rat lung and circadian oscillations of its levels.

Samuelsen et al. (2012) reported that exposure of rat
lung primary alveolar type 2 cells to 2-hydroxyethyl-meth-
acrylate (HEMA) led to nuclear translocation of the AhR
and to induction of GSTA2 (and CYP1A1 and CYP1B1)
mRNA (known to be AhR-dependent), but not to an
increase in CYP2B1 or CYP2E1 mRNA (known not to be
AhR-dependent).

GST protein GST 1-2 and GST 3—4 protein and a GST
form, which the authors assumed to be unique to the lung,
were observed throughout the rat lung alveolar wall and
bronchiolar epithelium (Awasthi et al. 1984). Baron and
Voigt (1990) localized the GST proteins GST 1-1, 3-4,
and 5-5 in the untreated rat lung to the bronchial epithelia,
Clara (Club) and ciliated bronchiolar cells as well as alveo-
lar wall cells. The levels of all of them were lowest in type
II pneumocytes, GST 1-1 levels highest in Clara cells, GST
3—4 levels highest in bronchial epithelia, GST 5-5 levels
similar in Clara cells and bronchial epithelia (Baron and
Voigt 1990). The relative distribution of the investigated
GSTs remained unchanged after treatment of the rats with
3-methylcholanthrene or Aroclor 1254 (Baron and Voigt
1990). Mainwaring et al. (1996) demonstrated the presence
of GSTtheta protein in the rat lung, especially in Clara cells.
Levels were markedly lower in the rat lung compared with
the mouse lung providing a possible explanation for the spe-
cies specificity of the mouse carcinogen methylene chloride,
which is metabolically activated by GST.

Hanlon et al. (2009) showed in precision-cut rat lung
slices modest increases in GSTalpha protein upon treatment
of the slices with the aliphatic isothiocyanates sulforaphane
or erucin. GSTpi protein levels remained unchanged. Abdull
Razis et al. (2011) observed increases in GSTalpha protein
levels also upon exposure of the precision-cut rat lung slices
to the isothiocyanate precursor glucosinolates, glucorapha-
nin and glucoerucin.

GST catalytic activities (Table 6) Very early on Lorenz et al.
(1979) already observed considerable activities of GST for
BP 4,5-oxide in rat lung cytosol (Table 6).

Autrup et al. (1980) showed in cultured rat tracheobron-
chial tissue a high proportion of BP metabolized to glu-
tathione metabolites, much more than to glucuronides. Jones
et al. (1983) reported that benzo[a]pyrene 4,5-oxide was
much more extensively conjugated with GSH in rat Clara
cells compared with type Il pneumocytes (unknown whether
due to GST activity or GSH levels or both).

Oesch et al. (1983) reported for the rat lung cytosol activ-
ities for several substrates prototypic for different GSTs (see
Table 6). All of them were modestly, but significantly induc-
ible by Aroclor 1254. All activities were lower in the lung
compared with the liver, most of them 10- to 50-fold lower.
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Table 6 Glutathione S-transferase (GST) activities in lung of various mammalian species

Substrate (for) Human Rat Mouse Dog References
CDNB? (broad spectrum) 76.5+48.6° 210+50° Lorenz et al. (1979), Canistro et al. (2009)
78.4+47.0%¢ 76.0+3.2" ~1100P¢ Oesch et al. (1980), Fanucchi et al. (2000)
68.0+£36.3%¢  24409P Oesch et al. (1980), DePierre et al. (1984)
44.8+11.3° 30.8+0.8%f Castell et al. (2005), Umachandran and
Ioannides (2006)
DCNB? 1.05+0.3% 59 +4° Oesch et al. (1983), Eke and Iscan (2002)
CNBOD?* 7.8+3.7° Konsue and Ioannides (2008)
Styrene 7,8-oxide 38-46° 59° ~7° Mendrala et al. (1993), Bond et al. (1988)
Benz[a]pyrene 4,5-oxide 1.63+0.22° 3.22+0.03° Lorenz et al. (1979)
0.61+0.12° 0.63 +£0.0478 Pacifici et al. (1988b), Jones et al. (1983)
0.036+0.028" Jones et al. (1983)
Benzol[a]pyrene 7,8-dihydro-diol- 9b Robertson et al. (1986)
9,10-anti-epoxide
Ethacrynic acid (GST Pi) 142+1.1° Eke and Iscan (2002)
TPB?* 0.82+0.03° Oesch et al. (1983)
ENPP* 42459%18.5+1.3" Oesch et al. (1983), Eke and Iscan (2002)
Menaphthyl sulfate 52+1.0° Oesch et al. (1983)
Androstene-3,17-dione 0.87 +0.09° Oesch et al. (1983)
4-Hydroxynonenal (GST A4-4) 141.5+4.7° 50.0+5.4° Zheng et al. (2014)
Butadiene epoxide 6.4+1.9° 186+37° 162+16° Boogaard et al. (1996)
Diepoxybutane 17.1+£3.0° 38.5+2.5° Boogaard et al. (1996)

Only constitutive activities; unless otherwise stated values either are mean +SD or there was no indication in the original literature

2CDNB, 1-chloro-2,4-dinitrobenzene; CNBOD, 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole; cytos, cytosol; DCNB, 1,2-dichloro-4-nitrobenzene;
ENPP, 1,2-epoxy-3-(p-nitrophenoxy)-propane; GST, glutathione S-transferase; TPB, trans-4-phenyl-3-butene-2-one

®nmol/min/mg 10,000 g (or 9000 g) supernatant
“Nonsmokers

dSmokers

Distal airways

"Precision-cut lung slices

¢nmol/min/10° 30% Clara cells

'nmol/min/10° 80 type II pneumocytes

DePierre et al. (1984) observed GST activities in rat
lung 10,000 g supernatants, which were not increased
by the standard inducers of many xenobiotic metaboliz-
ing enzymes phenobarbital, 3-methylcholanthrene or
trans-stilbene oxde. Similarly, Pushparajah et al. (2008b)
observed in precision-cut rat lung slices no increase in
GST activity toward the broad-spectrum substrate CDNB
(1-chloro-2,4-dinitrobenzene) upon treatment with the
polycyclic aromatic hydrocarbon (PAH) benzo[b]fluoran-
thene (whereas in rat liver slices marked increases were
noted).

Robertson et al. (1986) observed highly efficient activity
of the rat lung GST 7-7 toward the ultimately carcinogenic
BP metabolite (+)-7p,8a-dihydroxy-9a,10a-o0xy-7,8,9,10-
tetrahydro-BP. Rat lung GST 44 was the second most active
isozyme, the catalytic efficiency (kcat/km) being 7-fold
lower.
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Boogaard et al. (1996) observed considerable GST activ-
ity toward diepoxybutane (17.1 3.0 nmol/min/mg cyto-
solic protein) in rat lung cytosol, about half of the activity
observed in the mouse lung (38.5 +2.5 nmol/min/mg cyto-
solic protein). They concluded that differences between
GST activities are not the reason for the fact that rat upon
exposure to butadiene accumulates lower concentrations of
diepoxybutane in the blood than the mice, which are much
more susceptible to the carcinogenicity of butadiene.

Eke and Iscan (2002) reported for rat lung 10,000 g
supernatant GST activity toward CDNB, 1,2-dichloro-
4-nitrobenzene, ethacrynic acid and 1,2-epoxy-3-(p-
nitrophenoxy)-propane. All of these activities increased
after exposure of the rats to smoke from high-tar ciga-
rettes (32 mg/cigarette), while only the activity toward
1,2-dichloro-4-nitrobenzene was increased after exposure
to smoke from low-tar cigarettes (15 mg/cigarette). In the
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study by Huber et al. (2002) treatment of rats with the cof-
fee constituents kahweol and cafestol (mixed in the diets)
led to a modest, but significant increase by 37% in the rat
lung 10,000 g supernatant of GST activity toward CDNB.
This was interpreted as a potential contribution to the
chemoprevention of DNA adduct formation by these cof-
fee constituents, which had been shown in an earlier study
(Huber et al. 1997). Hanlon et al. (2009) showed in preci-
sion-cut rat lung slices marked increases in GST activity
determined with CDNB as substrate upon treatment of the
slices with the aliphatic isothiocyanates sulforaphane or
erucin (sulforaphane led to a modest increase in CYP3A2
mRNA as well). Abdull Razis et al. (2011) observed
increases in GST activity toward CDNB as substrate also
upon exposure of the precision-cut rat lung slices to the
isothiocyanate precursor glucosinolate, glucoraphanin.
Liet al. (2011a) observed in rat pulmonary cytosol GST
activity toward ethylene oxide as substrate. Zheng et al.
(2014) observed that GST activity toward the prototypic

substrate 4-hydroxynonenal was very high in rat lung 9000 g
supernatant, higher than in the liver.

UDP-glucuronosyltransferase (UGT) (Table 7)

UGTs convert xenobiotics which possess appropriate sub-
stituents (mostly hydroxyl, sometimes amino, sulthydryl or
carboxyl) to glucuronides. This represents usually a detoxi-
cation, but in some cases (e.g. “acyl migration”) a toxication.

UGT protein levels Using microfluorimetric determination
of antibody binding, Baron and Voigt (1990) reported the
finding that p-nitrophenol UGT and also 3a-hydroxysteroid
UGT proteins (or closely related antigens) occurred at simi-
lar levels in untreated rat bronchial epithelia, Clara (Club)
cells and type II pneumocytes. 3a-Hydroxysteroid UGT
antibody bound at markedly lower levels in all three cell
types. 17-p-Hydroxysteroid UGT antibody bound markedly
less in type II pneumocytes compared with the other two

Table 7 UDP-glucuronosyl (UGT), sulfotransferase (SULT) and N-acetyltransferase (NAT) activities in lung of various mammalian species

Substrate (for) Human Rat Mouse Dog References
Umbelliferone ~0.15% Bond et al. (1988)
4-Methylumbelliferone (UGT®)  bd" 189.1+54.0¢ Somers et al. (2007), Jones et al. (1983)
0.048+0.071° 32.4+9.7° Castell et al. (2005), Jones et al. (1983)
4-Nitrophenol ~10° Kalpana Deepa Priya et al. (2011)
Bilirubin (UGT) ~0.023° Yokota et al. (2002)
7-Hydroxycoumarin (UGT) bd" ~10 Somers et al. (2007), De Kanter et al. (2002b)
1-Naphthol (UGT) Trace' 0.12+0.001° Somers et al. (2007), Canistro et al. (2009)
0.01+£0.001> ~0.27° Pacifici et al. (1988b), Yokota et al. (2002)
0.63 +0.08%¢ Umachandran and Ioannides (2006)
Acetaminophen (UGT) bd" Somers et al. (2007)
Acetaminophen (SULT?) bd" Somers et al. (2007)
7-Hydroxycoumarin (SULT) bd"; ~ 151 Somers et al. (2007), De Kanter et al. (2002b)
1-Naphthol (SULT) 2.11+2.03" Somers et al. (2007)
2-Naphthol (SULT) 66.5+15.7F 3540+ 1850"¢ Pacifici et al. (1988b); Umachandran and Ioannides
(2006)
Naloxone (SULT) 38.1+0.3 Kurogi et al. (2012)
Buprenorphin (SULT) <~0.1f Kurogi et al. (2012)
Pentazocine (SULT) <~0.1f Kurogi et al. (2012)
Para-aminobenzoic acid (NAT?) 1.19+0.15% Pacifici et al. (1986)

Only constitutive activities; unless otherwise stated values either are mean +SD or there was no indication in the original literature

#Abbreviations: NAT N-acetyltransferase, SULT sulfotransferase, UGT UDP-glucuronosyltransferase

nmol product/min/mg microsomal protein
“Precision-cut lung slices

dpmol/min/10° 50% Clara cells

°pmol/min/10° 80% type II pneumocytes
fpmol/min/mg 9000 g supernatant protein
£nmol/min/mg 9000 g supernatant protein

hClearance ml/min/10° cells in lung parenchymal cells

inmol product/3 h/mg slice
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cell types. The relative distribution of the investigated UGTs
remained unchanged after treatment of the rats with 3-meth-
ylcholanthrene or Aroclor 1254.

UGT activity Bock et al. (1980) reported that rat lung pos-
sesses UGT activity toward 1-naphthol and that this activity
is increased by pretreatment of the rats with Aroclor 1254.

Jones et al. (1983) observed 4-methylumbelliferone glu-
curonidation in rat lung Clara cells and considerably lower
activity in type II pneumocytes. In the latter cell type the
activity was increased by f-naphthoflavone.

Yokota et al. (2002) observed in the rat lung very low
activities of UGT toward 1-naphthol, which were further
decreased to 20-30% of controls in hypophysectomized rats.
Activities toward bilirubin in the rat lung were extremely
low, but remained unchanged in hypophysectomized rats.

Yilmaz et al. (2019) observed in rat precision-cut lung
slices quite remarkable UGT activity toward triclosan (about
40% substrate conversion in 4 h) as opposed to very low
activity in human precision-cut lung slices (about 0.1% con-
version). About 5% 4-methylumbelliferone were glucuroni-
dated by the rat lung slices as compared to somewhat less
than 0.2% by the human lung slices.

Sulfotransferase (SULT)

SULTs convert xenobiotics which possess appropriate sub-
stituents (mostly hydroxyl, sometimes amino, sulthydryl or
carboxyl) to sulfates. This conversion usually represents a
detoxication, but in some cases it rather represents a toxica-
tion (e.g. converting benzylic alcohols to reactive esters).

Baron and Voigt (1990) reported the binding of antibody
raised against rat liver aryl sulfotransferase IV to untreated
rat lung bronchial epithelia, bronchiolar Clara (Club) and
ciliated cells as well as type II pneumocytes and other alveo-
lar wall cells, 15-25% more to bronchial epithelia compared
with the other cell types. They investigated the relative dis-
tribution of aryl sulfotransferase IV also after treatment of
the rats with 3-methylcholanthrene or Aroclor 1254 and
found it to remain unchanged.

Autrup et al. (1980) showed in cultured rat tracheobron-
chial tissue a high proportion of BP metabolized to sulfates,
much more than to glucuronides.

Yilmaz et al. (2019) observed in rat precision-cut lung
slices SULT activity toward triclosan (about 3% substrate
conversion in 4 h) (while in human precision-cut lung slices
about 40% of the substrate was converted by SULT). About
20% 4-methylumbelliferone were converted by the rat lung
slices SULT (as compared to about 7% by the human lung
slices).

Sukumaran et al. (2011) reported circadian oscillations
of SULT1A1 mRNA levels in the rat lung.
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N-Acetyltransferases (NAT)

Depending on the relative speed of the individual reactions
NATSs detoxify or toxify: if in aromatic amines the oxida-
tive formation of the hydroxylamine is much faster than the
transfer of the acetyl group to the original amine, the acetyl
moiety may be transferred to the oxygen atom generating
acetoxy as a good leaving group (leaving as acetate) which
leaves behind an electrophilically reactive ammonium ion.

Walraven et al. (2007) and Barker et al. (2008) showed
that NAT1 and NAT?2 transcripts were present in rat lung at
roughly similar levels as in the liver, NAT?2 transcripts even
somewhat more abundant, while in all 14 tissues investi-
gated (including the lung) their newly discovered NAT3 was
expressed at very low levels (3 orders of magnitude less than
NAT1 and NAT2).

Yilmaz et al. (2019) observed in rat precision-cut lung
slices NAT activity toward p-toluidine (about 50% substrate
conversion in 4 h) (while in human precision-cut lung slices
about 30% of the substrate were acetylated).

Xenobiotica-metabolizing enzymes
in the mouse lung

Cytochromes P450 (CYP)
CYP transcript expression

Of 14 mouse organs investigated CYP1A1, CYP2B10 and
CYP4B1 constitutive mRNA levels were highest in the lung.
Levels of CYP2F2 and CYP2S1 mRNA also were very high
in the mouse lung, but—in contrast to earlier studies which
did not include stomach and which consequently found high-
est levels of CP2S1 mRNA in the lung (Choudhary et al.
2003)—the lung was now with respect to CYP2S1 mRNA
levels outperformed by the stomach (Renaud et al. 2011).

Jin et al. (2004) investigated possible reasons for the
observation that—in contrast to CYP1A1 and 1B1 mRNA—
CYPIA?2 transcripts are not found in the mouse lung, but are
abundant in the mouse liver. They found that in these two
organs in the promoter’s 5'-flanking region the CpG meth-
ylation pattern behaved differently in three regions, which
they called R1, R2 and R3. In the CpG richest region, R3,
the CpGs were almost completely methylated in both tis-
sues, lung and liver. However, in R1 90% were methylated
in the lung compared with 6.7% in the liver and in R2 72.2%
were methylated in the lung compared with 5.6% in the liver,
providing a possible explanation for CYP1A?2 transcripts not
being found in the lung.

Imaoka et al. (1995) observed in the mouse lung (rela-
tively low levels of) CYP4B1 mRNA (but they could not
detect CYP4B1 protein), while Choudhary et al. (2005)
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reported high levels of CYP4B1 transcripts in the mouse
lung.

Rivera et al. (2002) reported the finding of the transcript
for a novel mouse CYP, CYP2S1, which was induced in
mouse lung (and liver) by TCDD [requiring the presence
of AhR (aryl hydrocarbon receptor) and ARNT (AhR
translocator)], the first observation of an induction by
TCDD of a CYP outside the CYP1 family.

Choudhary et al. (2003) reported the constitutive
expression of 24 Cyp genes in mouse embryonic or adult
lung. In the adult mouse CYP2S1 mRNA was found in
all four extrahepatic tissues investigated, including lung.
CYP2F2, 251 and 4B1 mRNA were major transcripts
in the lung. CYP2G1 mRNA was specific for the lung.
CYP3A25 was found only in the liver and lung. During
embryonic development CYP2F2 mRNA appeared at
embryonic day 11, increasing to relatively high levels at
embryonic days 15-17.

Baldwin et al. (2004) observed that mRNA coding for
CYP2F, which is converting the selective mouse Clara
(Club) cell pneumotoxin naphthalene to its reactive metabo-
lite naphthalene 1,2-epoxide, is highly expressed in mouse
lung, much more than in the mouse liver, while in the mouse
kidney no CYP2F transcripts were found. In the Rhesus
Macaque airways no mRNA coding for CYP2F was found.

Choudhary et al. (2005) reported the expression of stage-
selective expression of CYP genes in the mouse embryo:
Cyplal and 2r] were expressed only in stage E7, Cyp2el
only in stage E17, while CYP2S1 mRNA was present in all
stages. The authors suggest that the stage-selective expres-
sions may be involved in development.

Theken et al. (2011) investigated the influence of the
acute inflammatory response on eicosanoid metabolism
and potentially related CYP expression. They observed the
following CYP transcripts in the mouse lung: CYP2C44,
2J5, 219, 4A12a, 4A12b, 4F13 and 4F6. CYP2J9 was the
most abundant. On the other end, CYP2C29 mRNA was
not detected. The activator of innate immune response LPS
(lipopolysaccharide) decreased the level of CYP2J9, 2C44,
4A12a, 4A12b, 4F13 and 4F16.

Tanimura et al. (2011) reported that Cyplal gene expres-
sion in the mouse lung was under CLOCK-dependent circa-
dian rhythm control.

Theken et al. (2011) reported high mRNA levels of
CYP2J9 and 4F13, moderate levels of CYP4A12a, 4A12b
and 4F16, very low levels of CYP2C44 and 2J5 in the mouse
lung, while they did not detect CYP2C29 mRNA. Treatment
of the mice with lipopolysaccharide led to a decrease of all
of them after 6 and 24 h.

Tablin et al. (2012) reported that of 14 investigated genes,
the most massive increase of expression in the mouse air-
ways and lung parenchyma by exposure to concentrated
ambient particulate was Cyplal.

Igarashi et al. (2012) developed a mouse model human-
ized for the important xenobiotic sensor PXR (SXR) which
controls the induction of several CYPs (CYP3A, CYP2B)
and further xenobiotica-metabolizing enzymes (such as
carboxylesterase 6). The mouse versus human PXR differ
in their ligand-binding specificities. In the humanized mice
CYP3A (Cyp3all) mRNA was now induced by the human-
specific ligand rifampicin and no longer by the mouse-spe-
cific ligand pregnenolone-16a-carbonitrile. The successful
expression of the humanized PXR was demonstrated for
several organs including lung.

Chikara et al. (2018) showed a strong increase in the
mRNA levels of CYP1A1, CYP2AS and a strong decrease
in the mRNA levels of CYP4F37 in mouse lung upon treat-
ment with flaxseed.

Yun et al. (2017) reported for the mouse lung marked
changes of CYP1AL1 and 1B1 transcript levels upon cigarette
smoke exposure.

Gibbs-Flournoy et al. (2018) showed that the exposure of
mice to fumes emitted from cooking fires led to great (50-
fold) increases in lung CYP1A1 mRNA when traditional
3-stone fire or advanced natural-draft stoves were used,
whereas no increase was noted upon exposure of the mice
to forced-draft stoves.

Bauer et al. (2018) showed in an in vitro murine lung
epithelial cell model (the non-tumorigenic type II cell line
C10) significant increases in CYP1B1 mRNA levels upon
co-treatment with BP and a “low molecular-weight” PAH
mixture (1-methylanthracene and fluoranthene).

CYP protein expression

Total CYP protein in the (Swiss albino) mouse lung was
reported by Kalpana Deepa Priya et al. (2011) to amount
to slightly less than 0.6 nmol/mg microsomal protein, total
cytochrome b5 to slightly less than 0.4 nmol/mg microsomal
protein. CYP but not cytochrome b5 protein was increased
(almost doubled) by pretreatment of the animals with the
(putative) anticarcinogen sulforaphane.

Using a monoclonal antibody raised against rat liver
polycylic aromatic hydrocarbon-induced CYPs, staining of
mouse lung was only seen after treatment of the mice with
3-methylcholanthrene (Forkert et al. 1986, 1989; Anderson
et al. 1987). Using a monoclonal antibody which recognized
CYP1A1 (called P1-450 in the original publication) staining
was apparent in alveolar wall cells (most intensely in type
II pneumocytes), but not in other mouse lung cells. Using a
monoclonal antibody which recognizes both, rat CYP1A1
(called P-450 BNF/MC-B in the original publication) and
also CYP1A2 (called P-450 BNF/ISF-G in the original
publication) stained in addition to alveolar wall cells also
the capillary endothelium (Forkert et al. 1989; Anderson
et al. 1987). Jiang et al. (2009) reported that in mouse lung
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CYP1ALI protein was induced by treatment of the animals
with 3-methylcholanthrene and that the induced activities
were maintained for 15 days.

Using a monoclonal antibody raised against rat liver
CYP2B2 (called P-450 PB-B in the original publications)
staining of the mouse bronchiolar epithelium (highest in
Clara cells) and of type II pneumocytes, but not of other
mouse lung cells was observed by Forkert et al. (1986,
1989). Staining was essentially identical in untreated mice
and after treatment with phenobarbital or 3-methylcholan-
threne. Renaud et al. (2011) showed that of 14 mouse organs
investigated CYP2B10 protein constitutive levels were very
high in the male mouse lung, 600% higher than in the liver.

Baldwin et al. (2004) observed that CYP2F protein, which
is converting the selective mouse pneumotoxin naphthalene
to its reactive metabolite naphthalene 1,2-epoxide, is highly
expressed in mouse lung. In the mouse kidney no CYP2F
protein was found. The CYP2F protein levels in the mouse
airways were 20- to 40-fold higher than in rat airways. In
both rodent species the highest CYP2F protein levels within
the lung were found in the distal airways. In the Rhesus
Macaque no CYP2F protein was found in the airways.

CYP4B?2 protein was relatively high in mouse lung micro-
somes (Imaoka et al. 1995).

Sadler et al. (2018) reported that in the mouse lung high-
fat diet did not significantly change the amount of any of
the investigated CYPs protein (in contrast to the liver), but
exposure to cigarette smoke increased all of them (CYP1Al,
1A2,2a5,22B10, 2B10, 2B19, 2D11, 2D26, 2F2, 251, 4B1,
4V2,20A, 39A1).

Stoddard et al. (2018) performed a developmental pro-
tein profiling study in mouse lung. The protein of the lung-
selective CYP2F2 was present at postnatal day 0, increased
11-fold until day 21 and stayed then static until day 42.
CYP2B10 was not detected until postnatal day 21 and there-
after showed no further increase until day 42. CYP4B1 pro-
tein was detected on gestational day 17, postnatal days 21
and 42. Its levels increased between gestational day 17 and
postnatal day 21 6-fold.

CYP catalytic activities (Table 3)

Styrene Styrene is carcinogenic for the mouse lung, but
not for the rat lung. Upon inhalation lung adenomas were
observed starting at 20 ppm, carcinomas at 160 ppm (Cruzan
et al. 2001), while styrene was not tumorigenic for rats up to
1000 ppm (Cruzan et al. 1998). Styrene also proved carcino-
genic for mice upon exposure via gavage (Ponomarkov and
Tomatis 1978; U. S. NCI 1979). No increase of tumors have
been found in eight chronic rat studies on styrene (discussed
in Cruzan et al. 2002). CYP-catalyzed metabolism of the
mouse lung is, therefore, of special interest and is singled
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out here in a special chapter, while the activities for various
other compounds are treated in the subsequent chapter.

Since styrene was largely negative in tests on DNA
reactivity, while species and organ specificity of its tumo-
rigenicity largely coincide with the locations of its cytotox-
icity (Cohen et al. 2002), a cytotoxicity-dependent mode
of action is likely. For an early review of styrene’s toxicity
see Bond (1989), for a later comprehensive evaluation see
Cohen et al. (2002).

The complex metabolism of styrene in mouse contrasted
with other experimental animal species and man has been
reviewed by Vodicka et al. (2006). Important data con-
cerning mouse pulmonary CYP-mediated metabolism are
detailed below (note that, according to the scope of this
review, only the local metabolism in the lung is considered).

Initially, the CYP-dependent biotransformation of styrene
to the electrophilically reactive styrene 7,8-oxide was sus-
pected to be the major reason for the pneumotoxicity and
lung tumors produced in mice. Some of the findings sup-
porting this suspicion and investigating the contribution of
individual CYPs to this metabolism were as follows.

Mendrala et al. (1993) reported for B6C3F1 mouse lung
microsomes a relatively high rate of pulmonary biotransfor-
mation of styrene to styrene glycol (rightfully presumed to
be via styrene 7,8-oxide) of 2.7 nmol/min/mg protein and
Carlson (1997) for CD-1 mouse lung microsomes a rate
of 2.06 nmol/mg protein/min [much faster than the rate in
human lung microsomes of 0.0065 nmol/mg protein/min
(Nakajima et al. 1994)]. Worthy of note in this context is
that Carlson et al. (2000) detected only in one out of eight
human lung samples any styrene metabolism (0.088 nmol/
min/mg protein) while all eight samples had CYP activities
for benzene used as a control substrates. Similarly Filser
et al. (2002) found no metabolism of styrene in human lung
homogenates, while they actively metabolized 7-ethoxycou-
marin. Concluding from these studies, the metabolic toxica-
tion in the human lung appears—in marked contrast to the
susceptible species mouse—to be very low.

An important detail: differences in the metabolic hydrol-
ysis of the electrophilically reactive styrene 7,8-oxide to
the unreactive styrene glycol by pulmonary mEH between
mouse strains does not explain their different susceptibility
to styrene’s pneumotoxicity (Carlson 1998).

With respect to individual CYPs involved in the metabo-
lism of styrene, Carlson (1997) demonstrated that low con-
centrations of the CYP2E]1 inhibitor diethyl dithiocarbamate
inhibited the metabolism of styrene to styrene 7,8-oxide in
mouse lung and liver microsomes, while the CYP2F2 inhibi-
tor 5-phenyl-1-pentyne predominantly inhibited the styrene
metabolism in the mouse lung microsomes.

Carlson et al. (1998) showed that the CYP1A inhibitor
a-naphthoflavone did not inhibit styrene metabolism in
mouse lung (or liver) microsomes, implying that CYP1A
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is not important for the metabolism of styrene in the mouse
lung (or liver). Similarly, the CYP2B inhibitor a-methylb
enzylaminobenzotriazole inhibited the formation of sty-
rene 7,8-oxide by these preparations only slightly (16-19%
inhibition of styrene 7,8-oxide formation at 1 pM inhibitor)
(while causing a 87% inhibition of the hepatic metabolism of
the CYP2B substrate 7-benzyloxyresorufin), implying that
CYP2B also is not important for the biotransformation of
styrene to styrene 7,8-oxide.

Hynes et al. (1999) observed that isolated mouse lung
Clara (Club) cells, the target cells for styrene-induced
pneumotoxicity and the presumed cells of origin of the lung
tumors in mice, readily metabolized styrene to styrene 7,8-
oxide. This metabolism was inhibited by the CYP2E]1 inhibi-
tor diethyldithiocarbamate, but was much more efficiently
inhibited by the CYP2F2 inhibitor 5-phenyl-1-pentyne,
implying a role of CYP2E1, but a much more decisive role
of CYP2F2. The CYP1A inhibitor a-naphthoflavone did not
inhibit and the CYP2B inhibitor a-methylbenzylaminobenzo
triazole only minimally inhibited styrene biotransformation
to styrene 7,8-oxide in mouse Clara cells. Styrene metab-
olism was very efficiently catalysed by mouse Clara cells
while mouse alveolar type II cells were almost inactive [in
agreement with styrene-induced hyperplasia being observed
in the terminal bronchioles, later extending to alveolar ducts,
but not to alveolar cells (Cruzan et al. 1998, 2001)]. Styrene
metabolism was severalfold higher in mouse Clara cells
compared with Clara cells of the species resistant to the
tumorigenic action of styrene, the rat (Hynes et al. 1999).

Moreover, using the styrene metabolism data of Hynes
et al. (1999), Sarangapani et al. (2002) developed a PBPK
model of styrene metabolism which predicts that in mouse
bronchioles the more genotoxic and more cytotoxic enanti-
omer (R)-styrene 7,8-oxide (Gadberry et al. 1996) was pref-
erentially formed, while in the rat lung the (S)-enantiomer is
preferentially formed. In addition, the model predicts that,
due to saturation of styrene metabolism in the rat lung at
500-600 ppm styrene, the maximally achievable concentra-
tion of (R)-styrene 7,8-oxide in rat terminal bronchioles is
2 uM, which is only half the level achieved in mouse termi-
nal bronchioles at the lowest investigated mouse-carcino-
genic dose of 20 ppm styrene. The Filser team developed a
PBPK model for the metabolism of styrene, initially based
on the metabolism in the liver (Csanady et al. 1994), which
they subsequently extended to also include local metabolism
in the lung (Csanady et al. 2003). Using the latter model they
calculated a predicted concentration in the human lung of
0.016 pmol styrene 7,8-oxide per kg body weight for humans
exposed to 20 pm styrene, 17 times lower than in the rat and
50 times lower than in the mouse.

Taken together, obviously the lung tissue of the animal
species susceptible to the carcinogenic action of styrene,
the mouse, produces more styrene 7,8-oxide than that of

the resistant rat and the latter much more than the human
lung tissue (Nakajima et al. 1994; Carlson et al. 2000; Filser
et al. 2002) [in addition, the major styrene 7,8-oxide inacti-
vation by the microsomal epoxide hydrolase proceeds faster
in human than in the rat, and similar in the latter compared
with the mouse, albeit the activity of the minor styrene 7,8-
oxide inactivating system, pulmonary GST, is much lower in
human than in the rat, and lower in the rat than in the mouse
(see in the respective chapters)].

However, several additional findings cast doubt that sty-
rene 7,8-oxide could be the sole or the major entity respon-
sible for the mouse lung tumors induced by styrene.

The first step in the major biotransformation pathway of
styrene is formation of styrene 7,8-oxide in the lung-cancer-
susceptible mouse, but likewise in the resistant rat as well,
this entire pathway accounting for at least 80% of the total
styrene metabolism (Sumner and Fennell 1994; Cruzan et al.
2002).

Styrene-induced mouse pneumotoxicity and mouse
lung tumors are not related to blood levels of styrene oxide
(Cruzan et al. 2002) [it should, however, also be taken into
account that Sarangapani et al. (2002) reported that in their
PBPK model of styrene metabolism the predicted concentra-
tion of styrene 7,8-oxide specifically in the mouse terminal
bronchioles correlated better with the tumorigenicity results
of Cruzan et al. (2001) than the concentration of styrene
7,8-oxide in the blood].

Using the PBPK model developed by Filser et al. (1999)
the following was observed: The predicted concentration
of styrene 7,8-oxide in the mouse lung upon inhalation of
40-80 ppm styrene is virtually not different from the con-
centration in the rat lung exposed to 1000 ppm. The former
concentration had led to mouse lung tumors, while the lat-
ter concentration was not tumorigenic (Cohen et al. 2002).
Also, when considering the more toxic isomer (R)-styrene
7,8-oxide, the predicted difference of its concentration in
the mouse versus the rat lung (~2-fold) is not sufficient to
explain the species difference in the styrene-induced tumo-
rigenicity (Cohen et al. 2002) [the Harvard Center for Risk
Analysis (HCRA) potential health risks associated with
exposure to styrene review panel (Cohen et al. 2002) warned
to give much weight to these modeled data because of incon-
sistencies in the measured levels of styrene 7,8-oxide in the
blood]. Furthermore, oral administration of styrene doses
leading to higher styrene 7,8-oxide levels in the lung of rats
than those which have led to lung tumors in mice did not
lead to tumors in rats (Cruzan et al. 2009).

In ventilated, perfused lungs of mice and rats exposed
to styrene vapours the concentration of styrene 7,8-oxide
in the effluent perfusate was only 2-fold different, far too
small to account for the species difference of susceptible
versus resistant to the tumorigenicity of styrene (Hofmann
et al. 2006).
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Ring-oxidized styrene metabolites (4-vinylphenol and/or
metabolites derived from it) were shown to be important for
styrene’s pneumotoxicity, specifically the toxicity to Clara
(Club) cells, the presumed site of origin of the mouse lung
tumors induced by styrene (Carlson et al. 2002; Cruzan et al.
2005). 6-60 mg/kg/day for 14 days produced cytotoxicity in
the terminal bronchioles of mice, but not of rats (which are
resistant to the styrene-induced tumorigenicity).

4-Vinylphenol was 10 times as toxic as the parent com-
pound styrene and 5 times as toxic as styrene 7,8-oxide
(Carlson et al. 2002).

Kaufmann et al. (2005) showed that the intraperitoneal
treatment of mice with the side chain styrene metabolites
phenylacetaldehyde and phenylacetic acid caused apoptosis
and cell proliferation only in the alveoli, but no effects in the
terminal bronchioli, the presumed site of origin of the sty-
rene-induced mouse lung tumors. However, treatment with
styrene 7,8-oxide at a relatively high dose of 3 x 100 mg/
kg body weight per day or with 4-vinylphenol already at
a relatively low dose of 3 X 20 mg/kg body weight per day
led to an up to 19-fold increase in cell proliferation, glu-
tathione depletion and histomorphological changes in the
large/medium bronchi and terminal bronchioli including a
loss of the typical bulging of the dome-shaped Clara cells.
Histomorphologically, the damage was confined to the non-
ciliated bronchiolar epithelium with a severe initial damage
to the Clara cells and the highest increase of cell prolifera-
tion occurred in the terminal bronchioli. These results sug-
gest that 4-vinylphenol and/or their metabolites and—with
lower potency—also styrene 7,8-oxide are the causative enti-
ties for the styrene-induced toxicity-dependent tumorigenic-
ity of styrene for the mouse lung.

The data reported by Sumner and Fennell (1994) and
Johanson et al. (2000) show by whole-body metabolism
studies that mice produce much more styrene-derived ring-
oxidation products than rats.

Inhibition of CYP2F2 activity by 5-phenyl-1-pentyne
prevented largely (up to practically 100%) the cytotoxicity
of 4-vinylstyrene in the mouse lung (Carlson 2002), demon-
strating that not 4-vinylphenol itself, but rather a CYP2F2-
dependent metabolite derived from it, is a highly pneumo-
toxic agent.

4-Vinylphenol, is—in presence of NADPH—rapidly
further metabolized by lung microsomes of the susceptible
species, the mouse, and the resistant species, the rat, but by
the mouse lung microsomes much (8-fold) faster than by rat
lung microsomes. The major catalyst for this biotransforma-
tion step in the mouse lung is CYP2F2. Lack of UV absorb-
ance indicated that the metabolite(s) was/were ring-opened
derivative(s) of styrene (Cruzan et al. 2002).

Green et al. (2001b) reported that inhibition of CYP2F
enzymatic activity by the selective CYP2F inhibitor 5-phe-
nyl-1-pentyne drastically reduced the styrene-induced
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increases in cell toxicity/necrosis and subsequent cell divi-
sions in mouse lung bronchioles.

In whole-animals, namely CYP2E1 knock-out mice,
pneumotoxicity of styrene was similar to that observed in
wild-type mice, in contrast to the liver, where toxicity in the
CYP2E1 knock-out mice was much reduced compared with
the wild-type mice, demonstrating that for styrene metabolic
toxication in mouse liver CYP2E1 was important, but not
in lung. The author concludes that the results support the
idea that for pneumotoxicity of styrene CYP2F2-dependent
metabolism of styrene is important, but that for the suscep-
tibility to the intrinsic toxicity of the reactive metabolite,
styrene 7,8-oxide, there is no difference whether CYP2EI
activity is present or not (Carlson 2004).

CYP2Fs in various animal species appear to possess in
general similar substrate preferences, but not for styrene:
CYP2F2 of mice and CYP2F4 of rats readily metabolize
styrene, but not the human CYP2F1 (Cruzan et al. 2002;
Carlson 2008), e.g. Green et al. (2001a) did not detect sty-
rene metabolism in the human nasal tissue, which possesses
CYP2F1. While the mouse CYP2F2 and the rat 2F4 are
structurally similar, the human CYP2F1 differs distinctly
in having in its active site a lysine substituted for glutamine
(Lewis et al. 2009). In this context it is of interest to note that
the styrene metabolite and proximal pneumotoxin 4-vinyl-
phenol (Carlson 2002) has been reported to be present (as a
minor metabolite) in the urine of styrene-exposed workers
(Pfaffli et al. 1981), but the CYP-dependent activity required
for the toxication of 4-vinylphenol was not detected in the
human lung (see above). In contrast to the findings of Pfaf-
fli et al. (1981), Johanson et al. (2000) failed to detect in
exhaled air, blood or urine of volunteers exposed to '*C-sty-
rene vapour metabolites which could have been derived from
styrene ring oxidation and Cruzan et al. (2002) concluded
that in human urine ring-oxidized styrene metabolites were
below detection.

Comparing potential styrene metabolism in mouse and rat
Clara (Club) cells and type II alveolar pneumocytes Hynes
et al. (1999) and Carlson et al. (2000) showed that styrene
metabolism is virtually completely restricted to Clara cells
[consistent with the localization of CYP2F in Clara cells and
not in type II alveolar pneumocytes (Forkert 1995; Buckpit
et al. 1995)] and is much faster in mice compared with rats.

Mice Clara cells possess 30-fold higher levels of CYP2F
than rat Clara cells, while the lungs of the primate rhesus
macaque has no measurable CYP2F (Baldwin et al. 2004).
In this context it is worthy of note that the human lung pos-
sesses very few Clara cells and, moreover, the human Clara
cells have very little to no smooth endoplasmic reticulum
and very low levels of xenobiotica-metabolizing CYPs
(Gram 1997; Ding and Kaminsky 2003).

In CYP2F1 knock-out mice Clara cell toxicity and general
terminal bronchiole toxicity were not seen upon exposure to
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styrene or to styrene 7,8-oxide, whereas the wild-type mice
treated with the same doses showed very marked necrosis
and exfoliation of Clara cells as well as a strong increase of
cell division in the terminal bronchioles (Cruzan et al. 2012).

Comparing CYP2EI-null mice with CYP2F2-null and
wild-type mice, Shen et al. (2014) found neither a significant
difference between 2E1-null and wild-type mice of styrene
metabolism in lung microsomes [formation of styrene gly-
col (via styrene 7,8-oxide) and formation 4-vinylphenol]
nor of styrene-induced lung toxicity (cell counts and LDH
activity in bronchoalveolar fluid), while in 2F2-null mice
lung microsomes metabolic formation of styrene glycol and
4-vinylphenol were dramatically reduced and styrene did not
lead to pneumotoxicity.

Taken together the available data on styrene metabolic
toxication in the mouse lung, it appears obvious that

e the CYP forms predominantly responsible for toxication
of styrene in the mouse lung are different from those in
the mouse liver: CYP2F2 in the lung, CYP2EI in the
liver;

e ring-oxidized metabolites of styrene are important for the
styrene-induced pneumotoxicity in mice;

e mouse lung produces much more ring oxidation of sty-
rene than the rat lung, while styrene ring oxidation in
human lung is almost nil;

e the CYP form CYP2F2 is predominantly or exclusively
responsible for the styrene-induced mouse-selective
pneumotoxicity and lung tumors, the former centred in
the bronchioles, the latter in the same region, albeit not
distinguishable whether bronchiolar or alveolar or both;

e the CYP form homologous to the mouse CYP2F2 in the
rat is CYP2F4, in human 2F1. Mouse lung possesses
much higher CYP2F-dependent catalytic activity than
the rat lung and the latter much more than the human
lung.

CYP catalytic activities for compounds other than sty-
rene Lorenz et al. (1984) showed that mouse lung micro-
somes very efficiently catalysed the deethylation of the
broad-spectrum CYP substrate 7-ethoxycoumarin, almost
10-fold faster than rat lung microsomes and about 1000-fold
faster than human lung microsomes. Rates of 7-ethoxycou-
marin O-deethylation were much higher in mouse Clara
(Club) cells compared with mouse alveolar type II cells
(Devereux et al. 1989).

Jiang et al. (2009) reported that in mouse lung
CYP1A1/1A2-selective EROD activity was present, mas-
sively (380-fold) induced by treatment of the animals with
3-methylcholanthrene and that the induced activities were
maintained for 15 days after discontinuation of the treatment.

Paolini et al. (1995) reported the presence of CYP2B-
dependent PROD activity in the mouse lung and its induc-
ibility by quite a number of compounds. Interestingly, of
all compounds tested, sodium barbital led to the highest
enhancement of PROD activity in the mouse lung (46-fold
and 50-fold in the male and female mice, respectively),
rather than sodium phenobarbital (2.5-fold and 8-fold in
male and female mice, respectively). Phorone and trans-
1,2-dichloroethylene also led to increases of PROD activity
in the mouse lung.

The CYP2E1-prototypic 4-nitrophenol hydroxylation was
observed in mouse lung microsomes by Forkert et al. (2000).

Canistro et al. (2009) observed in mouse lung microsomes
quite a number of CYP-mediated catalytic activities (EROD,
MROD, PROD, testosterone hydroxylations at seven dif-
ferent positions) and that all of them were decreased upon
treatment of the mice for 7 days with 50 mg/kg body weight
of the (putative) health promoter resveratrol (the treatment
was 1.p., according to the authors in order to avoid a possible
confounding factor by a first pass effect upon oral treatment).

Buckpit et al. (1995) noticed active and CYP2F2-associ-
ated metabolism of naphthalene in the airways of the species
mouse, which is sensitive to its selective pneumotoxicity,
while much slower metabolism of naphthalene was noticed
in the airways of the rat, which is a species resistant to its
toxicity. While CYP2F-dependent metabolism of naphtha-
lene is especially crucial for its pneumotoxicity, several other
CYPs have been shown to also contribute to the biotransfor-
mation of naphthalene to its reactive metabolite 1,2-epoxide:
CYP1A1 (Greene et al. 2000), CYP1A2 (Cho et al. 2006),
CYP2A5/6 (Asikainen et al. 2003), CYP2B (Nagata et al.
1990; van Bladeren et al. 1985) and CYP2E1 (Wilson et al.
1996). However, Genter et al. (2006) provided strong sug-
gestive evidence that CYP1A1 and 1A2 do not significantly
contribute to naphthalene bioactivation in vivo.

Genter et al. (2006) observed that the CYP2F inhibi-
tor 5-phenyl-1-pentyne abolished the olfactory toxicity
of naphthalene in mice, which suggests a decisive role of
CYP2F-mediated metabolism of naphthalene for its toxic-
ity in mice. Li et al. (2011b) showed that in Cyp2f-null mice
the in vitro catalytic efficiency of lung microsomes for the
epoxidation of naphthalene was decreased 160-fold, but in
the nasal mucosa only 16-fold, and consequently the Cyp2f-
null mice were largely resistant against the pulmonary tox-
icity of naphthalene, but not against its cytotoxicity toward
the nasal mucosa.

Stereochemical studies showed that mouse lung converted
naphthalene with high preference to the 1R,2S-naphthalene
epoxide in contrast to the rat lung. However, studies on the
fate of the enantiomers strongly suggested that the rate of
the epoxide formation rather than differences between the
epoxide enantiomers are related to the species differences in
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susceptibility to the toxicity of naphthalene (Buckpitt et al.
2002).

Shultz et al. (1999) found that in the metabolism of the
species-selective pulmonary toxicant naphthalene mouse
CYP2F2 (107 nmol/nmol CYP/min) was 2400 times faster
than human CYP2F1 (0.045 nmol/nmol CYP/min) and
Shultz et al. (2001) found that the pulmonary toxicants
1-nitronaphthalene and 2-methylnaphthalene are metabo-
lized by recombinant mouse lung-selective CYP2F2 with
high k, values (17.1 and 3.7 pM, respectively). All of this
suggests that mouse CYP2F2 is highly important for the
selective murine pneumotoxicity of several pneumotoxins.

The mutagenic nitroaromatic compound 1-nitronaphtha-
lene (emitted from diesel engines) was shown to be activated
by the mouse lung CYPs (Watt and Buckpitt 2000), the rapid
metabolism by mouse lung was confirmed by Baldwin et al.
(2005).

The rodent carcinogen butadiene is metabolized by CYP
isoenzymes, most notably including CYP2E1 and CYP
3A4, to at least two genotoxic metabolites, butadiene epox-
ide and diepoxybutane (Bond and Medinsky 2001). It was
converted more than 10-fold faster to the monoepoxide by
lung microsomes of the much more sensitive species mouse
compared with lung microsomes of the much less sensitive
species rat. Diepoxide formation also occurred in mouse
lung microsomes (V,,,, 0.2 nmol/mg protein/min), whereas
this biotransformation did not occur at a measurable rate
in rat or human lung microsomes (Csanddy et al. 1992).
Seaton et al. (1996) observed that isolated bronchioles of
mice, which upon exposure to butadiene develop brochi-
olar—alveolar neoplasms, metabolized butadiene to the reac-
tive butadiene epoxide twice as fast as rats, which are much
less susceptible.

Hellmold et al. (1993) observed in mouse lung micro-
somes metabolic activation of the aromatic amines 1Q
(2-amino-3,8-dimethylimidazo[4,5-f]quinoline) and MelQx
(2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline) to
derivatives mutagenic for Salmonella typhimurium TA9S.
a-Naphthoflavone, reputed to be a specific inhibitor of
CYPIA activity, inhibited the activation of 1Q by 30-40%
and the activation of MelQx by about 60-80% (however,
the authors speculated that this inhibition may rather have
been due to a hitherto unknown cross-inhibition of CYP2A3
activity by these antibodies).

Thornton-Manning et al. (1996) showed that the lung
toxin 3-methylindole was efficiently activated to the reactive
3-methylindoleimine by recombinant mouse CYP1A2, in
amounts exceeding those produced by the human CYP most
active in this respect, CYP2F1. However, Zhou et al. (2012)
showed by comparison of CYP2F2 knock-out mice with
CYP2AS knock-out and with wild-type mice, that mouse
lung CYP2F?2 preferentially metabolized 3-methylindole to
reactive iminium ions.
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Price et al. (1996) used mouse lung slices to show that
agaritine was biotransformed by mouse (and rat) lung to
reactive metabolites, which covalently bound to lung pro-
teins, more in the mouse lung compared with the rat lung.

Green et al. (1997) found that metabolism of trichloro-
ethylene was fast in mouse lung (23-fold slower in rat lung
and not detectable in human lung).

The pneumotoxin and lung carcinogen ethyl carbamate
was metabolically activated by mouse lung CYP2E1 (Fork-
ert and Lee 1997), the activity of which is about 7-fold
higher in the mouse lung compared with the human lung.

The Clara (Club) cell pneumotoxin 1,1-dichloroethylene
was shown to be toxified by the mouse lung CYP2EI to
the reactive epoxide (Forkert 1999) and higher levels of the
epoxide-derived glutathione conjugate were shown to be
formed in the mouse lung compared with the human lung
(Dowsley et al. 1999).

Born et al. (2002) used the CYP2F inhibitor 5-phenylpen-
tyne to show that in the mouse lung CYP2F2 is the major
catalyst responsible for the conversion of the selective mouse
pneumotoxin coumarin to its 3,4-epoxide, the metabolite
(and/or its rearrangement product ortho-hydroxyphenylac-
etaldehyde) responsible for coumarin’s selective toxicity
for the mouse lung (while coumarin 7-hydroxylation is the
major pathway and coumarin 3-hydroxylation is a minor
pathway in mouse, rat and human). Inhibition of CYP2F2
activity using 5-phenyl-1-pentyne eliminated coumarin’s
bronchiolar cytotoxicity.

Non-CYP oxidoreductases (Table 4)
Flavin-dependent monooxygenases (FMO)

Falls et al. (1997) observed FMO3 mRNA in mouse lung (of
both sexes, but in the liver only in males and in the kidney
not in either sex).

Sainkhuu et al. (2016) reported the presence of FMO?2,
FMO3 and FMO4 mRNA in the murine lung as well as its
increase upon oral treatment of mice with Phellinus baumii
extract and also by its glucan fraction (P. baumii is a mush-
room long used in the alternative medicine of Korea and
other Asian countries).

In a developmental study on mouse lung Stoddard et al.
(2018) found FMOI protein in one sample on postnatal day
0 and then in all samples on postnatal days 21 and 42. FMO2
protein was detected at all time points between gestational
day 17 to postnatal day 42, with a total 29-fold increase.

Cyclooxygenase (COX)
Cox convert arachidonic acid to prostaglandins. In the first

step a hydroperoxide cyclic endoperoxide is formed (pros-
taglandin G,), in the second step the hydroperoxide function



Archives of Toxicology (2019) 93:3419-3489

3441

is reduced to hydroxyl, leading to prostaglandin H,. Xeno-
biotica of sufficient lipophilicity and sufficient low redox
potential (many phenols and aromatic amines) can serve as
oxygen acceptor/electron donor in this second step. Many
xenobiotica can be toxified by this co-oxidation reaction,
e.g. forming unpaired electron radicals which may react with
further molecules generating free radicals from them and
ultimately lead to toxicity including lipid peroxidation as
well as formation of DNA adducts.

Bauer et al. (2018) showed in an in vitro murine lung
epithelial cell model (the non-tumorigenic type II cell line
C10) significant increases in COX-2 mRNA levels upon
co-treatment with BP and a “low molecular-weight” PAH
mixture (1-methylanthracene and fluoranthene).

Gibbs-Flournoy et al. (2018) showed that the exposure of
mice to fumes emitted from cooking fires led to significant
increases in lung COX-2 mRNA when traditional 3-stone
fire or advanced natural-draft stoves were used, whereas no
increase was noted upon exposure of the mice to forced-
draft stoves.

Rioux and Castonguay (1998) provided strong indirect
suggestion that via inhibition of COX, especially COX-2,
in the mouse lung a marked reduction of NNK metabolic
bioactivation is achieved and that consequently this leads to
a marked inhibition of NNK-mediated carcinogenesis in the
mouse lung. Acetylsalicylic acid was used as a nonspecific
COX inhibitor, N-[2-(cyclohexyloxy)-4-nitrophenyl]-meth-
anesulfonamide (NS-398) as a selective COX2 inhibitor.

NADH/NADPH quinone oxidoreductase (NQO)

Transcripts Vanhees et al. (2012) reported the presence
of NQO1 mRNA in mouse lung and a major (11.3-fold)
increase in its level in 12-week-old male offspring after
prenatal exposure to quercetin. However, no increase was
observed in female offspring.

Zhang et al. (2012) observed increased levels of NQO1
mRNA in young (3-month-old), but not in middle-aged
18-month-old) mouse lung after chronic (150 h over
10 weeks) exposure to “vehicular-derived airborne nano-
sized particulate matter”.

Yun et al. (2017) reported for the mouse lung a marked
increase of NQOI transcript formation by cigarette smoke
exposure.

Gibbs-Flournoy et al. (2018) showed that the exposure
of mice to fumes emitted from cooking fires led to 10-fold
increases in lung NQO1 mRNA when traditional 3-stone
fire or advanced natural-draft stoves were used, whereas no
increase was noted upon exposure of the mice to forced-
draft stoves.

Enzymatic activity Kalpana Deepa Priya et al. (2011)
reported that mouse lung cytosol possesses NQO activ-

ity, which is neither influenced by pretreatment of the
animals with BP nor with the (putative) anticarcinogen
sulforaphane.

Carbonyl reductase (CBR)

CBR catalyzes the reduction of the carbonyl function to
the hydroxyl function and the reverse reaction. Substrates
include prostaglandins and various xenobiotics. NAD(P)
(H) serve as cofactor.

In a developmental study on mouse lung Stoddard et al.
(2018) found CBR2 protein from gestational day 17 to
postnatal day 42 with a total increase of 42-fold [CBR2 is
thought to be selectively expressed in the lung (Nakanishi
et al. 1995).

Yun et al. (2017) reported for the mouse lung the CBR3
transcript formation and its marked increase by cigarette
smoke exposure.

Alcohol dehydrogenase (ADH) and aldehyde
dehydrogenase (ALDH)

Alcohol dehydrogenase (ADH) Stoddard et al. (2018)
reported that in the developing mouse lung the alcohol dehy-
drogenases ADH1, ADHX (primarily involved in the dehy-
drogenation of long-chain primary alcohols)and AKI1A1
(primarily involved in the reduction of aldehydes) proteins
were present at gestational day 17 and decreased 3-fold until
the last investigated time point of postnatal day 42.

Aldehyde dehydrogenase (ALDH) Tablin et al. (2012)
reported that of 14 investigated genes the second most
massive increase of expression in the mouse airways by
exposure to concentrated ambient particulate matter was
Aldh3al (second after Cyplal).

Yun et al. (2017) reported for the mouse lung the
ALDH3A1 transcript formation and its marked increase
by cigarette smoke exposure.

Individual ALDHs developed in the mouse lung differ-
ently. ALDH1A1 protein increased from gestational day
17 to postnatal day 42 5-fold while ALDHI1A7 protein
decreased 5-fold during the same period of time (Stoddard
et al. 2018).

Hydrolases
Epoxide hydrolase (EH)
Microsomal epoxide hydrolase (mEH, also called EPHX1)

(Table 3) Early on Oesch et al. (1977) investigated mEH
activities in six extrahepatic organs of the mouse. Specific

@ Springer



3442

Archives of Toxicology (2019) 93:3419-3489

activities were remarkably high in the lung, third after liver
and testis.

With regard to inactivation of the genotoxic styrene
metabolite styrene 7,8-oxide the data in Oesch et al. (1977)
and in Oesch et al. (1980) taken together show that microso-
mal epoxide hydrolase activity in the mouse lung is similar
to that in the rat lung and the latter much lower than in the
human lung. The data were obtained in part using styrene
7,8-oxide as substrate and in part using BP 4,5-oxide as sub-
strate. However, Oesch and Bentley (1976) had shown that a
single enzyme is catalyzing the hydrolysis of both, styrene
7,8-oxide and BP 4,5-oxide.

Boogaard and Bond (1996) reported that mouse lung
microsomes hydrolyzed diepoxybutane with a much lower
Vimax/ Ky efficiency (3.93) than the rat (19.2) and human
(32.5) providing a likely contribution for the much higher
susceptibility to the carcinogenicity of the parent compound
butadiene of the mouse lung compared with the rat lung.

In order to find a possible reason for the fact that the neo-
natal lung of various experimental animal species, includ-
ing mice (Fanucchi et al. 1997), is especially vulnerable in
response to cytotoxicants although potentially toxifying CYP
activities are lower than in adults, Fanucchi et al. (2000)
investigated the perinatal development of the predominantly
detoxifying phase II xenobiotic metabolizing enzymes mEH
and GST in mice lung. Protein levels of pulmonary mEH
(determined in proximal and in distal airways of fetal and
postnatal mice) increased with increasing age of the mice.
However, mEH activity (determined in the distal airways of
postnatal mice using cis-stilbene oxide as substrate) did not
change with increasing age.

Carlson (1998) showed that differences in the rates of
mEH-catalyzed detoxication of styrene 7,8-oxide by its
conversion to the resulting glycol between NSA (non-Swiss
albino), a mouse strain susceptible to styrene pneumotoxic-
ity versus Swiss CD-1, a more resistant strain, is not the
underlying mechanism for the different susceptibilities. He
also reported that conversion of styrene 7,8-oxide to glycol
was induced by butylated hydroxylanisole in the mouse liver,
but not in the lung.

Soluble epoxide hydrolase (sEH, also called EPHX2) sEH
was observed in the mouse lung where its specific activity
was 1/15th of that in the mouse liver (Gill and Hammock
1980).

Zheng et al. (2001) showed that sEH protein was highly
localized to the vascular smooth muscle of small and
medium-sized pulmonary vessels. They showed that leuko-
toxin is actually a protoxin which is activated by sEH to
the ultimately toxic diol causing ARDS (acute respiratory
distress syndrome), massive alveolar oedema and haemor-
rhage with interstitial oedema around blood vessels in the
lung of the treated mice.
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Keserii et al. (2008) reported that sEH is localized in
mouse bronchioles and in the smooth muscles which sur-
rounds arterioles. Freshly isolated and cultured mouse lung
vascular smooth muscle cells showed sEH activity.

EH; The team of Michael Arand discovered a third epox-
ide hydrolase, which they called EH; (Decker et al. 2012).
Expression on the mRNA level in the mouse lung was
high, third after stomach and skin, of totally 20 investigated
organs, while the expression in the liver was extremely low.
Recombinant EH; had a high turnover rate for 9,10-epoxy
stearate, for endogenous, arachidonic acid-derived epoxides
(8,9-11,12- and 14,15-epoxyeicostrienoic acid) and for
leukotoxin (9,10-epoxyoctadec-11-enoic acid) (the high-
est specific activity for hydrolysis of arachidonic epoxides
and for leukotoxin reported to-date). This suggests that EH3
substantially contributes to the toxicity of leukotoxin, since
the hydrolytically generated metabolite is a strong mediator
of acute respiratory distress syndrome. On the other hand,
the hydrolytic activity toward a standard EH substrate, sty-
rene 7,8-oxide (a substrate for both, mEH and sEH), was
extremely low (essentially nil) (Decker et al. 2012).

Conjugating enzymes
Glutathione S-transferase (GST) (Table 6)

Transcripts Mainwaring et al. (1996) demonstrated the
presence of GST theta transcripts and protein in the mouse
lung, especially in Clara (Club) cells. Levels were substan-
tially higher than in the rat and human lung.

Vanhees et al. (2012) reported the presence of GSTP1
mRNA in mouse lung and a 2.2-fold increase in its level in
12-week-old male (but not female) offspring after prenatal
exposure to quercetin.

Yun et al. (2017) reported for the mouse lung the GSTP1
and GSTOL transcript formation and its marked decrease by
cigarette smoke exposure in C57/BL6 mice.

Protein McLellan et al. (1992) reported that in mouse lung
GSTs were localized exclusively to the bronch.

In order to find a possible reason for the fact that the
neonatal lung appears to be especially vulnerable in
response to cytotoxicants, Fanucchi et al. (2000) inves-
tigated the perinatal development of the predominantly
detoxifying phase II xenobiotic metabolizing enzymes
mEH and GST in mice lung. Development of GST protein
expression differed between individual GST isozymes.
GST alpha and GST mu protein levels (determined in
foetal total lung, in postnatal mice in proximal and dis-
tal airways) were low before birth, high on postnatal day
7, decreased between days 14 and 21 and became again
high on day 28 and in adult mice. GST pi protein levels,
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however, were high on gestational day 18, again on post-
natal day 4, became undetectable on day 21, but were high
again in adult mice. GST activity determined in the post-
natal mouse distal airways cytosolic fraction using CDNB
(1-chloro-2,4-dinitrobenzene) as substrate increased stead-
ily from day 7 to adulthood. Thus, GST activity toward
the broad-spectrum substrate CDNB does not correlate
with the development of the expression of the major GST
proteins alpha, mu and pi.

Enzymatic activity Autrup et al. (1980) showed in cul-
tured mouse tracheobrochial tissue a high proportion of BP
metabolized to glutathione metabolites, much more than to
glucuronides.

Boogaard et al. (1996) observed considerable GST
activity toward diepoxybutane in mouse lung cytosol
(38.5+2.5 nmol/min/mg cytosolic protein), approximately
twice the activity observed in the rat lung (17.1 3.0 nmol/
min/mg cytosolic protein) and concluded that differences
between GST activities are not the reason for the mice upon
exposure to butadiene accumulating higher concentrations
of diepoxybutane in the blood than the rats, which are much
more resistant to the carcinogenicity of butadiene.

With respect to inactivation of the reactive styrene
metabolite styrene 7,8-oxide by GST the data summarized
by Cohen et al. (2002) show that the activity is much higher
in the mouse than in the rat and much higher in the rat than
in human. Accordingly, Delbressine et al. (1981) had shown
that the excretion of styrene 7,8-oxide-derived mercapturic
acids were higher in rodents compared with humans.

Canistro et al. (2009) observed in mouse lung cytosol
GST activity toward the broad-spectrum substrate CDNB
which was substantially reduced upon treatment of the mice
with the (putative) health promoter resveratrol (the treatment
was i.p., according to the authors in order to avoid a possible
confounding factor by a first pass effect upon oral treatment).

Li et al. (2011a) observed in mouse pulmonary cytosol
GST activity toward ethylene oxide as substrate. Zheng et al.
(2014) observed that GST specific activity toward the pro-
totypic substrate 4-hydroxynonenal was very high in mouse
lung 9000 g supernatant, almost as high as in the liver.

UDP-glucuronosyltransferase (UGT) (Table 7)

Transcripts Sivils et al. (2013) reported low levels of
UGT1A mRNA and much higher levels of UGT2B mRNA
in mouse lung (and a massive reduction of both of them in
Mrp1 knock outs).

Vanhees et al. (2012) reported the presence of UGT1A6
mRNA in mouse lung and a 2.2-fold increase in its level in
12-week-old male (but not in female) offspring after prenatal
exposure to quercetin.

Yun et al. (2017) reported for the mouse lung the
UGT1AG6 and 1A7 transcript formation and its marked
decrease by cigarette smoke exposure in C57/BL/6 mice.

Chikara et al. (2018) showed a strong increase in the
mRNA levels of UGT2B34 in mouse lung upon treatment
with flaxseed.

Catalyticactivity Canistro et al. (2009) observed in mouse
lung microsomes UGT activity toward 1-naphthol as sub-
strate which was substantially reduced upon treatment of
the mice with the (putative) health promoter resveratrol
(as stated above, the treatment was i.p., according to the
authors in order to avoid a possible confounding factor by
a first pass effect upon oral treatment).

Kalpana Deepa Priya et al. (2011) reported that mouse
lung microsomes possess quite remarkable (~ 10 nmol/
min/mg microsomal protein) UGT activity toward 4-nitro-
phenol as substrate, which is slightly (but statistically sig-
nificantly) reduced by pretreatment of the animals with BP
or with the (putative) anticarcinogen sulforaphane.

Sulfotransferase (SULT)

Sivils et al. (2013) reported the presence of SULT1AI
mRNA in mouse lung (and its massive reduction in Mrp1
knockouts).

Autrup et al. (1980) showed in cultured mouse tracheo-
brochial tissue a high proportion of BP metabolized to
sulfates, much more than to glucuronides.

N-Acetyltransferase (NAT)

Dairou et al. (2009) observed in the mouse lung mtCC1-2
Clara (Club) epithelial cell line (developed by Magdaleno
etal. 1997) NAT2 protein and enzymatic activities for the

following substrates: benzidine, f-naphthylamine, 4-amin-
obiphenyl, p-aminosalicylic acid and 2-aminofluorene.

Xenobiotica-metabolizing enzymes
in the rabbit lung

Cytochromes P450 (CYP)
CYP transcript expression
CYP4B1 mRNA expression was considerably higher in

rabbit lung compared with other tissues including liver
(Zeldin et al. 1995).
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CYP and related proteins expression

Serabjit-Singh et al. (1980) observed CYP reductase protein
in rabbit lung Clara (Club) cells. CYP reductase is more
highly localized to rabbit lung Clara cells than to type II pne-
unmocytes (Devereux and Fouts 1981; Domin et al. 1986;
Serabjit-Singh et al. 1988) which in turn contain higher lev-
els of this enzyme than alveolar macrophages (Domin et al.
1986). No CYP reductase protein was observed in rabbit
type I pneumocytes or endothelial cells (Serabjit-Singh et al.
1988).

Neither CYP1A1 nor CYP1A2 protein (in the original
publications called form 6 and form 4, respectively) were
detected constitutively in rabbit lungs, but they were highly
induced by TCDD (Dees et al. 1982; Domin et al. 1986;
Guengerich 1990) in bronchial and bronchiolar epithelia as
well as in pulmonary artheria, veins and capillary endothelia
(Dees et al. 1982). Low levels of CYP1A1 were detected in
rabbit alveolar macrophages (Domin et al. 1986).

CYP2B4 (in the original work called cytochrome P-450
form 2) was observed in rabbit Clara cells and type II pneu-
mocytes (Serabjit-Singh et al. 1980; Devereux and Fouts
1981) and in bronchial and bronchiolar epithelia and even
in type I pneumocytes (Dees et al. 1982), the latter not con-
firmed by Serabjit-Singh et al. (1988). The relative levels of
CYP2B4 were found to be high in Clara cells and consider-
ably lower in ciliated epithelial cell of the bronchus and the
bronchioli (Plopper et al. 1987; Serabjit-Singh et al. 1988).
Location of CYP2B4 in capillary endothelial cells was
observed by Serabjit-Singh et al. (1988), but not by Dees
et al. (1982) (possible reasons for the discrepancy: (a) dif-
ferent antibodies were used in the two studies, (b) Dees et al.
used light microscopy in frozen, unfixed specimens, while
Serabjit-Singh used electron microscopy in fixed samples).
Low levels of CYP2B4 were detected in rabbit alveolar mac-
rophages (Domin et al. 1986).

CYP4B1 (in the original publication called form 5) was
observed in highest levels in Clara cells, in lower levels
also in ciliated cells of the bronchus and of the bronchioli,
in type II pneumocytes and in capillary endothelial cells,
but not in type II pneumocytes (Serabjit-Singh et al. 1980,
1988; Devereux and Fouts 1981; Plopper et al. 1987). Wolf
et al. (1978) calculated that CYP4B1 protein amounted to
at least 35% of total rabbit lung CYP proteins. Low levels
of CYP4B1 were detected in rabbit alveolar macrophages
(Domin et al. 1986). A second CYP4B protein (CYP4B4)
was also observed in rabbit lung and determined to be pre-
sent in a similar amount as CYP2B1 (Wolf et al. 1978).

CYP catalytic activities (Table 3)

The broad-spectrum CYP substrate 7-ethoxycoumarin was
deethylated by rabbit Clara cells and by rabbit alveolar type
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IT cells, the rate of deethylation being higher in the former
compared with the latter (Devereux et al. 1989).

Wheeler et al. (1990) characterized in human and baboon
lung in comparison with rat and rabbit a CYP homologous
to the toxicologically important CYP1A1 of rodents. Typi-
cal CYP1A enzymatic activities were found in human and
baboon lung microsomes, in similar activities between these
two species, but considerably lower activities as compared
with rat and rabbit microsomoses (see Table 3 comparing the
Wheeler et al. 1990 data between these species).

Zeldin et al. (1995) observed in rabbit lung microsomes
complete inhibition by anti-CYP2B4 antibodies of arachi-
donic acid biotransformation to dihydroxyeicosatrienoic
acid and to epoxyeicosatrienoic acid, but no inhibition of
arachidonic acid metabolism by anti-CYP4B1 antibodies.

CYP-catalyzed monooxygenation of several xenobi-
otics have been observed in rabbit lung (Sabourin et al.
1988). CYP 2B4-dependent activities were much greater
in Clara cells compared with type II pneumocytes [con-
sistent with the selective toxicity of 4-ipomeanol for Clara
cells, 4-ipomeanol being (additionally to CYP4B1) toxified
by CYP2B4 (and the rat ortholog CYP2B2) (Guengerich
1977a, b)].

Williams et al. (1984) showed that rabbit lung CYP4Al
(called P450PG-® in the original publication) hydrox-
ylated arachidonic acid at its terminal carbon atom
(omega-hydroxylase).

Robertson et al. (1981) demonstrated toxication by the
16,000 g supernatant fraction of rabbit lung homogenates
of several aromatic amines (2-aminoanthracene, 2-aminoflu-
orene, 2-acetylaminofluorene) and aflatoxin B; to metabo-
lites mutagenic in the Ames test. The metabolic activation by
the rabbit lung fraction was more effective than that by the
corresponding rabbit liver fraction. Also more revertant col-
onies were obtained per nanomol of total CYP by the lung
preparations compared with those obtained from the liver.
They then showed that purified CYP4B1, but not CYP2B4
was responsible for their metabolic activation.

2-Aminofluorene was recognized as a lead substrate of
CYP4B1 (Vanderslice et al. 1987).

Slaughter et al. (1983) demonstrated the importance of
pulmonary CYP4B1 catalytic activity for the metabolic acti-
vation of the lung toxin 4-ipomeanol by observing inhibition
of its covalent binding to rabbit lung microsomes by anti-
CYP4B1 antibodies. Czerwinski et al. (1991) demonstrated
highly efficient activation of 4-ipomeanol by recombinant
rabbit CYP4B1 (leading under the conditions of the study to
covalent binding to cellular DNA of 84.23 + 15.85 dpm/ug
DNA compared with recombinant human CYP4B1 leading
to 0.98 +0.18 dpm/ug DNA).

Thornton-Manning et al. (1996) showed that recombinant
rabbit CYP4B1 efficiently activated the lung toxin 3-meth-
ylindole to the reactive 3-methylindoleimine in amounts
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exceeding those produced by the human CYP most active
in this respect, CYP2F1.

Non-CYP oxidoreductases
Flavin-dependent monooxygenases (FMO)

Overby et al. (1992) reported that in the rabbit lung Clara
(Club) cells of the terminal bronchiole were the major loca-
tion of FMO. Much lower FMO levels have been found in
ciliated cells throughout the airways, alveolar type I and type
IT cells, endothelial cells as well as in the lining layer of
trachea.

Aldo-keto reductases (AKR)

Endo et al. (2014) showed that of several AKR tested
AKRI1C32 transcripts were especially highly expressed in
rabbit lung. Recombinant rabbit AKR1C32 metabolized
naloxone, metyrapone, loxoprofen as well as 3-, 17- and
20-ketosteroids.

Hydrolases
Epoxide hydrolase (EH)

Microsomal epoxide hydrolase (mEH, also called
EPHX1) Devereux et al. (1985) reported the observation of
mEH activity toward BP 4,5-epoxide as substrate in rabbit
lung, much (about tenfold) higher in Clara (Club) cells as
compared with type II pneumocytes.

Soluble epoxide hydrolase (sEH, also called EPHX2) sEH
was observed in the rabbit lung where its specific activity
was—after liver and kidney—third highest of seven investi-
gated rabbit organs (1/10 of the specific activity in the liver)
(Gill and Hammock 1980).

Xenobiotica-metabolizing enzymes
in the hamster lung

Cytochromes P450 (CYP)
CYP catalytic activities (Table 3)

Lorenz et al. (1984) showed that hamster lung microsomes
efficiently catalyzed the deethylation of the broad-spectrum
CYP substrate 7-ethoxycoumarin, about 5-fold slower than
mouse lung microsomes, similar as rat lung microsomes,
but more than 100-fold faster than human lung microsomes.

Hamster lung Clara (Club) cells were very early on
identified as a prime location for CYP-dependent covalent

binding of 4-ipomeanol, a pneumotoxin in rodents and cat-
tle, these Clara cells being associated with 4-ipomeanol
selective toxicity (Boyd 1977).

Fong and Rasmussen (1987) observed 6-0-ethylguanine
produced by the treatment of hamsters with N-nitroso-
diethylamine to occur in type II pneumocytes and alveolar
macrophages, but much more in Clara cells.

Paolini et al. (1995) reported the presence of CYP2B-
dependent PROD activity in the Syrian hamster lung and
its inducibility by several compounds (sodium phenobar-
bital, sodium barbital, phorone, cyclophosphamide).

Hoet et al. (1997) showed in hamster lung slices EROD
activity, which was increased upon pretreatment of the
slices with 3-methylcholanthrene or BNF. BROD activity
was decreased after pretreatment with 3-methylcholan-
threne, but increased after pretreatment with BNF.

Conjugating enzymes
Glutathione S-transferase (GST)

Autrup et al. (1980) showed in cultured hamster tracheo-
brochial tissue a high proportion of BP metabolized to
glutathione metabolites, much more than to glucuronides.

Sulfotransferase (SULT)

Autrup et al. (1980) showed in cultured hamster tracheo-
brochial tissue a high proportion of BP metabolized to
sulfates, much more than to glucuronides.

Xenobiotica-metabolizing enzymes
in the guinea pig lung

Cytochromes P450 (CYP)

Bilimoria et al. (1977) observed in guinea pig lung total
homogenate AHH activity (see Table 3), which was sub-
stantially (by about 50%) reduced after exposure of the
animals to cigarette smoke (whole smoke from nicotine-
free cigarettes). Benzo[a]pyrene applied i.p. induced
guinea pig lung AHH (about 1.7-fold), while 3-methyl-
cholanthrene or Aroclor 1254 did not.
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Xenobiotica-metabolizing enzymes
in the pig lung

Cytochromes P450 (CYP)
CYP transcript expression

CYPIA1 and CYP1A2 transcripts have been observed in
the pig lung (Chirulli et al. 2007; Messina et al. 2008).
In the former study a considerable increase of CYP1A1
mRNA levels upon pretreatment of the pigs with BNF
has been observed, and a minimal increase of CYP1A2 as
well. CYP1B1 mRNA was observed only after pretreat-
ment with BNF.

Pig CYP2B22 (homologous to human CYP2B6, 81%
nucleotide identity) mRNA was constitutively expressed
in pig lung at higher levels than in the liver (Nannelli
et al. 2008).

CYP2D25 (homologous to human CYP2D6, 83%
nucleotide identity) transcripts have been observed—at
low levels—in pig lung (Hosseinpour and Wikvall 2000).

CYP2EI transcript expression in the minipig lung was
reported by Kohler et al. (20064, b).

Pig CYP3A22, 3A29 and 3A46 mRNA were present
in the pig lung, but at much lower levels than in the liver.
They were increased upon pretreatment of the pigs with
rifampicin (Nannelli et al. 2008). CYP3A22, CYP3A29
and CYP3A46 transcripts were also observed in the pig
lung by Messina et al. (2009).

CYP and related proteins expression

Dees et al. (1980) observed NADPH CYP reductase
protein in the bronchial and bronchiolar epithelia and
alveolar wall of minipig lung, indistinguishable between
phenobarbital-treated and control rats.

Chirulli et al. (2007) observed in the pig lung protein
bands immunoreactive with anti-rat CYP1A1 and with
anti-rat CYP1B1. Both of them were increased upon treat-
ment of the pigs with BNF. The same team (Nannelli
et al. 2008) reported the presence of CYP2B and CYP3A
protein in the pig lung. They were not increased by pre-
treatment of the pigs with rifamicin.

Roos et al. (2002) observed in the minipig lung—in
contrast to liver, kidney and duodenum—CYPI1A1 pro-
tein, albeit at low levels, which were more than 10-fold
increased upon oral administration of PAH-contaminated
soil.

CYP2EI protein expression in the minipig lung was
reported by Kohler et al. (2006b).
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CYP catalytic activities (Table 3)

Chirulli et al. (2007) observed in the pig lung EROD (pro-
totypic for CYP1A1), MROD (prototypic for CYP1A2),
17p-estradiol 4-hydroxylation (prototypic for CYP1BI1) as
well as PROD and EFCOD (7-ethoxy-4-trifluoromethyl-
coumarin deethylase) (both of them prototypic for CYP2B)
activities. EROD, MROD and PROD activities were
increased upon pretreatment of the pigs with BNF, acetani-
lide 4-hydroxylation was detected only after pretreatment
with BNF. In subsequent work (Nannelli et al. 2008) they
showed in pig lung BQOD (7-benzyloxyquinoline O-deben-
zylase), EFCOD, BROD and 9-anthraldehyde oxidase activi-
ties. None of these activities was increased upon pretreat-
ment of the pigs with rifampicin.

Kohler et al. (2006b) observed in the minipig lung
hydroxylation of the CYP2EI prototypic substrate
chlorzoxazone.

Conjugating enzymes
Glutathione S-transferase (GST)

Pettigrew et al. (2001) showed that pig lung GSTP is
selectively labelled and inactivated by 3-methyleneox-
indole. Striking protection against the inactivation by
S-(hydroxyethyl)ethacrynic acid indicated that 3-methyl-
enoxindole bound to the active site involving both, the xeno-
biotic substrate binding site and the glutathione binding site.
Labelling with radioactive 3-methyleneoxindole showed its
binding to Trp38. The authors state that this information
may be useful for developing optimized combination chemo-
therapy since GSTP is selectively overexpressed in many
tumors.

Xenobiotica-metabolizing enzymes
in the dog lung

Cytochromes P450 (CYP)

CYP transcript expression

Visser et al. (2017) observed in dog lung the expression
of CYP2BI11 transcripts and minimal expression of other
xenobiotic metabolizing enzymes mRNAs.

CYP catalytic activities (Table 1)

CYP-catalyzed monooxygenation of several xenobiot-
ics has been observed in the dog lung (Bond et al. 1988)

(see Table 3). Specific activities for BP, 1-nitropyrene and
7-ethoxycoumarin as substrates were considerably higher
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in bronchi, bronchioles and peripheral lung compared with
trachea and larynx, for BP and 7-ethoxycoumarin highest in
bronchioli (Bond 1993). Activities were considerably lower
than in the dog liver. They also were considerably lower than
those for EH, GST and UGT in the dog lung with respect
to the substrates used for these assays (compare Tables 3,
5,6 and 7).

Hydrolases
Epoxide hydrolase (EH) (Table 5)

EH activity was observed in the dog lung by Bond et al.
(1988). The authors used the assay developed by Oesch et al.
(1971). They did not separate the soluble from the microso-
mal fraction of the cell homogenate. It, therefore, cannot be
concluded whether the determined activity is due to mEH or
sEH or both, since styrene 7,8-oxide, which is used in this
assay, is a substrate of both, mEH and sEH. Activities were
surprisingly high, similar to the activities in the dog liver.
The activities were considerably (about 3- to 4-fold) higher
in the 10-18-generation bronchial ramifications (distal air-
ways) compared with the mainstem bronchi and compared
with the peripheral lung.

Conjugating enzymes
Glutathione S-transferase (GST)

Bond et al. (1988) observed considerable GST activities
for styrene 7,8-oxide as substrate in the dog lung (Table 6).
Activities were in the same order of magnitude (about one
third) as those in the dog liver.

UDP-glucuronosyltransferase (UGT) (Table 7)

UGT activities were observed in the dog lung by Bond et al.
(1988) using umbelliferone as substrate. Activities were
relatively high, about half as high as those observed in the
dog liver. However, these UGT activities in the dog lung
were considerably lower than the EH and GST activities in
the dog lung (about 6- to 60-fold lower with respect to the
substrates used for the assays).

Xenobiotica-metabolizing enzymes

in the cat lung

Cytochromes P450 (CYP)

Okamatsu et al. (2017) observed in cat lung CYP2B6 tran-

scripts, protein and activity. Of eight organs investigated
transcripts were by far most abundant in lung, modest in

small intestine, low in colon and rectum, very low in brain
and heart and practically nil in liver and kidney. Western blot
analysis showed the presence of CYP2B6 protein in cat lung,
but not in liver. Heterologously expressed cat 2B6 protein
metabolized several typical human CYP2B6 substrates (see
Table 3) such as 7-ethoxy-4-(trifluoromethyl)-coumarin.

Xenobiotica-metabolizing enzymes
in the goat lung

Xenobiotic-metabolizing enzymes in the goat lung are of
special interest because of the selective toxicity of several
compounds to the goat lung.

Cytochromes P450 (CYP)
CYP transcript expression

The presence of CYP4B transcripts in goat lung was dem-
onstrated by Ramakanth et al. (1994).

CYP catalytic activities (Table 3)

Early studies showed that the goat pneumotoxin 3-methyl-
indole was toxified by goat lung CYP, in that the covalent
binding of 3-methylindole to goat lung microsomal protein
was inhibited by SKF 525A (Becker et al. 1984) and by the
CYP suicide substrate 1-aminobenzotriazole (Huijzer et al.
1989). Wang et al. (1998) confirmed the metabolism of
3-methylindole in the goat lung. The goat form of the lung-
selective CYP2F subfamily, 2F3, which has 82% homology
with the human and with the mouse forms, accounted for
20% of the total 3-methylindole metabolism in the goat lung.
CYP4B2 was cloned from goat lung and used for recombi-
nant production of CYP4B2 which toxified 3-methylindole
to its reactive metabolite 3-methyleneindolenine (Carr et al.
2003b).

Goat recombinant CYP2F3 catalyzed the biotransforma-
tion of 1,1-dichloroethylene to glutathionyl acetate puta-
tively generated via dichloroethylene epoxide (Simmonds
et al. 2004).

Xenobiotica-metabolizing enzymes

in the duck lung

Flavin-dependent monooxygenase (FMO)

The Flavin-dependent monooxygenase FMO3 is the major
FMO in the human liver. It is important in the metabolism of

many xenobiotic compounds, but also for metabolically neu-
tralizing the extremely bad odor of trimethylamine which is
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not only a serious problem for human individuals deficient in
this enzyme, but also for bad odor of nutritional components
including duck meat. Wang et al. (2013) have therefore cloned
and characterized the Pekin duck FMO3 cDNA. They reported
that duck FMO3 transcripts were dramatically expressed in the
duck lung (as well as liver and kidney, very much more than
in 12 other tissues).

Xenobiotica-metabolizing enzymes
in the monkey lung

Marmoset
Cytochromes P450 (CYP)

Uehara et al. (2018) demonstrated in marmoset lung high
expression of CYP2F1 transcripts, much higher than in any
of the other investigated organs (liver, kidney, jejunum,
brain). By immunoblotting they found in marmoset lung
CYP2F1 protein cross-reactive with human CYP2F1 anti-
bodies. In marmoset lung microsomes they observed cata-
lytic activity for several prototype CYP substrates, including
coumarin, 7-ethoxycoumarin, 2-/4-biphenyl, but not chlor-
zoxazone. Table 3 (values with superscript/footnote x) shows
that the rates of these reactions are highly similar to/almost
identical as those of the human lung.

Cynomolgus
Cytochromes P450 (CYP)

Uehara et al. (2018) demonstrated in cynomolgus monkey
lung high expression of CYP2F1 transcripts, of ten inves-
tigated organs third highest after testis and ovaries. In cyn-
omolgus monkey lung microsomes they observed catalytic
activity for several prototypic CYP substrates, including
coumarin, 7-ethoxycoumarin, 2-/4-biphenyl, but not chlo-
rzoxazone (Table 3).

Rhesus

Flavin-dependent monooxygenase (FMO)

Krueger et al. (2001) demonstrated that in the Rhesus mon-
key’s predominant lung FMO, FMO?2, a relatively small

sequence of the C-terminal portion (mFMO2 471-535) is
essential for stability and enzymatic activity.
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Baboon
Cytochromes P450 (CYP)

In an early study Wheeler et al. (1990) characterized in
human and baboon lung a CYP homologous to the toxico-
logically important CYP1A1 of rodents. Antibodies to rat
CYP1A1 cross reacted with a human and a baboon lung
microsomal protein with similar affinities between these
two species, but these proteins of both species bound to
a considerably lesser amount than the corresponding rat
and rabbit lung mirosomal proteins did. Typical CYP1A
enzymatic activities were found in human and baboon lung
microsomes, in similar activities between these two species,
but considerably lower activities as compared with rat and
rabbit microsomoses (see Table 3 comparing the Wheeler
et al. 1990 data between these species).

Xenobiotica-metabolizing enzymes
in the human lung

Cytochromes P450 (CYP)
CYP and CYP reductase transcript expression

Zuo et al. (2018) demonstrated in samples—gained by bron-
choscopy and by scraping from the human small airways epi-
thelial Clara (Club) cells—transcripts of POR (cytochrome
P450 oxidoreductase).

Reports on individual CYPs transcripts expression in the
human lung are partly conflicting. For a quick overview on
the transcript expression of the three major xenobiotica-
metabolizing CYP families CYP1, CYP2 and CYP3 see
Table 8 (conflicting results are indicated by “+/-"").

The major CYPs expressed in the human liver have also
been found to be expressed in the human lung, but some
distinct preferences are obvious. Contrasts between the tran-
script expression in the lung versus liver are given in bold
letters/symbols in Table 8. Preferential or specific constitu-
tive expression in the lung was observed for CYP1B1, 2F1,
2S1 and 4B1 (the latter exclusively in the lung). In addition
the following CYP mRNAs have consistently been reported
to be present in the human lung: 2A6, 2A13, 2B6/7, 2E1,
2J2,2R1, 3AS.

Details follow here:

Human CYP1AI transcripts were found in the human
lung by Omiecinski et al. (1990) and McLemore et al.
(1990), in the latter studies only in smokers but not in
those who had quit smoking since more than 6 weeks.
Female smokers had considerably (more than 2-fold)
higher expression of CYP1A1l mRNA than had male
smokers and the amount of hydrophobic DNA adducts
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Table 8 Expression levels of genes involved in xenobiotic metabolism in 10 lung cell lines, primary cultures of HBEC, and lung tissues.
Adapted from Courcot et al. (2012), with permission of the publisher

Gene Lung cell models Lung tissues
16HBE 1HAEO A549 BEAS-2B Calu-1 L-132 H292 H358 H460 H727 HBEC BM PP SCC AC
Phase I enzymes

AADAC - - +++ - + - - + - - + ++ o+ +
ABPI - - - - - - + + - +++ - + + + ++
ADHIA* - - - - - - - - - - - - - - -
ADHIB - - - ++ - - - - - - - o+ A+
ADHIC - - - - - - + - - - ++ o+ + +
ADH4 - - - - - - - - - - - + - - -
ADHS5 ++ ++ ++  ++ ++ + ++ ++ o+
ADHG6 - - - - - - — - - - - ++ - - -
ADH7 - - - - - - - - - - ++ +++ - ++ -
ADHFEI + + + ++ + - + + + + + o+
AKRIAI +++ -+ e S o e = o N oo o S o S o S S
AKRIBI +++ +++ +++  +++ +++ +++ +++ +++ S+ +++ +++ +++ +++
AKRIBIO - + +++ + + - + + +++ + ++ ++ - +++ +
AKRICI2 - - +++  + ++ ++ o+ +++ + +H+ A+
AKRIC3 - - 4+ ++ ++ ++ o+ + +++ 4+ +
AKRIC4 - - - - - - - - - - — - - -
AKRICLI - - + - - - - - - - - + — + +
AKRICL2  ++ - +++  ++ ++ - ++ o+ 4+ - + ++ o+
AKRIDI - - - - - - - - — - - - _
AKRG6A3 - - - - - - - - - - - + + o+ +
AKRG6AS ++ ++ 4+ ++ ++ ++ o+ 4+ + +H
AKR6A9 - - - + + - + - - - + + + +
AKR7A2 +++ 4+ ++ + e S e s ++
AKR7A3 ++ + + + ++ + + + +++ + ++ o+ + ++
AKR7L - - - - - - - - - - - - - -
ALDHI6AI  + + + + + + + + - + + + + +
ALDHISAI  +++  +++  +++ +++ +++ A+ A A A A A
ALDHIAI - - +++ - + - - +++ 4+ 4+ A+
ALDHIA2 - + - - - - + - - + - ++ o+ + +
ALDHIA3  +++  +++  +++ +++ +++ A+ At At + + +++
ALDHIBI +++ ++ +++ ++ ++ ++ ++ ++ ++ + ++ ++ ++ ++ ++
ALDHILI ++ + + ++ - - ++ + + - + ++ + + +
ALDH?2 - ++ +++ A+t ++ ++ o+ R = o o o T e
ALDH3AI  + - +++  +++ ++ + ++ o+ +++ - ++ +++ + ++  +
ALDH3A2 +++ ++ +++  +++ +++ ++ +++ +++ +++ +++ +++ +++ +++ +++
ALDH3BI1 +++ ++ +++  +++ +++ ++ +++ 4+ +++ + ++ +++ +++ ++ +++
ALDH3B2 - + - - - - + - - ++ + - + -
ALDH4Al ~ +++  +++  +++ +++ +++  + ++ o+t + ++ i e s R
ALDH5AI ++ ++ ++ ++ + + ++ ++ ++ + + ++ ++ ++ ++
ALDH6A1 ++ +++ ++ +++ +++ + ++ ++ ++ ++ ++ ++ ++ ++ ++
ALDH7A1 +++ +++ +++  +++ +++ ++ +++ 4+ ++ ++ +++ ++ ++ ++ ++
ALDHS8AI - - - - - - - - - — + + + +
ALDHY9AI +++ ++ +++ +++ +++ ++ +++ +++ +++ ++ ++ +++ +++ ++ +++
A0OC2 + ++ ++ - + + - + + + + + + + +
AOC3 - + + - + + + + ++
AOF1 +++  ++ +++  ++ +++ A A+ + ++ +H+
AOF2 +++ A+ +++ At A+ 4+ ++ o+
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Table 8 (continued)

Gene Lung cell models Lung tissues

16HBE 1HAEO A549 BEAS-2B Calu-1 L-132 H292 H358 H460 H727 HBEC BM PP SCC AC

AOX1 ++ + ++ 4+ +++ - + + ++ o+ ++ ++  ++ o+ ++
BCHE - - + - - - - - ++ 4+ - ++  ++ o+ +
CBRI +++ 4+ ++ ++ ++  ++ +H+ + ++ ++
CBR3 ++ + ++ 4+ ++ + v + + - + ++ o+ ++ +
CBR4 ++ ++ ++ 4+ ++ + ++ 4+ o+ ++ ++
CES1 - - +++ - - - - - ++ 4+ + +++ -+
CES2 ++ ++ ++ 4+ ++ + ++  ++ o+ +++ 4+ 4+
CES3 ++ ++ ++ o+ + + + + + + ++  ++ o+ ++
CES4 - - - - - - - - - - - + + + -
CES7* - - - - - - - - - - - - - - -
CYPIAI - ++ + .. + + + + - + ++ - - - -
CYPIA2* - - - - - - - - - - - - - - -
CYPIBI +++ 4+ +++ 4+ e s T s T e = - ++ 4+
CYP2A6 - - - - - - .. - - - - - - - -
CYP2A7 - - + .. + - + - - - ++ ++ o+ +
CYP2A13 - - - - - - + - - - - ++ - - -
CYP2B6 - - - - - + - - + - ++  ++ o+ ++
CYP2C8 - - - - - - - - - - - + - - -
CYP2C9 - - + - - - - - - - + ++ o+ - +
CYP2Ci8 - - + - - - - - - - ++ ++ o+ + +
CYP2C19 - - - - - - - - - - - + + + +
CYP2D6 - - - - - - + - - - - + - + +
CYP2EI + + - - + - + + + + ++ ++ o+
CYP2F] — - - - — - — - - — — +++ + - -
CYP2J2 ++ ++ + - + - ++ o+ - ++ ++  + + ++
CYP2RI - ++ ++  + ++ + ++ 4+ 4 ++
CYP2S1 ++ ++ +++ 4+ ++ + ++  ++ + + ++ ++ A
CYP2UI ++ ++ ++ 4+ +++  + +=+ + H + ++ ++
CYP2WI - - - - + - + - - - + ++ - + -
CYP3A4* - - - - - - - - - - - - - - —
CYP3AS5 - - ++ - - - + - - ++ o+ + ++ - +
CYP3A7 - - - - - - - - - - - - + - -
CYP3A43*  — - - - - - - - - - - - - - -
CYP4A11/22 — - - + - - - - - - + - - - -
CYP4BI - - - ++ - - + - - - ++ +++ S+ + ++
CYP4F2* - - - - - - - - - - - - - - -
CYP4F3 + - + - - - . - - - - + ++ o+ +
CYP4F8* - - - - - - - - - - - - - - -
CYP4FI11 - ++ 4+ ++ + + ++ - +++  + ++ ++ o+ ++ o+
CYP4F12 - + ++  + + - + - - + + ++  ++ o+ +
CYP4F22 - + - - - - - - - + + + + +
CYP4V2 ++ + ++ ++ ++ + ++ ++ ++ + ++ ++ 4+ A+
CYP4X1 - + - ++ - - + + + - + +++ ++ 4
CYP4Z1 - - - + — - - — - - - ++ + - +
CYP5AI11 - + +++ + ++ + - + + + + ++ 4+
CYP7AI* - — - - - - - - - - - - - - —
CYP7BI ++ - ++ o+ - - + + - - + ++
CYP8AI ++ - - ++ ++ - + - - - - ++
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Table 8 (continued)

Gene Lung cell models Lung tissues

16HBE 1HAEO A549 BEAS-2B Calu-1 L-132 H292 H358 H460 H727 HBEC BM PP SCC AC

CYPSBI - - - - - - - - - - - + + + +
CYPI1IBI*  — - - - - - - - - - - - - - -
CYPI1IB2*  — - - - - - - - - - - - - - -
CYPI7A1 - - - - - - - - - - - - + - +
CYPI9AI - - - - - - - - - - - + -
CYP20A1 +++ ++  ++ ++ + ++ o+ ++ o+
CYP2IA2 - - + - + - - - - + + - +
CYP24Al +++ +++ - +++ - ++ o+ - - ++ ++ - ++ o+t
CYP26A1 - + ++ - - - + + - - - ++ = ++  +
CYP26B1 + + +++ - ++ - + + - - + ++ o+
CYP26CI*  — - - - - - - - - - - - - - -
CYP27A1 - - - ++ ++ - - - - - + ++
CYP27BI1 ++ + ++ 4+ ++ ++ o+ A+t + ++ 44+
CYP27CI +++ ++ o+ + - ++ - - ++ + - + +
CYP39A1 + - + ++ + + + + + + ++ o+ o+ +
CYP46A1 - - - - - - - - - - - - - -
CYP51Al S = = S S S S T e e = T = T = = =
DHRS?2 +++ ++ o+ ++ ++  +++ + + - - - + +
DHRS4 +++ o+t e S S S s ++ o+t
DHRS9 - - ++ - - + - + ++ +H+
DPYD +++ o+t ++ o+t +++  + ++ o+ - + +H+
EPHXI +++ o+t +++  +++ e S e = +++ A
EPHX2 ++ ++ +++  ++ + + ++  ++ ++ o+
ESD +++ +++ A+ ++ o+
FMOI - - - - - - - - - - - + + ++ o+t
FMO2 - - - + - - - - - - - +H+
FMO3 - - - + - - - - - - + ++ o+ 4+
FMO4 + + + + + - + + + + o+
FMOS5 + + ++ 4+ + + + ++ 4+ ++ o+ I
HSDI7BIO  +++  +++  +++ +++ T e A o o R e s il = = =
MAOA ++ ++ ++ +++ o+ T s oo o 8 S S
MAOB - + ++ o+t + + + - - + ++
NQOI +++ e T T o o o o e S e
NQO2 +++ +++ 4 e e e s = - I
PAOX ++ + ++ 4+ ++ - ++ o+ + + ++ ++ 4+ ++ ++
PON1I - - + - - - - - - - - - + - +
PON2 +++ ++ +H+ I e ai a E aE =
PON3 ++ + +++  + + - ++ o+ + + + + ++ o+ ++
SPR +++ +++ 4 ++ ++ 4+ o+
suox ++ ++ ++ 4+ ++ + ++ o+ o+ ++ I
XDH ++ + ++ 4+ + - ++ o+ - - ++ ++ 4+ + ++

Phase II enzymes
AANAT* - - - - - - - - - - - - - — -
ASIMT ++ ++ ++ ++ ++ - ++ + ++ + + ++ ++ ++ ++
BAAT - - ++ - - - - - - - - - - +
coMT +++ +++ +++  +++ +++ ++ ++ +++ ++ ++ +++ ++ +++ +++ ++
GGTI + + +++ - + ++ ++ +++ + ++ ++ ++ ++ ++
GLYAT - - - + - - - - - - - - - -
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Table 8 (continued)

Gene Lung cell models Lung tissues

16HBE 1HAEO A549 BEAS-2B Calu-1 L-132 H292 H358 H460 H727 HBEC BM PP SCC AC
GNMT - - - + - - - - - - - + + - -
GSTAI - - + - - - - - - - + +++ ++ o+
GSTA2 - - + - - - - - - - - +++ + +
GSTA3 - - - - - - - - - - - ++  + - -
GSTA4 ++ + ++ 4+ ++ + + ++ o+t ++ o+
GSTAS* - - - - - - - - - - - - - - -
GSTK1 T e S o T s e e e e e = e = =
GSTM1 - - - - ++ - - - + - + - - - -
GSTM?2 - - ++ 4+ ++ - + + ++ o+ + ++ o+ 4+
GSTM3 - ++ ++ 4+ ++ ++ o+ + +++  + ++ e S
GSTMA4 ++ ++ ++ 4+ ++ ++ o+ o+ ++ o+ + ++ o+
GSTMS5 - - - - + - - - + - - ++ 4+ +
GSTOI +++ A e S e S S S S o SR B S S o
GSTO2 ++ ++ + ++ + - ++ ++ o+ ++ o+
GSTPI s T e S s T o S e S S o o o e nas
GSTTI +++ - - - + ++ o+t 4+ + ++ o+ o+
GSTT2/2B ++ +++ o+ ++ ++ + ++ o+ + + ++ o+
GSTZI ++ e = =S ++ + ++ o+t ++ o+t
HNMT - - ++ o+ +++ + ++ o+ A+t + 4+ A
INMT - - - + - - - - - - ++ A+ + ++
MGSTI +++ A b e s i o S S o S I S S e e e e s
MGST2 ++ ++ +++ ++ e e S +H++
MGST3 +++ 4+t e o S o o S e e s e e i s
MPST +++ o+ A+ e T = s = = S e o o S S S S
NATI + + + + + - + + - - + - + -
NAT2 - - - - - - - - - - - - - -
NATS +++  +H++ +++ A+ At A+
NNMT ++ ++ +++ 4 ++ ++ 4+ - + +++ T = = S
PNMT - - - — - - - - + - + + - -
SULTIAI - + - - - - - - - + - - -
SULTIA2 - + - + - - + - - + + ++ 4+ +
SULTIA3/4  ++ ++ ++ ++ + ++ o+ + + ++ T e o s
SULTIBI - - - - ++ - - - - - + + + + +
SULTIC2 - - + - + - - - - + - - + - ++
SULTIC3*  — - - - - - - - - - - - - - -
SULTIC4 - - - - - - - - - - - ++  ++ + +
SULTIEI - - - + - - + + - - + ++ o+ + -
SULT2A1* - - - - - - - - - - - - - - -
SULT2BI1 +++ 4+ +++ - - - ++ o+ - +H+
SULT4A1 - ++ - - - + - - - - + + - + -
SULT6B1 - - - - - - - - + - - - - - -
TPMT +++ A+t +++ -+ ++ 4+ttt
TST +++ 4+ +++ 4+ ++ ++  ++ o+t ++ o+
UGTIAI - + ++ - - - - + + ++ o+ ++ o+
UGTIAI0O - - - - - - - - - - + ++ - ++ o+
UGTIA4 - - - - - - - - - - - + - ++
UGTIAS - - - - - - - - - - - + - + +
UGTIA6 - ++ ++ - - +++ - - - - ++ ++ - ++ o+
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Table 8 (continued)

Gene Lung cell models Lung tissues

16HBE 1HAEO A549 BEAS-2B Calu-1 L-132 H292 H358 H460 H727 HBEC BM PP SCC AC

UGTIA7 - - +++ - - - - - - - - ++ - ++ +
UGTIAS - - ++ - - - - - - - + + - + -
UGTIA9 - - ++ - - - - - - - + - + -
UGT2A1 - - - - - - - - - - - ++ = - -
UGT2A3 - - ++ - - - - - - - - - — — _
UGT2BI10 - - + - - - - - - - - + -
UGT2BI11 - - ++ - - - - - .. - - + + + +
UGT2B15 - - + - - - - e - - + - + +
UGT2BI7 - - - - - - - + - - - + - + +
UGT2B28 - - + - - - - - - - - + - + -
UGT2B4 - - + - - - - - - - - - + - -
UGT2B7 - - ++ - - - - - - + - - - - -
UGT3AI* - - - - - - - - - - - - - - -
UGT3A2 - + - ++ - - + - - - - + - - +
UGTS - - - - +++ - ++  ++ 4 - ++ o+ ++  ++

AC adenocarcinoma, BM bronchial mucosa, HBEC human bronchial epithelial cell, PP pulmonary parenchyma, SCC squamous cell carcinoma
—, not detectable (BCt>26); ..., very low (26> BCt>24); +, low (24> pCt>20); ++, moderate (20> pCt> 16); +++, high (BCt< 16);+/—,

variable

*Not detectable in all models

correlated positively with the expression of CYP1Al
mRNA in the lung of both, males and females (Mol-
lerup et al. 1999). Interestingly, a relatively small subset
of smokers (10-20%) did not have measurable amounts
of CYPIA1 mRNA in the lung (nor CYP1A1 protein or
activity) (Hukkanen et al. 2002). This lack of inducibility
by tobacco smoke constituents is not explained by poly-
morphisms of AhR (aryl hydrocarbon receptor), ARNT
(AhR translocator) or CYP1A1 (Anttila et al. 2000).
AhR and ARNT, which are involved in the regulation of
CYP1AL1 expression, have both been identified in human
lung (Hukkanen et al. 2002). Cigarette smoke contains
many AhR agonists such as benzo[a]pyrene and further
polycyclic aromatic hydrocarbons. The localization of
CYP1A1 mRNA generally corresponded well with that of
CYP1A1 protein (Saarikoski et al. 1998). CpG sites up to
1.4 kb upstream of the CYP1A1 promoter were partially or
completely methylated in practically all (98%) nonsmok-
ers, but only in 33% of heavy smokers (Anttila et al. 2003).

CYPI1B1 mRNA also is expressed in human lung (Sut-
ter et al. 1994; Willey et al. 1996; Shimada et al. 1996a).
Levels of CYP1BI transcripts in human lung were ele-
vated in smokers as shown by Port et al. (2004) in smok-
ers bronchial mucosa. Takahashi et al. (2018) found that
CYPIBI1 transcripts were increased in bronchial brush-
ings from currently smoking asthmatics compared with
ex-smoking and non-smoking asthmatics and non-smoking

healthy individuals. Conversely, Walters et al. (2017)
found that in bronchial brushings obtained from small
airway epithelium of individuals smoking water pipe (a
common form of tobacco use in the Middle East) CYP1B1
transcripts were reduced compared with non-smokers, but
the CYPIBI gene was hypomethylated.

Chang et al. (2006) showed that Clara cells were highly
sensitive to TCDD and benzo[a]pyrene as inducers of
CYP1A1, CYPIB1 and AhR mRNA (and protein).

CYP2A6 mRNA is expressed in human bronchial epi-
thelium (Crawford et al. 1998; Macé et al. 1998). Tobacco
smoking represses the expression of CYP2AG6 transcript in
human bronchial epithelial cells (Crawford et al. 1998). Su
et al. (2000) reported high expression of CYP2A13 mRNA
in human lung (of 17 investigated tissues second highest
after nasal mucosa).

CYP2B6 gene is expressed in human lung as a splicing
variant, which previously has been called CYP2B7. Czer-
winski et al. (1994) detected “CYP2B7” and CYP4BI1 tran-
scripts in normal human lung and in human lung cancer
tissues, in the former at a higher levels. CYP2B6 mRNA also
was detected in human lung by Gervot et al. (1999).

Macé et al. (1998) found 2C8 and 2C18 transcripts in
the human bronchus as well as in the peripheral lung tissue.

Guidice et al. (1997) found CYP2D6 transcripts in human
lung, the levels in comparison with the liver being 3 times
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lower in the bronchial mucosa and 6 times lower in the lung
parenchyma.

Nhamburo et al. (1990) were first to identify a very low
mRNA level of the lung-selective CYP2F1 in human lung
tissue. Raunio et al. (1998) confirmed the presence of the
mRNA for CYP2F1 in the human lung. Because of the
CYP2F-mediated species differences in susceptibility to
quite a number of pneumotoxins it is worthy of note that
the human CYP2F1 cDNA has a 82% identity with the
CYP2F2 of the mouse which is highly susceptible to many
of these pneumotoxins.

Zeldin et al. (1996) discovered the presence of CYP2J2
mRNA in human lung.

Rylander et al. (2001) observed mRNA for the novel
CYP2S1 in human lung.

Kivisto et al. (1995) reported CYP3AS5 and 3A7, but
not 3A4 transcripts expressed in normal and in tumorous
human lung tissue. Anttila et al. (1997) observed CYP3A5
mRNA in the lung of all eight human individuals inves-
tigated, CYP3A4 in only one and CYP3A7 in none of
them. Westlind et al. (2001) observed in the human lung
CYP3A4 transcripts, albeit at a very low level. CYP3AS
mRNA was present in human alveolar macrophages and
was repressed by tobacco smoking (Hukkanen et al. 2002).
mRNA for CYP3A43 were observed in one (Westlind et al.
2001), but not in another investigation (Domanski et al.
2001).

Willey et al. (1996) reported the presence of quite a
number of CYP transcripts in human bronchial epithelial
cells: CYP1A1, 1B1, 2B7, 2E1, 2F1 and 4B1; CYP1AI and
1B1 more highly expressed in smokers compared with non-
smokers; no difference between smokers and non-smokers
were noted for CYP2B7 transcripts. Hukkanen et al. (1997)
observed expression of mRNA for several CYPs in human
lung as well as human bronchoalveolar macrophages.
CYP1A1, 2B6/7, 2E1, 2F1, 3A and 4B1 were observed in
whole lung tissue, CYP2B6/7, CYP2C, CYP2EI, CYP2F1,
CYP3AS5 and CYP4B1 in bronchoalveolar macrophages.
Crawford et al. (1998) reported the presence of CYP2A6
and 2E1 mRNA in human bronchial epithelial cells.

Macé et al. (1998) investigated CYP transcript expression
in human lung samples of 14 individuals. In the bronchial
mucosa specimens CYP1A1, 2C8 and 2C18 transcripts
were expressed in all samples, CYP3AS transcripts in 90%,
CYP2A6 and 2B6 transcripts in 85% and CYP2EL1 tran-
scripts in 50% of them, CYP1A2, 2D6 and 3A4 in none of
them. CYP transcript expression was similar in peripheral
lung tissue except that there CYP1A2 and 3A4 transcripts
have been expressed.

Vieira et al. (1998) observed CYP2E1 mRNA at com-
parable, but very low levels in foetal, newborn and adult
human lung. CYP2E1 expression in the human lung was
under the control of CpGs methylation of the CYP2E] gene.

@ Springer

The very low expression of CYP2E1 mRNA in human lung
(as opposed to liver) corresponded to a very heavy methyla-
tion of Hpall/Mspl sites within the promoter, the first exon
and first intron of the CYP2E] gene (Vieira et al. 1998). On
the other hand, low expression of the CYP2E] gene in lung
tumor was associated with hypomethylation of the CYP2E1
gene (Botto et al. 1994).

Choudhary et al. (2005) found that the predominant
expression of the mRNA for different CYPs in the human
late-term fetus was organ-selective: in the foetal lung high-
est for CYP4B1 and 2W1 (as compared to liver: highest
for CYP2EL, thymus: highest for CYP1B1 and 2U1, brain:
highest for CYP1A1 and 2R1).

Ling et al. (2007) using a 216-base pair CYP2A13 pro-
moter fragment demonstrated that the expression of tran-
scripts coding for the respiratory-tract selective CYP2A13
is regulated by CCAAT/enhancer binding protein (C/EBP)
transcription factors. In NCI-H441 human lung cancer cells
CYP2A13 expression was increased by overexpression of C/
EBP delta and decreased by small interfering RNA-mediated
suppression of C/EBPdelta.

Bieche et al. (2007) investigated the expression of CYP
transcripts in 22 different human tissues. CYP1A1 mRNA
was higher in lung than in any other tissue, and CYP1B1
and 2B6 transcripts were relatively high in lung. CYP2F1
mRNA was found exclusively in the lung. The lung-selective
expression of CYP2FI is due to SP1-dependent proximal
promoter elements and the presence of Spl and Sp3 tran-
scription factors in lung cells (Wan et al. 2005) and to a
lung-specific factor (“LSF”) which binds to a lung-specific
binding motif in the 5'-upsteam region of the CYP2F1 pro-
moter (Carr et al. 2003a).

Some confusion arose on human lung CYP4B. Nham-
buro et al. (1989) had reported the discovery of a new CYP
expressed in human lung at the mRNA level, which they
called CYPIVB1 (CYP4B1). The cDNA inserted into a vac-
cinia virus expression vector followed by expression of the
enzyme in human cell lines—in contrast to the related rabbit
CYP (“P450 isozyme 57, now called CYP4B1)—did not
activate 2-aminofluorene nor did human lung microsomes
catalyze this reaction despite the presence of CYP IVB1
mRNA in 3 out of 4 human lungs (CYP IVBI1 transcripts
were not detected in the human liver). The recombinant
enzyme also did not metabolize 4-ipomeanol (Czerwinski
et al. 1991), a prototypic substrate for rabbit CYP4B1. On
the other hand, Waxman et al. (1991) reported the observa-
tion of typical CYP3A activities such as 6p-hydroxylation
of testosterone, androstenedione and progesterone using this
“CYP4B1” protein. The results were finally explained by a
CYP3AS contamination in the protein preparations (Zheng
et al. 1998). Recently Choudhary et al. (2005) reported
that among human organs CYP4B1 transcripts were found
predominantly in the lung (70% of organ distribution, the
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remainder in heart, skeletal muscle and kidney; none in the
liver).

Zuo et al. (2018) demonstrated in samples—gained by
bronchoscopy and by scraping from the human small air-
ways epithelial Clara (Club) cells—transcripts of the follow-
ing CYPs: 2F1 (very abundant), 4B1 (abundant), 2J2, 51A1,
as well as CYB5R3 (cytochrome b5 reductase 3).

Up versus down regulation of the expression of CYP tran-
scripts by cigarette smoke (as seen by comparison between
smokers and nonsmokers) was differential for individual
CYPs (Thum et al. 2006): in bronchus biopsies of smokers
CYPIAL, 1B1 and 2C9 transcripts were induced, CYP2J2
transcripts were repressed. In bronchoalveolar lavage cells
of smokers CYP1A1, CYP1B1, CYP2S1, LXR (liver X
receptor) and GR (glucocorticoid receptor) transcripts were
induced, CYP2B6/7 and CYP3AS5 transcripts were repressed
[the repression of CYP3AS5 had already been observed by
Hukkanen et al. (2003) in alveolar macrophages of smokers].
The induction of GR transcripts (in bronchoalveolar lavage
cells) and the induction of CYP2C9 transcripts (in bronchus
biopsies) in the study by Thum et al. (2006) may be related
since CYP2C9 had been shown to be a glucocorticoid target
gene (Gerbal-Chaloin et al. 2002).

Leclerc et al. (2011) found in healthy human bronchial
mucosa and in pulmonary parenchyma, respectively, the fol-
lowing CYP transcripts at the following expression levels
(Median DCt):

CYPIB1 16.3;15.9

CYP2B6 16.6; 15.9

CYP2F1 15.5;21.9

CYP2S1 16.9; 18.7

CYP4B1 13.3;13.1

CYP4X115.4;17.4

CYP8A117.2;154

CYP27A1 17.0; 15.6.

Quite a number of CYPs mRNAs were not detected—nei-
ther in nonsmokers (n=10) nor in smokers (n=38), neither
in bronchial biopsies nor in alveolar lavage cells—in the
study of Thum et al. (2006): CYP1A2, 2C8, 2C18, 2C19,
2D6,3A7,4A11 (in the same study mRNAs of several other
CYPs were detected, see just above). However, Somers et al.
(2007) did detect mRNA of some of these in the human lung
parenchyma: CYP1A2, 2C19, and 2D6.

CYP and CYP reductase proteins expression

CYP reductase protein was observed in human lung bron-
chial and bronchiolar epithelia, alveolar wall and alveolar
macrophages (Hall et al. 1989).

Reports on individual CYPs proteins in the human
lung are partly conflicting. One reason for the conflicting
reports on the expression of various CYPs on the protein
level may be the very low levels of total CYP in the human

lung. Thus, McManus et al. (1980) reported that human lung
microsomes did not contain detectable CYP. Subsequently,
the levels of total CYPs in the human lung was variously
reported to be between 2 and 10 pmol/mg microsomal pro-
tein. This concentration is much lower than in the lung of
mouse, rat, rabbit, hamster, guinea pig or dog (Bond 1993),
about 20-fold lower than in the rat lung and about 100-fold
lower than in the rabbit lung (Hukkanen et al. 2002). Almost
all xenobiotica-metabolizing CYPs are much lower in the
human lung compared with the human liver, with notable
exceptions including CYP2A13, 2F1, 2S1 and 3AS.

Nakajima et al. (1994) noticed in human lung tissue—
using immunochemistry—faint bands upon treatment
with antibodies against quite a number of CYP proteins:
CYP1A2, 2B1,2C9, 2E1 and 3A1, but not CYP2B6 or 2C8.
Shimada et al. (1996a) also reported in the human lung the
presence of quite a number of CYPs immunoreactive with
the following anti-human CYP antibodies: CYP1A1, 2A6,
2C9, 2E1 and 3A4. Bernauer et al. (2006) also obtained evi-
dence for the presence in the human lung of quite a number
of CYP proteins cross-reactive with anti-CYP antibodies:
firm evidence for the presence of CYP1A1, 1A2, 2E1 and
3AS; suggestive evidence for the presence of CYP1B1, 2A,
2B6, 2C, 2D6, and 3A4.

Evidence for the presence of individual CYPs in the
human lung was found as follows.

CYPIAL1 protein expression was reported to occur in
human lung, but only in the epithelium of peripheral (small)
airways, not in the epithelium of bronchi larger than 1 mm in
diameter, not in alveolar macrophages and not in the lung of
non-smokers (Wheeler et al. 1990). Using Western blotting
Anttila et al. (1992, 2001) also observed CYP1A1 protein
in human lung of smokers, but not in non-smokers. On the
other hand, a relatively small subset of smokers (10-20%)
does not have measurable amounts of CYP1A1 protein in
the lung (nor CYP1A1 mRNA or activity) (Hukkanen et al.
2002). However, in all investigated cases of peripheral lung
cancer CYP1AI1 protein was expressed and was, therefore,
hypothesized to possibly be a prerequisite for its develop-
ment (Zhang et al. 2006). Shimada et al. (1992) confirmed
the presence of CYP1A1 protein in human lung, but lev-
els were much lower than in the liver. The localization of
CYP1AL1 protein corresponded well with the expression of
CYPI1A1 mRNA (Saarikoski et al. 1998).

CYPIBI1 protein also was detected in human lung
(Tang et al. 1999; Spivack et al. 2001). Piipari et al. (2000)
observed CYPIBI1 protein in 13/31 bronchoalveolar mac-
rophage samples from tobacco smokers and only in 3/16
samples from non-smokers, while Chang et al. (2006)
showed that Clara (Club) cells were highly sensitive to the
CYP1A1, CYPIBI1 and AhR protein (and mRNA) inducing
effect of TCDD and benzo[a]pyrene. Kim et al. (2004) con-
firmed the presence of CYP1Al and 1B1 protein in human
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lung (with high interindividual difference) and its increase
by cigarette smoking (15.5 pmol CYP1A1 protein per mg
microsomal protein in smokers, 6 pmol/mg microsomal
protein in non-smokers; 1.8 pmol CYP1B1 protein per mg
microsomal protein in smokers and 1.0 pmol/mg microsomal
protein in nonsmokers). They localized CYP1A1 and 1B1
protein to alveolar type I and type II pneumocytes, ciliated
columnar epithelial cells lining bronchoalveolar airways as
well as alveolar macrophages. Iba et al. (2010) reported the
increase of CYP1A1 and 1A2, but not 1B1 protein levels
in human lung samples exposed to BP or to diesel exhaust
particle extract.

Zhu et al. (2006) developed an antibody which highly
specifically recognized CYP2A13 and not the closely related
(93.5% amino acid identity) CYP2A6 (important because of
the high activity of CYP1A13 toward aflatoxin B1 and the
lung carcinogen NNK). Using this antibody they detected
a high expression of CYP2A13 in human bronchus and
trachea, and very little expression in alveolar cells leading
to their suggestion that this localization may substantially
contribute to the fact that most smoking-related human lung
cancers are bronchogenic. CYP2A6 and CYP2A13 proteins
were detected by Chiang et al. (2012) in epithelial cells of
the human trachea and bronchus, but in bronchiolar epithelia
they observed only CYP2A6 protein (with the additional
limitation that the antibody used for detecting CYP2A6 was
cross-reactive with the non-functional CYP2A7 protein).

CYP2B6 protein was detected in human lung by Gervot
et al. (1999) after developing a very specific antibody against
CYP2B6, but its levels were much lower than in other tissues
such as liver, kidney or intestine.

Yokose et al. (1999) observed CYP2C protein in human
lung bronchial gland serous cells, but in no other human
lung tissue.

CYP2D protein expression in human lung is very low
or nil (Hukkanen et al. 2002) [while CYP2D6 mRNA has
been observed in the human lung in some, but not in other
studies (see above)].

Using immunochemical methods De Waziers et al. (1990)
observed CYP2EI protein in human lung. Runge et al.
(2001) found in primary cultures of human bronchial epi-
thelial cells low levels of CYP2E1 protein.

Somewhat later Wheeler et al. (1992) reported that
they observed CYP2E1 and CYP3A, but not CYP2CS or
CYP2C9 proteins in human lung.

Zeldin et al. (1996) observed CYP2J2 protein in human
lung tissues primarily in ciliated epithelial airway cells, but
also in nonciliated epithelial airway cells, in the lung vas-
cular endothelium and alveolar macrophages, much higher
in the alveolar epithelium than in endothelial and vascular
smooth muscle cells.

Rylander et al. (2001) observed the novel CYP2S1 pro-
tein in human lung, which was confirmed and extended by
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Saarikoski et al. (2005) identifying this CYP protein at high
levels in bronchi, bronchioli and nasal cavity.

Kivisto et al. (1995) determined immunohistochemically
CYP3A and 2E1 protein in both, human lung cancer and
normal human lung tissue and they observed the presence of
CYP3AS and 3A7 protein in normal and in tumorous human
lung tissue (Kivisto et al. 1995). Shimada et al. (1996a)
confirmed the presence of CYP1Al, 2E1 and 3A4 protein
in human lung; in contrast to the lack of finding CYP2A6
protein by Macé et al. (1998) in human peripheral lung tis-
sue, they noticed CYP2AG6 protein in human whole lung and
extended the list by the observation of CYP2C9 protein in
human lung.

Kelly et al. (1997) observed CYP3A protein, but no
CYPI1A2 protein in human lung. In the subsequent year
Anttila et al. (1997) reported the finding of CYP3A4 pro-
tein in human lung, but in contrast to the liver mostly 3A5.
This CYP form (3A5) was localized widely in the lung: in
bronchial ciliated, mucous and glandular cells, bronchi-
olar columnar and terminal cuboidal epithelium, type I and
type II alveolar cells, vascular and capillary endothelium
and alveolar macrophages (CYP3A4 in bronchial glands,
bronchiolar columnar and terminal epithelium, type II alveo-
lar cells and alveolar macrophages). CYP3AS protein was
found in all individuals tested, CYP3A4 only in 20% of them
(Raunio et al. 1999). Macé et al. (1998) observed in human
peripheral lung tissue CYP3A4/5 as well as CYP1A1, 1A2,
2B6 and 2E1, but not 2D6 proteins. Van Vleet et al. (2001)
observed 3A4 and CYP1A in NHBE (normal human bron-
chial epithelial cells). Raunio et al. (2004) observed in lung
adenocarcinoma derived A549 cells induction of CYP3AS5
protein by glucocorticoids and, interestingly, in alveolar
macrophages repression by cigarette smoke. In freshly iso-
lated bronchoalveolar macrophages and/or A549 cells pro-
teins immunologically related to CYP3A were observed in
human fetal lung (Hakkola et al. 1998).

Toussaint et al. (1993) observed CYP1A1/1A2 pro-
tein in human pulmonary normal and tumor tissue, but
CYP2B1/2B2, 2C8, 2E1 or 3A4 in neither of them.

Taken together, CYP protein expression in the human
lung is in general much lower than in the liver, but a consid-
erable number of CYPs proteins are present in the human
lung. Preferential expression of CYP proteins in the human
lung includes CYP1Al, 1B1, 2A13, 2E1, 2F1, 251, 3A5 and
4B1. An important difference in the localization of CYPs
in the human lung compared with the lung of laboratory
rodents is their weaker expression in Clara cells and the
considerably lower number of Clara cells in the human lung
and, in addition, their further reduction by tobacco smok-
ing (Hukkanen et al. 2002). This is an especially important
difference, since Clara cells (at least in rodents) are one pri-
mary origin and location of lung toxicity evoked by several
xenobiotic compounds.
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CYP catalytic activities (Table 3)

A major difficulty in studies on CYP catalytic activities in
the human lung is their very low levels. Total human pul-
monary CYP protein on a per milligram of protein basis is
about 20 times less than in the rat lung and about 100-fold
less than in the rabbit lung (Wheeler and Guenthner 1991).
Nevertheless, despite their low levels, several pulmonary
CYPs are involved in major toxication reactions and are
important for local lung toxicities. Several pneumonal CYPs
are involved in the activation of quite a number of procar-
cinogens by formation of reactive metabolites derived from,
e.g. polycyclic aromatic hydrocarbons and N-nitrosamines
(Hecht 1999). The essential role of CYPs in the activation of
the lung-specific carcinogen NNK [4-methylnitrosamino)-1-
(3-pyridyl)-1-butanone] was proven by the use of lung CYP
reductase null mice abolishing all CYP mediated activities
(Weng et al. 2007). Examples involving individual CYPs
are presented below.

Aryl hydrocarbon hydroxylase (AHH) Wheeler et al. (1990)
detected in human lung microsomes AHH activities which
were on a per mg protein basis 2-fold slower than in rat lung.
Shimada et al. (1992) also observed AHH activity in human
lung microsomes, 14-fold lower than in rat lung. Bartsch
et al. (1992) reported AHH activity in the lungs of smokers
in good agreement with the levels of CYP1A1 protein.

Prototypical CYP catalytic activities other than AHH Very
early on Lorenz et al. (1979) already observed consider-
able activities of the broad-spectrum CYP activity 7-eth-
oxycoumarin O-deethylase (ECOD) in human lung micro-
somes, statistically not different between cancer patients
and non-cancer (Table 3). Rates in human lung microsomes
were 57-fold lower as compared with rat lung microsomes
(Oesch et al. 1980). Pacifici et al. (1988b) confirmed activity
of human lung microsomes toward the broad-specific proto-
type substrate 7-ethoxycoumarin.

Wheeler et al. (1990) detected in human lung the CYP1
prototypic 7-ethoxyresorufin O-deethylase (EROD) as well
as ECOD activities which were on a per mg protein basis
4- and 34-fold slower than in rat lung. Shimada et al. (1992)
observed very low levels of EROD and CYP 2B-prototypic
PROD (7-pentoxyresorufin O-dealkylase) in human lung
microsomes, 22- and 3-fold lower, respectively, than in rat
lung microsomes (smoker status not reported). Anttila et al.
(1992) observed EROD activity in the lung of smokers,
but not in the lung of non-smokers. Bernauer et al. (2006)
reported quite remarkable CYP1A2-prototypic MROD
(7-methoxyresorufin O-dealkylase) activities in human lung
microsomes, which were in the 4-11 nmol/min/mg microso-
mal protein range. However, Donato et al. (1999) observed

EROD and MROD activities only in the lung samples from
smokers.

Iba et al. (2010) observed in unbroken human lung
ex vivo samples EROD, MROD and the CYP1 prototypic
CECOD (3-cyano-7-ethoxycoumarin O-deethylase) activi-
ties, which were not substantially inhibited by the CYP1B1-
preferential inhibitor tetramethoxystilbene. The authors con-
cluded that it is unlikely that CYP1B1 contributes to any of
the three activities in the human lung. CECOD activity was
markedly inhibited by the CYP1A2-preferential inhibitor
fluvoxamine indicating substantial contribution of CYP1A2
to CECOD activity in the human lung.

CYP2A6-prototypic coumarin 7-hydroxylation was
observed in lung samples of all human individuals investi-
gated (Donato et al. 1999).

Shimada et al. (1992) reported the presence of the
CYP2B6-prototypic PROD (7-pentoxyresorufin depentyl-
ase) activity in human lung microsomes, about 5-fold lower
than in the human liver and about 3-fold lower than in the
rat lung. Donato et al. (1999) observed PROD activity in all
human lung samples investigated.

CYP2D6-prototypical bufuralol hydroxylation was not
detected in human lung (Hukkanen et al. 2002) in agreement
with very low or nonexistent CYP2D protein expression in
human lung (see above).

CYP2E1-prototypical hydroxylation of 4-nitrophenol has
been observed in human lung microsomes (Forkert et al.
2000). CYP2E1-prototypical NDMA (N-nitrosodimethyl-
amine) demethylation in human lung microsomes ranged
from 36.9 to 82.4 pmol/mg protein/min (Forkert et al. 2001).
Bernauer et al. (2006) observed CYP2E-prototypic chlor-
zoxazone metabolism in human lung microsomes, about 100
times slower than in human liver microsomes. The activity
varied about 20-fold between individuals (Bernauer et al.
2005). However, chlorzoxazone hydroxylation has not been
observed in human lung microsomes by Uehara et al. (2018)
at their limit of detection at 12 pmol/min/mg microsomal
protein.

Donato et al. (1999) observed the CYP3A-prototypic
testosterone 6p-hydroxylation in the lung samples from all
human individuals investigated.

Shimada et al. (1996a) monitored activity in human lung
microsomes with several substrates and compared them with
human liver microsomes, in all cases finding much lower
activities in the lung: EROD specific activity (i.e. activity
on a per mg protein basis) was 69 times lower in the lung;
lung coumarin hydroxylase < 0.05 pmol/mg protein/min,
liver 44 pmol/mg protein/min; lung ECOD < 0.2 pmol/mg
protein/min, liver 38 pmol/mg protein/min; lung testosterone
6p-hydroxylase 0.26 pmol/mg protein/min, liver 2756 pmol/
mg protein/min.
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Pulmonary CYPs in the metabolism of styrene Because of
the species-specific carcinogenicity of styrene (carcino-
genic in the mouse lung, but not in the rat) (Ponomarkov
and Tomatis 1978; U. S. NCI 1979; Cruzan et al. 1998,
2001, 2002) the metabolism of styrene in the human lung
compared with the rat versus the mouse lung is of spe-
cial interest. The complex metabolism of styrene in man
contrasted with experimental animal species has been
reviewed by Vodicka et al. (2006). Important data con-
cerning human pulmonary CYP-mediated metabolism are
detailed below:

Guengerich et al. (1991) showed that purified CYP2E1
metabolized styrene to the reactive genotoxin styrene
7,8-oxide.

Nakajima et al. (1994) observed that the sequence of
styrene metabolism by 12 recombinant CYPs which occur
in the human lung and/or liver was as follows: CYP2B6
and 2E1 occurring in the human liver and/or lung and
CYP2F1 occurring in the human lung were fastest, fol-
lowed by CYP1A2 and 2C8, while CYP3A3, 3A4, 3A5
and 4B1 were much slower and CYP2A6, 2C9 and 2D6
were almost inactive. Moreover they reported that the rate
of glycol formation from styrene was higher in lung micro-
somes from smokers compared with current nonsmokers.

Fukami et al. (2008) compared the activity of purified
CYP2A13 and CYP2EI for styrene metabolism and found
the former to be more active.

Nakajima et al. (1994) reported for human lung micro-
somes a rate of pulmonary biotransformation of styrene
to styrene glycol (rightfully presumed to be via styrene
7,8-oxide) of 0.13 nmol/mg protein per 20 min [assum-
ing linearity with respect to time this would correspond
to 0.0065 nmol/mg protein/min, much less than for mice:
2.06 nmol/mg protein/min for CD-1 mouse lung micro-
somes (Carlson 1997) and 2.7 nmol/min/mg protein for
B6C3F1 mouse lung microsomes (Mendrala et al. 1993)].
Using the kinetic constants obtained by these authors
(Mendrala et al. 1993), Sarangapani et al. (2002) carried
out PBPK modeling leading to predicting about 100-fold
lower styrene 7,8-oxide concentration in the human ter-
minal bronchioles compared with the mouse, the species
in which lung tumors had been observed upon exposure
to styrene (Cruzan et al. 2001) (in the rat where upon
exposure to styrene no lung tumors had been observed the
predicted styrene 7,8-oxide concentrations in the terminal
bronchioles were about 10-fold lower compared with the
mouse).

Carlson et al. (2000) reported that lung samples of only 1
out of 6 subjects were able to metabolize styrene to styrene
7,8-oxide (while the liver samples of all 6 subjects were
able to perform this metabolic step), and this metabolism in
the human lung was very slow (0.088 nmol/mg protein/min;
much slower than in the mouse lung).
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One crucial difference between the human, rat and mouse
lung is, that human lung possesses much fewer Clara (Club)
cells than the rat and mouse lung and rat still much less than
the mouse lung. Thus, risk for chemically induced toxicity
and carcinogenicity mediated by and originating from Clara
cells may rightfully be expected to be much lower in humans
than in rats and these, in turn, to be much lower than in mice
(Green 2000).

Various other CYP catalytic activities Beside the studies pre-
sented in the above chapter on styrene metabolism, quite
early studies already led to the recognition that also with
respect to other xenobiotic compounds their metabolism in
the human lung was associated with organ selective toxici-
ties as well as species differences in susceptibility.

Thus, Warren et al. (1982) recognized that the selective
toxicity of naphthalene for the lung was associated by its
CYP-catalyzed metabolism.

On the other end, Dowsley et al. (1999) reported that
human lung microsomes metabolized 1,1-dichloroeth-
ylene to a reactive epoxide, but much slower than liver
microsomes.

With respect to species differences Csanady et al. (1992)
reported that butadiene was converted by human and rat
lung microsomes to the monoepoxide at a more than 10-fold
lower rate than by mouse lung microsomes, possibly provid-
ing an important contribution to the high susceptibility of
the mouse for butadiene-induced lung carcinogenicity com-
pared with the much more resistant rat.

Further examples are discussed below.

Several pieces of information are available (in addition to
those presented in the two preceding chapters) concerning
metabolism of xenobiotic compounds in the human lung by
individual forms of CYP.

Chae et al. (1993) reported that in human lung CYP1A1
was predominantly responsible for the biotransformation of
the carcinogen 6-nitrochrysene. Later on they determined
that compared with human liver microsomes the rates of
biotransformation of mono-nitropyrenes were 10- to 70-fold
lower in human lung microsomes (Chae et al. 1999).

In the study by Yilmaz et al. (2019) the only substrate
which showed extremely little, but clearly observable con-
version by human lung slices was the CYP1A1 substrate
AFQO056 (less than 0.1% conversion in 4 h, estimated from
the figure in Yilmaz et al. 2019), while no CYP3A4 activity
toward midazolam and no activity toward the CYP2C sub-
strates amodiaquine, diclofenac and diazepam was detected
[quite in contrast to rat precision-cut lung slices, where
they detected low, but clearly quantifiable CYP3A4 activ-
ity toward midazolam (about 0.3% substrate conversion in
4 h) and toward the CYP2C substrates amodiaquine (about
0.6% conversion), diclofenac (about 0.4% conversion) and
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diazepam (about 2% conversion) and, most notably, about
30% conversion of the CYP1A1 substrate AFQ056].

While it is generally assumed that pneumonal CYP1A1
activity contributes to lung damage presumably via uncou-
pling-produced H,0, (e.g. Mansour et al. 1988; Hazinski
et al. 1989). Veith and Moorthy (2018) reported induction,
inhibition and genetic knock-out data which rather suggest
that CYP1A activity protects against hyperoxic lung injury,
while their studies suggest that CYP1B1 activity indeed
increases hyperoxic lung injury.

CYP2A6 which is clearly expressed at the mRNA level,
but controversially at the protein level in the human lung
(see above), plays an important role in the toxication of the
tobacco-specific carcinogen NNK (4-methylnitrosamino-
1,3-pyridyl-1-butanone). However, the 7-hydroxylation
of coumarin, which is characteristic for CYP2AG6, has
not been detected in human lung (Zhang et al. 2006). On
the other hand, the closely related CYP2A13, which in
human lung is very highly expressed at the mRNA level
(see above), was found to have a catalytic efficiency for
NNK much greater than any other CYP investigated pre-
viously (Su et al. 2000). Conversely, Brown et al. (2007)
concluded from their study that neither CYP2A6 nor
CYP2A13 levels appeared to constitute a predominant
factor for NNK bioactivation in peripheral lung, at least
for most subjects [in addition to CYPs, lipoxygenases
and lipid hydroperoxides have been suggested to also be
involved in NNK activation (Smith et al. 1995)]. Another
tobacco-specific carcinogen, NNN (N'-nitrosonornicotine),
is very efficiently activated by human CYP2A13 (Su
et al. 2000). Hydrogen bonding between the amino acid
Asn297 and NNK appears important for substrate orien-
tation and site-directed mutation of this residue to Ala
strongly decreased the catalytic efficiency for NNK and
NNN metabolism by 4- to 5-fold (Schlicht et al. 2009). In
addition, heterologously expressed CYP2A13 metabolizes
N,N-dimethylaniline, N-nitrosodiethylamine (NDEA),
N-nitrosomethylphenylamine, 2,6-dichlorobenzonitrile,
hexamethylphosphoramide (HMPA), and 2'-methoxyace-
tophenone (Ding and Kaminsky 2003).

Human lung CYP2E1 activated vinyl carbamate, the
intermediate in the pathway of the pneumotoxin and lung
carcinogen ethyl carbamate to vinyl carbamate epoxide
(Forkert et al. 2001).

The lung-selective human CYP2F1, recombinantly
expressed, was shown to efficiently toxify several lung tox-
ins including 3-methylindole (toxified by CYP2F-mediated
dehydrogenation to an electrophilic methylene imine), naph-
thalene (toxified by epoxidation) (Lanza et al. 1999) and
styrene (Nakajima et al. 1994). Human lung microsomes
dehydrogenated 3-methylindole and this reaction was inhib-
ited by the CYP2F inhibitor 5-phenyl-1-pentyne (Bernauer
et al. 2009b). The human CYP2F1-catalyzed naphthalene

turnover rate (0.035 nmol/min/nmol CYP) was more than
1000-fold lower than that of the mouse ortholog CYP2F2.
Metabolic activation of the pneumotoxin 4-ipomeanol by
the human CYP2F1 was rather low (Czerwinski et al. 1991),
while the efficiency of the human CYP2F1 toward 3-meth-
ylindole was relatively high (V,,,, 1.3 nmol/min/nmol CYP,
K., 60 uM) (Buckpitt et al. 2002). Recombinant CYP2F1
metabolized benzene with a turnover rate of 0.01 pmol/min/
pmol CYP and reasonably efficient (V,,./K,, 2.6) (Sheets
et al. 2004). The recombinant CYP2F1 also metabolized
7-ethoxycoumarin, 7-propoxycoumarin and 7-pentoxyre-
sorufin, but not 7-ethoxyresorufin (Nhamburo et al. 1990).

The novel CYP2S1 metabolizes naphthalene (Karlgren
et al. 2005). Since CYP2S1 occurs in the human lung it
has been hypothesized that it contributes to naphthalene’s
pneumotoxicity (Buckpitt et al. 2002). Bui and Hankinson
(2009) demonstrated that in presence of an oxidizing agent
such as hydrogen peroxide human CYP2S1 metabolizes BP
7,8-dihydrodiol with a high rate to the ultimate carcinogens
BP-7,8,9,10-dihydrodiol-epoxides.

Kelly et al. (1997) reported that aflatoxin B, was biotrans-
formed in the human lung and that CYP3A played a role in
this, but that this activity was very low compared with the
same activity in the human liver. Van Vleet et al. (2001)
observed that aflatoxin B, was metabolized to an epoxide in
NHBE (normal human bronchial epithelial cells). CYP2A13
was found to be chiefly responsible for the metabolism of
aflatoxin B1 to its 8,9-epoxide in the human lung (He et al.
2006).

The toxication of benzo[a]pyrene 7,8-dihydrodiol to the
ultimate mutagen/carcinogen 7,8-dihydrodiol 9,10-epoxide
was catalysed by human lung microsomes and this bio-
transformation step was enhanced by the CYP3A activator
a-naphthoflavone (Shimada et al. 1989, 1992).

CYP3As are important for the metabolism of several
inhaled drugs such as theophylline, salmeterol and gluco-
corticoids (Pavek and Dvorak 2008).

Non-CYP oxidoreductases (Tables 2, 9)
Flavin-dependent monooxygenases (FMO)

FMO transcripts FMO4 mRNA is expressed broadly in
many human tissues, including the lung, while FMO2
mRNA is selectively expressed in human lung (Zhang and
Cashman 2006).

Woenckhaus et al. (2006) observed in smokers bron-
chial and alveolar epithelium downregulation of FMO3
transcripts.

Nishimura and Naito (2006) observed in the human lung
relatively high levels of FMO2, modest levels of FMOS5 and
low levels of FMO1, FMO3 and FMO4 mRNA.
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Leclerc et al. (2011) observed in the human bronchial
mucosa high levels of FMO2 and moderate levels of FMOS5
transcripts, and in pulmonary parenchyma high levels of
both of them.

Zuo et al. (2018) demonstrated in samples—gained by
bronchoscopy and by scraping from the human small air-
ways epithelial Clara (Club) cells—transcripts of FMO?2.

Table 9 Genes exhibiting high interindividual variability (CV > 10%)
in primary cultures of HBEC. Reproduced from Courcot et al. (2012),
with permission of the publisher

Coefficient
of variation

Genes Minimum BCt Maximum BCt

Phase I enzymes

CYP4BI 17.09 23.85 15.41
CYP2W1 20.14 28.09 14.46
CYPIIAI 22.04 28.91 13.83
CYP4A11/22 22.07 30.53 13.78
ALDH3B2 17.29 23.01 12.17
DHRS?2 21.97 28.71 12.13
ALDHIA2 22.07 28.09 11.61
ALDHIA3 10.41 13.85 11.61
CYP26B1 18.49 24.55 11.49
ALDH3AI 15.75 19.96 11.16
FMO3 23.29 2891 10.88
CYP4F11 15.04 19.14 10.38
ADH7 16.31 20.72 10.27
Phase II enzymes
GSTT1 17.34 30.53 28.584
GSTM1 20.80 30.53 19.82¢
INMT 21.62 28.91 15.11
UGTIAIO 22.52 30.53 14.66
GSTT2/2B 17.48 23.78 13.44
UGTIAS 23.10 30.53 12.28
SULT2B1 13.03 16.93 10.89
Transporters
ABCA4 20.08 28.09 15.02
SLC7A5 11.68 14.83 13.06
SLCO4A1 16.41 21.86 12.85
SLC7A11 13.14 17.04 12.81
ABCC6 22.98 28.91 10.75
ABCBI11 22.33 27.98 10.70
SLCOS5A1 22.71 28.91 10.52
Nuclear receptors and other genes
ARNT2 19.93 26.64 14.69
FOXA2 17.29 22.57 13.65
HIF3A 21.25 28.71 12.34
MTIX 12.01 15.71 12.61

Interindividual variability in gene expression evaluated by calculation
of the coefficient of variation (CV =pCt SD/mean BCt)

“Highest coefficients of variation underlined. Underlined genes repre-
sent genes that exhibited the highest coefficients of variation
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FMOI gene expression in the human bronchial airway
epithelium was upregulated by acute and by chronic ciga-
rette smoking. Likewise, in cultured human bronchial epi-
thelial cells, which were obtained from non-smoking donors,
FMO1 gene expression was upregulated by acute exposure
to cigarette smoke (Billatos et al. 2018).

FMO catalytic activities FMO2, which is selectively
expressed in the lung, differs from other FMOs in that it is
capable to catalyse the N-oxidation of certain primary alkyl
amines (Dolphin et al. 1998; Chung et al. 2000). FMO2 cat-
alytic activities include the S-oxygenation of low molecular
mass thioureas such as the lung toxicant ethylene thiourea
(Zhang et al. 2006).

Yilmaz et al. (2019) observed in human precision-cut
lung slices about 0.7% conversion of the FMO substrate
benzydamine in 4 h (while in rat precision-cut lung slices
about 80% of the substrate were converted by FMO). These
activities catalyzed by FMO are much higher compared with
the (very much lower!) CYP activities in human (and rat)
lung slices observed in the same study (Yilmaz et al. 2019)
suggesting that FMO activities may quite generally be con-
siderably more important for xenobiotic oxidation reactions
in the lung than CYP activities, albeit preferentially toward
structurally different groups of compounds. FMOs preferen-
tially catalyze oxidations on soft nucleophilic centers, such
as nitrogen and sulphur atoms, while CYPs preferentially
catalyze oxidations on hard nucleophilic centers, such as
carbon atoms (for a more complete discussion see Oesch-
Bartlomowicz and Oesch 2007).

Alcohol dehydrogenase (ADH)

Transcripts Nishimura and Naito (2006) observed in the
human lung relatively high levels of ADHS mRNA, modest
levels of ADHI1C, low levels of ADH1B, ADH4 and ADH7
and very low levels of ADH1B and ADH6, while levels of
ADHI1A were below quantification.

Woenckhaus et al. (2006) observed in smokers bron-
chial epithelium and alveolar epithelium downregulation of
ADHIB (class I) transcripts.

Leclerc et al. (2011) found in healthy human bronchial
mucosa ADHIB and ADH?7 transcripts, both of them
highly expressed, in pulmonary parenchyma ADH1B highly
expressed, ADH7 at a very low expression level.

Van Dyck et al. (2014) reported the presence of ADHIA,
ADHI1C and ADH7 mRNA in human bronchial tissue,
the decrease of ADHIA and 1C in smokers with lung or
head and neck cancer compared with non-smokers and the
decrease of all three of them in smokers with lung or head
and neck cancer compared with smokers without cancer.
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Aldehyde dehydrogenase (ALDH)

Transcripts Nishimura and Naito (2006) observed in the
human lung relatively high levels of ALDH?2, modest levels
of ALDH1A1, 1A2, 1A3, 1B1, 3Al, 3A2, 3B1, 5A1, 6Al,
7A1, 9A1, low levels of ALDH 4A1, 8A1 and very low lev-
els of ALDH3B2 mRNA.

Leclerc et al. (2011) found in healthy human bronchial
mucosa ALDH1A1, 1A3, 2,3A1,3A2,3B1, 9A1 and 18A1
transcripts, all of them highly expressed. All of them were
also present in pulmonary parenchyma, but several of them
at a considerably lower expression level.

Van Dyck et al. (2014) reported the presence of ALD-
H3A1mRNA in human bronchial tissue, its increase in
smokers without cancer compared with non-smokers, and
its decrease in smokers with lung or head and neck cancer
compared with smokers without cancer.

Zuo et al. (2018) demonstrated in samples—gained
by bronchoscopy and by scraping from the human small
airways epithelial Clara (Club) cells—transcripts of the
ALDHI1AT as well as ALDH?2 (the latter: mitochondrial).

ALDH3A1 gene expression in the human bronchial airway
epithelium was upregulated by acute and by chronic ciga-
rette smoking. In cultured human bronchial epithelial cells,
which were obtained from non-smoking donors, ALDH3A1
gene expression was upregulated upon acute exposure to
cigarette smoke (Billatos et al. 2018).

Takahashi et al. (2018) found that ALDH3A1 transcripts
were overexpressed in bronchial brushings from currently
smoking asthmatics compared with ex-smoking and non-
smoking asthmatics and non-smoking healthy individuals.

Libalova et al. (2014) reported strong upregulation of
ALDHIA3 and ALDH3AI gene expression upon exposure
of A549 cells to the extractable organic matters (EOMs)
from the respirable fraction of airborne PM2.5 particles
(<2.5 um) from three heavily polluted areas of the Czech
Republic.

NAD(P)H:quinone oxidoreductase (NQO)

Nishimura and Naito (2006) observed in the human lung
relatively high levels of NQO2 and modest levels of NQO1
mRNA.

Leclerc et al. (2011) observed in the human bronchial
mucosa high levels of NQOI transcripts and in pulmonary
parenchyma moderate levels of FMOS transcripts.

Takahashi et al. (2018) found that NQO1 transcripts were
highly upregulated in bronchial brushings from currently
smoking asthmatics compared with ex-smoking and non-
smoking asthmatics and non-smoking healthy individuals.

Aldehyde oxidase (AO)

Yilmaz et al. (2019) observed in human precision-cut lung
slices AO activity toward carbazeran (about 0.2% substrate
conversion in 4 h) (while in rat precision-cut lung slices
about 0.9% of the substrate was converted by AO in 4 h).

Aldo-keto reductases

The aldo-keto reductase 1C1 (AKRICI1)
(20a-hydroxysteroid dehydrogenase; dihydrodiol dehydroge-
nase) mRNA expression is highest in the lung, higher than in
the liver and in four further investigated organs (El-Kabbani
etal. 2011).

Leclerc et al. (2011) found in healthy human bronchial
mucosa and in pulmonary parenchyma, respectively, the fol-
lowing AKR transcripts at the following expression levels
(median DCt):

AKR1A1 149 15.1

AKR1B1 159 15.2

AKR1B1020.6 26.5

AKRI1C1/216.2 17.7

AKR1C316.317.1

AKR6A5 17.4 15.8.

Miller et al. (2012) observed strong AKR1C immunore-
activity in human bronchial epithelium, but not in human
alveolar pneumocytes.

Kalabus et al. (2012) showed in human lung tissue sam-
ples that carbonyl reductase 1 (CBR1) mRNA and protein
were increased 1.5-fold in smokers compared with never-
smokers. Regarding these results, it is of interest to note
that polynuclear quinones as well as ortho-quinones derived
from polycyclic aromatic hydrocarbons such as BP are good
substrates of CBR1 (Wermuth et al. 1986).

Lin et al. (2013) reported a marked decrease in AKR1C3
mRNA and protein in glucose-6-phosphate dehydrogenase
knockdown human lung A549 cells.

Van Dyck et al. (2014) reported the presence of
AKRI1BI10, 1C2, 1C3 and 1C4 mRNA in human bronchial
tissue, the increase of all of them in smokers without cancer
compared with non-smokers, the increase of AKR 1B10,
1C2 and 1C3 mRNA in smokers with lung or head and neck
cancer compared with non-smokers and the decrease of all
four of them in smokers with lung or head and neck cancer
compared with smokers without cancer. In the same study
they reported the presence of DHRS9 (SDR family dehydro-
genase/reductase 9) mRNA in human bronchial tissue and
its increase in smokers without cancer compared with non-
smokers and in smokers with lung or head and neck cancer
compared with non-smokers.

Zuo et al. (2018) demonstrated in samples—gained by
bronchoscopy and by scraping from the human small air-
ways epithelial Clara (Club) cells—transcripts of DHRS3
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(SDR family dehydrogenase/reductase 3) and DHRS9 (SDR
family dehydrogenase/reductase 9).

Takahashi et al. (2018) found that AKR1C1 transcripts
were more highly expressed in bronchial brushings from
currently smoking asthmatics compared with ex-smoking
and non-smoking asthmatics and non-smoking healthy
individuals.

Hydrolases
Epoxide hydrolase (EH) (Table 5)

EHs have exogenous and endogenous functions, with
respect to the topic of this review, xenobiotic metabolism,
detoxifying and toxifying depending on and predictable
from the structure of the xenobiotic compound in question
(Bentley et al. 1977).

Microsomal epoxide hydrolase (EPHX1 or mEH
orEH1) Transcripts Nishimura and Naito (2006) observed
in the human lung modest levels of EPHX1 mRNA.

Somers et al. (2007) reported the presence of EPHX1
transcripts in the human lung parenchyma.

Leclerc et al. (2011) found in human bronchial mucosa
and in pulmonary parenchyma high levels of EPHX1
transcripts.

Lin et al. (2013) reported a marked decrease in EPHX1
mRNA (and protein) in glucose-6-phosphate dehydroge-
nase knockdown human lung A549 cells.

Protein Amount of EPHX1 protein in human lung var-
ied 6-fold between 92 individuals (Bernauer et al. 2009a).

Lin et al. (2013) reported a marked decrease in EPHX1
protein (and mRNA) in glucose-6-phosphate dehydroge-
nase knockdown human lung A549 cells and a marked
increase in the sensitivity to the cytotoxicity of aflatoxin
B1. The authors conclude that glucose-6-phosphate dehy-
drogenase is protective against the cytotoxicity of afla-
toxin B1 by leading to a higher level of EPHX1 which, in
turn, detoxifies the aflatoxin B1 derived 8,9-exo-epoxide
more efficiently. They speculate that this may be caused by
glucose-6-phosphate dehydrogenase providing increased
levels of NADPH for NADPH oxidase to induce EPHX1.

Catalytic activities (Table 5) Very early on Lorenz et al.
(1979) already observed in human lung considerable activ-
ities of microsomal epoxide hydrolase toward several sub-
strates, statistically not different between cancer patients
and non-cancer patients (Table 5), low in lung compared
with liver. EPHX1 activity in human lung peripheral squa-
mous cell carcinomas was considerably lower (only one
third) compared with non-diseased portions of the lungs of
the same subjects (Oesch et al. 1980) [which is in striking
contrast to the rat liver, where EPHX1 was considerably
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increased in lung tumor tissue and has been identified as a
preneoplastic antigen (Levin et al. 1978)].

Pacifici et al. (1988b) confirmed in the human lung
microsomal fraction EPHX1 activity using styrene 7,8-
oxide as substrate. Using BP 4,5-oxide as substrate Petru-
zzelli et al. (1988) observed modest (0.25 +0.10 nmol/
min/mg protein) EPXH1 activity in human pulmonary
macrophages.

Omiecinski et al. (1993) observed a high correlation
between human individual EPHX1 activity in blood lym-
phocytes and in their lungs and Omiecinski et al. (1994)
reported a EPHXT activity of 16 pmol/mg 9000 g superna-
tant protein/min already in the human fetus at a gestational
age of 12 weeks with practically no change until birth and
already approaching adult levels.

Boogaard and Bond (1996) observed in human lung
microsomes considerable EPHX1 activity toward diepoxyb-
utane, the putative ultimate genotoxin formed from butadi-
ene. The activity in the human lung microsomes was much
higher than in those of rodents, which are susceptible to the
carcinogenic action of butadiene. In the rat lung microsomes
the EPHXI activity was, in turn, higher than in the lung
microsomes of the mouse, the species most susceptible to
the lung carcinogenic action of butadiene (see Table 5).

Li et al. (2011a) observed in human pulmonary micro-
somes mEH activity toward ethylene oxide as substrate (but
not in pulmonary microsomes of rats or mice).

Soluble epoxide hydrolase (EPHX2 or sEH or cEH
or EH2) Nishimura and Naito (2006) observed in the human
lung modest levels of EPHX2 mRNA.

Somers et al. (2007) reported the presence of EPHX2
transcripts in the human lung parenchyma.

Pacifici et al. (1988a) observed in the human lung cyto-
solic fraction EPHX?2 activity using trans-stilbene oxide
as substrate. Strikingly, the specific activities were higher
in the fetal lungs compared with adults (43.2+19.2 versus
8.5+ 2.8 pmol/min/mg cytosolic protein) with very little
changes during fetal development (determined at gestational
ages between 17 and 23 weeks).

Esterases/Amidases

Nishimura and Naito (2006) observed in the human lung
modest levels of carboxyl esterase (CES) CES1, CES2 and
esterase D (ESD) mRNA.

Somers et al. (2007) reported the presence of CES1 tran-
scripts in the human lung parenchyma with expression levels
similar to those in the liver.

Leclerc et al. (2011) found in human bronchial mucosa
and in pulmonary parenchyma high levels of CESI
transcripts.
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Vickers et al. (1997) demonstrated in human lung slices
efficient cleavage of the methylcarbonate cyclosporine A
derivative SDZ SCP 764 liberating the esterase product
N-hydroxycyclosporin A five times faster than the N-hydrox-
ylation of cyclosporine A proceeded. The authors conclude
that the lung plays an important role in the metabolism of
this cyclosporin A derivative and will play an even greater
role, when the compound is administered by inhalation.

Quite a number of prodrug esters are cleaved by human
lung esterases to the active drug [e.g. ciclesonide (Nave
et al. 2006)], or to more active derivatives [e.g. cleavage
of beclomethasone dipropionate to the monopropionate
(Wiirthwein and Rohdewald 1990)].

Esterase rates (with beclomethasone dipropionate as sub-
strate) in the lung parenchymal cells were similar to those in
human hepatocytes (Somers et al. 2007).

Microsomal carboxylesterase activities for the prototypi-
cal substrate p-nitrophenyl acetate varied from 19.02 +2.28
to 48.18 +4.34 nmol/mg protein/min (Forkert et al. 2001).
Using inhibitor and antibodies as diagnostic tools these
authors found that in the human lung vinyl carbamate [the
intermediate in the toxication pathway from ethyl carbamate
to vinyl carbamate epoxide (Dahl et al. 1978)] was detoxified
by carboxyl esterase A.

Yilmaz et al. (2019) observed in human precision-cut
lung slices esterase activity toward the CES1 substrate
ramipril (about 7% substrate conversion in 4 h) (while in
rat precision-cut lung slices between 10% and 20%of the
substrate were hydrolyzed in 4 h).

Conjugating enzymes
Glutathione S-transferase (GST)

GST transcripts Mainwaring et al. (1996) demonstrated the
presence of GSTtheta transcripts in the human lung, espe-
cially in Clara (Club) cells. Levels were substantially lower
than in the mouse lung.

Macé et al. (1998) observed GSTM1 transcripts in 25%
of human peripheral lung tissue and in 40% of bronchial
mucosa and GSTM3 in 100% of both of them. Tang et al.
(2010) reported the presence of GSTM2 transcripts in the
human lung. GSTP1 transcripts were observed by Thum
et al. (2006) in human bronchial tissue and bronchial lavage.

Leclerc et al. (2011) found in healthy human bronchial
mucosa and in pulmonary parenchyma, respectively, the fol-
lowing GST transcripts at the following expression levels
(median DCt):

GSTA1 13.7 18.7

GSTA2 14.320.2

GSTA4 169 15.9

GSTK1 15.215.2

GSTO1 16.9 16.0

GSTP1 10.8 12.1 10.6

MGST1 14.7 13.8

MGST3 15.7 14.7.

Zuo et al. (2018) demonstrated in samples—gained by
bronchoscopy and by scraping from the small airways epi-
thelial Clara (Club) cells—transcripts of microsomal GST.

Van Dyck et al. (2014) reported the presence of GSTAI,
A4, M1, M2, M3, M5, P1, T1,T2/T2B and MGST1 mRNA
in human bronchial tissue, and their different levels in smok-
ers without cancer compared with non-smokers, in smok-
ers with lung or head and neck cancer compared with non-
smokers and in smokers with lung or head and neck cancer
compared with smokers without cancer.

GST protein Howie et al. (1990) observed in human lung
tissue predominantly GSTP (0.53 +0.04 mg/g cytosolic
protein), followed by GSTM (0.07 +0.02 mg/g cytosolic
protein) and GSTA B, subunit (0.07 +0.01 mg/g cytosolic
protein) and B, subunit (0.04+0.01 mg/g cytosolic pro-
tein).

Anttila et al. (1993) reported the presence of the follow-
ing GSTs in the human lung: GSTA1/A2, M1, M2, M3 and
P1 in varying amounts: GSTA1/A2 and P1 most abundant;
GSTM3 varying from abundant to minimal; GSTM2 mini-
mal; GSTM1 ambiguous. GSTA1/A2 and P1 were found
in the bronchial and bronchiolar epithelia, GSTM?2 in the
epithelia of the terminal airways, GSTM3 in ciliated airway
epithelia and in lung smooth muscle cells. In the bronchial
epithelia of current smokers GSTM3 was more abundant
than in those of ex-smokers.

Wang et al. (2003) found GSTP1 as the most abundant
form in the human lung.

Mainwaring et al. (1996) demonstrated the presence of
GSTtheta protein in the human lung, especially in Clara
cells. Levels were substantially lower than in the mouse
lung.

Development GSTP1 protein was the major GST isoen-
zyme expressed in the developing human lung, being present
at relatively high levels in the ductular columnar epithelium
already at 12—18 weeks, then decreased upon differentiation,
between gestational age of 24-27 weeks becoming largely
negative in the distal airways, but still detectable in the prox-
imal airways. GSTA1 and A2 proteins were expressed at low
levels in the same locations (Cossar et al. 1990). Similar
observations regarding GSTP were reported by Beckett et al.
(1990) noticing a slight decrease (from 14.1 to 3.8 pmol per
mg cytosolic protein) between late fetal to 2 weeks postnatal
to 2 years adulthood. Concerning GSTM they observed a
slight decrease (from 3.4 to 1.2 pmol/mg cytosolic protein),
while GSTA1 and A2 remained relatively constant.

GST activity (Table 6) Very early on Lorenz et al. (1979)
already observed considerable activities of GST in human
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lung, statistically not different between cancer patients and
non-cancer patients (Table 6). Toward the broad-spectrum
substrate CDNB the specific activities of human and rat lung
microsomes were practically identical (Oesch et al. 1980).

Autrup et al. (1980) showed in cultured human tracheo-
brochial tissue a high proportion of BP metabolized to glu-
tathione metabolites, much more than to glucuronides.

Pacifici et al. (1988b) observed in the human lung 9000 g
supernatant GST activity using BP 4,5-oxide as substrate.
Also using BP 4,5-oxide as substrate Petruzzelli et al. (1988)
observed modest (0.22 +0.12 nmol/min/mg protein) GST
activity in human pulmonary macrophages.

Boogaard et al. (1996) observed in human lung cytosol
GST activity toward butadiene epoxide (a reactive metabo-
lite of the rodent carcinogen butadiene) (6.4 + 1.9 nmol/min/
mg cytosolic protein), considerably less than in the mouse
and rat lung cytosol (162+ 16 and 186 + 37 nmol/min/mg
cytosolic protein, respectively).

Li et al. (2011a) observed in human pulmonary cytosol
GST activity toward ethylene oxide as substrate.

GST specific activity toward the broad-spectrum substrate
CDNB was markedly lower in the human lung compared
with the human liver (Castell et al. 2005).

UDP-glucuronosyltransferase (UGT)

As opposed to the human liver, expression of UGTs on the
mRNA level, protein level and enzymatic activity level is—
generally speaking—quite low in the human lung.

UGT transcripts Turgeon et al. (2001) reported the presence
of the following UGT mRNAs in the human lung: UGT2B4,
2B7,2B10, 2B11, 2B15 and 2B17.

Beclomethasone dipropionate increased the expression
of UGT2B4 and UGT2BI11 transcripts in cultured bron-
chial epithelial cells, which was hypothesized to possibly
be related to individual differences in response to treatment
with steroids (Kuzuya et al. 2004).

Somers et al. (2007) reported the presence of UGT1A1,
1A4, 1A6-1, 1A6-2,2A1 2B4, 2B7 and 2B11 transcripts in
the human lung parenchyma, but all of them at low expres-
sion levels, except UGT2A1, the expression level of which
was higher in the lung than in the liver. Using PT-PCR
Nakamura et al. (2008a, b) did neither detect UGT tran-
scripts of the UGT1A subfamily nor of the UGT2B sub-
family. Using RT-PCR Courcot et al. (2012) detected only
traces of UGT1A1, 1A4, 1A5, 1A7, 1A8, 1A9 and 1A10 and
only low expression of UTG1A3 and 1A6, while UGT2A1,
2A2,2A3, 2B4, 2B7, 2B10, 2B11, 2B15, 2B17 and 2B28
were not detected. Courcot et al. (2012) reported the pres-
ence of the following UGT transcripts in the human lung:
UGTI1ALI (trace), 1A3, 1A6, 1A10 (trace), while transcripts
of the following UGTs were not detected: UGT1A4, 1AS,
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1A7, 1AS8, 1A9, 2A1, 2A2, 2A3, 2B4, 2B7, 2B10. 2B11,
2B15,2B17, 2B28.

Van Dyck et al. (2014) reported the presence of UGT1A6,
1A9 and 2A1 mRNA in human bronchial tissue, and their
different levels in smokers without cancer compared with
non-smokers and in smokers with lung or head and neck
cancer compared with non-smokers.

UGT catalytic activities (Table 7) UGT activities in the
human lung are low. Their contribution to the total xeno-
biotic glucuronidation in the human organism is, therefore,
relatively modest (Zhang et al. 2006). Only trace activities
(with 1-naphthol as substrate) were observed in lung paren-
chymal cells by Somers et al. (2007). Pacifici et al. (1988b)
observed in the human lung microsomal fraction low UGT
activity (0.01 nmol/min/mg microsomal protein) toward
1-naphthol as substrate. Zheng et al. (2002) observed in
none of the human lung specimen’s microsomes tested UGT
activity toward 3-, 7- and 9-hydroxy-BP, although these
activities were clearly seen in all upper aerodigestive tract
specimen microsomes (tongue, tonsil, larynx, esophagus).

UGT2B7, the mRNA of which was demonstrated in
human lung (see above), is catalyzing the glucuronidation
of the lung carcinogen NNAL (4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanol) (Ren et al. 2000).

Yilmaz et al. (2019) observed in human precision-cut
lung slices very low UGT activity toward triclosan (about
0.1% conversion in 4 h) as opposed to a remarkable activity
in rat precision-cut lung slices (about 40% substrate con-
version in 4 h). About 0.2% 4-methylumbelliferone were
glucuronidated by the human lung slices as compared to 5%
by the rat lung slices.

Sulfotransferase (SULT)

SULT transcripts Her et al. (1996) demonstrated in human
fetal lung the presence of SULTIE1 mRNA, Sakakibara
et al. (1998) the presence of SULT1C2 mRNA.

SULT2B1b mRNA (but no SULT2B1a mRNA) was found
in human lung tissue by He et al. (2005), while Gamage et al.
(2006) report that SULT1B1_v1 and SULT1B1_v2 mRNA
are found in human lung tissue.

Somers et al. (2007) reported the presence of SULT1A1,
1A2, 1A3/4, 1C2, 2A1 and 2B1/2 transcripts in the human
lung parenchyma at expression levels similar or higher than
those in the liver [SULT1A2 mRNA may not be translated
into a protein; discussed in Gamage et al. (2006)].

SULT1C4 is expressed at relatively high levels in the
human foetal lung (Sakakibara et al. 1998).

SULT proteins Hume et al. (1996) reported that phenol
sulfotransferase (SULT1A1/2/3) was present in the human
fetus, being at its peak expression in the early foetus and
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at this point of development being widely distributed
throughout the respiratory epithelium, with later develop-
ment decreasing in its levels and becoming in its localiza-
tion predominantly restricted to the more proximal airways.
The fetal development of hydroxysteroid sulfotransferase
(SULT1E1/2A1/2B1b) was quite different, being present in
early gestation at very low levels, but then increasing rapidly
and reaching its peak at 1 year postnatally. In the mature
epithelium the localization of both, phenol sulfotransferase
and hydroxysteroid sulfotransferase, was in ciliated cells
and in non-ciliated secretory cells and basal cells, but not in
mucus-secreting cells.

He et al. (2005) observed the presence of SULT2B1b pro-
tein (but no SULT2B1a protein) in human lung. The enzyme
was localized to the cytoplasm of ciliated epithelial cells in
“terminal bronchia” of the human lung.

SULT1A1 and 1A3 proteins have been localized to the
epithelia of the human lung bronchioles (Gamage et al.
2006).

SULT1C4 and SULT1E1 were observed at relatively high
levels in the human fetal lung (Lindsay et al. 2008).

SULT catalytic activities (Table 7) Autrup et al. (1980)
showed in cultured human tracheobrochial tissue a high
proportion of BP metabolized to sulphates, much more than
to glucuronides.

Pacifici et al. (1988b) observed in the human lung 9000 g
supernatant SULT activity using 2-naphthol as substrate.

Since SULT2B1b, the presence of which on transcript
and protein level was proven in the human lung (see above),
is selective for 3B-hydroxysteroids such as cholesterol, preg-
nenolone and dehydroepiandrosterone, He et al. (2005) spec-
ulated that this enzyme may be essential for the regulation
of local steroid metabolism in the human lung.

Somers et al. (2007) reported that sulfotransferase rates
(with 1-naphthol as substrate) in the lung parenchymal cells
were similar to those in human hepatocytes.

Cappiello et al. (1991) observed in the human fetal lung
(gestational age 18-25 weeks) higher activity of “dopa-
mine SULT” (“TL”, SULT1A3) than in the adult lung
(22-76 years old individuals), while “p-nitrophenol SULT”
(“TS”, SULT1ALl) in the fetal lung was about one third
of that in the adult lung. However, Richard et al. (2001)
reported that SULT1A1 was higher in the human fetal
lung than in the postnatal lung, while they observed that
SULTI1A3 was higher in the fetal compared with the neo-
natal lung.

Yilmaz et al. (2019) observed in human precision-cut
lung slices SULT activity toward triclosan (about 40% sub-
strate conversion in 4 h) (while in rat precision-cut lung
slices only about 3% of the substrate was converted by
SULT). About 7% 4-methylumbelliferone were converted

by the human lung slices SULT (as compared to about 20%
by the rat lung slices).

N-Acetyltransferase (NAT)

NAT transcripts Macé et al. (1998) observed NAT1 mRNA
in 100% of the human peripheral lung tissue and of the bron-
chial mucosa, NAT2 mRNA in all peripheral lung tissues,
but not in the bronchial mucosa.

NAT protein Dairou et al. (2009) observed in the human
lung cell lines A549 and 16HBE NAT1 protein.

NAT activity (Table 7) Pacifici et al. (1986) observed in the
adult human lung 150,000 g supernatant considerable activ-
ity of NAT for PABA (para-aminobenzoic acid) as sub-
strate, one third of the specific activity observed in the liver.
Surprisingly high activities were found in the human foetal
lung, almost identical to the adult lung.

Dairou et al. (2009) reported for the following substrates
in the human lung cell line A549 and 16HBE cytosols NAT
activities: benzidine, f-naphthylamine, 4-aminobiphenyl,
p-aminosalicylic acid and 2-aminofluorene. Exposure of
the cells to pathophysiologically relevant levels of H,O, or
peroxynitrite led to impairment of these activities.

Yilmaz et al. (2019) observed in human precision-cut
lung slices NAT activity toward p-toluidine (about 30%
substrate conversion in 4 h) (in rat precision-cut lung slices
about 50% of the substrate were converted).

Xenobiotica-metabolizing enzymes
in human lung derived cells and cell lines
as well as reconstructed lung models

One major advantage of unbroken cell systems compared
with homogenates/microsomes for studies on xenobiotic
metabolism is the presence of natural concentrations of
cofactors in unbroken cells, which can have very profound
consequences for xenobiotc metabolism and consequent
events such as metabolism-dependent mutagenicity and
other toxicities (Glatt et al. 1981).

Cell lines

Many mechanistic details are more quickly and relatively
easily investigated in cell lines as opposed to organ homoge-
nates. Compared with primary cells in culture, cell lines
have the advantage of being a more homogeneous cell popu-
lation, results are easier to reproduce, cell lines are easier to
handle and are readily available. A main disadvantage of cell
lines compared with primary cells is that lines do not retain

@ Springer



3466

Archives of Toxicology (2019) 93:3419-3489

many differentiated functions and are more distant from the
in vivo situation than are primary cells.

The ease of handling lung-derived cell lines have led to
the wide-spread use of animal lung-derived cell lines includ-
ing genetically modified cell lines for mechanistic problem
solving (e.g. Schmalix et al. 1995; Landsiedel et al. 2011).
However, the present review focusses exclusively on human
lung-derived cells and cell lines as well as reconstructed
lung models.

An overview on the expression of xenobiotic metabolism-
related genes in various cell lines and primary cells derived
from human lung tissue is presented in Table 8.

Human lung cell lines have been established from lung
cancer tissue or by viral transformation of normal human
lung tissue with the aim to manifest major characteristics of
either bronchial cells, Clara (Club) cells of the bronchioli
or alveolar epithelial cells. Ramirez et al. (2004) achieved
generation of an immortalized cell line from normal (non-
cancer) human bronchial epithelial cells without the use of
an immortalizing virus/viral oncoprotein. They transfected
hTERT (human telomerase reverse transcriptase) to prevent
senescence and the cell cycle protein cdk (cyclin-dependent
kinase) 4. This allowed for continuous replication and at the
same time for differentiation when the cells were taken up
to the air-liquid interphase (Vaughan et al. 2006). Although
very elegant, the cell line has the draw-back of a limited
life-span (Ramirez et al. 2004). Several attempts to establish
human bronchial epithelial cell lines have successfully led to
lines, however, with marked differences compared with their
normal counterparts (Reddel et al. 1993; Mace et al. 1997;
Ramirez et al. 2004).

Walters et al. (2013) developed a human airway epithelial
basal cell line providing multiple differentiation potential.

Two very frequently (perhaps the most frequently) used
human lung-derived cell lines for studies on human pulmo-
nary xenobiotic metabolism are A549 and BEAS-2B. A549
consists of cells derived from human alveolar type II adeno-
carcinoma (Lieber et al. 1976) and has been characterized
as a type II pulmonary epithelial cell model for xenobiotic
metabolism (Foster et al. 1998). BEAS-2B is derived from
normal human lung epithelial cells which were immortal-
ised using an adenovirus 12-SV40 hybrid virus (Reddel et al.
1988). Also quite frequently used and quite well character-
ized are the lung adenocarcinoma NCI-H322 cells derived
from bronchiolar Clara cells (Ueng et al. 2000; Adissu and
Schuller 2004).

Courcot et al. (2012) showed in their broad study on
xenobiotic metabolizing enzyme (and transporter)-related
gene expressions (Table 8) (quite expectedly) that none of
the lung models [i.e. none of the lung-derived ten cell lines
and also none of the four lung-derived primary human bron-
chial epithelial cells (HBECs) considered] mirrors the situa-
tion in the fresh lung tissue samples perfectly. As generally
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seen in in vitro models (Olsavsky et al. 2007; Hart et al.
2010; Bourgine et al. 2012), the number of expressed genes
was in all investigated models considerably lower than in the
lung tissues. 57 of the 380 genes studied were not expressed
in all of these models, 37 of these were also not expressed
in the lung tissues. However, some trends, which may be
helpful for choosing a relatively suitable model, became
apparent (see Table 8): primary human bronchial epithelial
cell cultures (HBECs) were with respect to their tissue of
origin, the bronchial mucosa, much closer in their expres-
sion profile of xenobiotica-metabolizing enzyme genes than
any of the cell lines. Between cell lines there were substan-
tial differences. H292 and BEAS-2B cell lines showed the
lowest number of dysregulated genes compared with human
non-tumour lung tissue and, therefore, appear to present for
xenobiotic metabolism studies a relatively acceptable sub-
stitute for the primary cells, which are clearly better in this
respect, but are more difficult to handle. However, the fol-
lowing distortions should be kept in mind: CYP4B1 expres-
sion was observed only in primary HBECs, BEAS-2B and
H292; ADH1B expression only in BEAS-2B; CES1 only in
primary HBECs, A549, H460 and H727. Compared with
the lung tissues expression of CYP1A1l and CYP1B1 was
much higher (“unnaturally high”) in most of the investigated
models (CYP1B1 expression especially high in 16HBE and
BEAS-2B), while conversely CYP2B6, CYP2F1 and CYP-
4B lexpression was much lower or nil in most of the inves-
tigated models. With respect to xenobiotica-metabolizing
phase II enzymes, despite high gene expression of GSTA1/
GSTA2 and INMT1 in the bronchial epithelial mucosa and
pulmonary parenchyma, expression was not detected in most
lung models studied (see Table 8). The highest overall simi-
larity of the gene expression pattern between the fresh bron-
chial mucosa was quite expectedly observed for the primary
bronchial epithelium cells HBEC (r=0.76) followed by the
bronchial epithelial cell line BEAS-2B (r=0.72). The high-
est similarity for the pulmonary parenchyma was observed
for BEAS-2B (r=0.76) followed by HBEC (r=0.73). On
the other end, the lowest similarity was observed between
the bronchial mucosa compared with 16HBE and IHAEO
(r=0.61) and between the pulmonary parenchyma compared
with 16HBE (r=0.65) and IHAEO (r=0.62). The fre-
quently used A549 cell line derived from an adenocarcinoma
was more similar with tumor tissue, especially adenocarci-
noma tissue, than with healthy bronchial mucosa or pulmo-
nary parenchyma. Considering the gene expression quanti-
tatively (gene expression levels more than 4-fold different
from the non-tumorous lung tissues) HBEC and BEAS-2B
showed the lowest number of differently expressed genes
compared with bronchial mucosa and H292 and BEAS-2B
showed the lowest number of differently expressed genes
compared with pulmonary parenchyma, while the L-132
cell line had the highest number of differently expressed
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genes (compared with both non-tumorous tissues). It should
also be taken into account that the investigated expression
of some genes was quite variable in the primary HBECs,
especially GSTM1 and GSTT1 with a coefficient of varia-
tion of almost 20% and almost 30%, respectively (Table 9).

Castell et al. (2005) investigated comparatively several
xenobiotica-metabolizing enzyme activities in A549 cells
versus human lung tissue. As is evident from the data pre-
sented in Table 10 as far as the investigated activities were
present in human lung microsomes, they were present in
the A549 cells as well. However, the relative activities
were dramatically distorted. While the investigated phase
IT activities of GST and UGT were similar between lung
and A549 cells, the phase I activities ECOD and testos-
terone 6 B-hydoxylase were 6- tol2-fold different and

PROD and coumarin hydroxylase 270-387-fold different.
Similarly, induction of xenobiotica-metabolizing enzyme
activities takes place in A549 cells after treatment with
some known inducers, but not after treatment with some
others, which increases the distortion. Various types of
xenobiotica-metabolizing enzymes’ induction require the
presence of different regulators, of which AhR, ARNT
(and even AhR repressor) have been demonstrated to be
present in A549 cells (Iwanari et al. 2002; Tsuchiya et al.
2003) as well as the glucocorticoid receptor (Hukkanen
et al. 2003). However, CAR and PXR, which participate
in the regulation of CYP2B6, 2C, 3A4 and 3A7 (Waxman
1999), were not detected in A549 cells (Hukkanen et al.
2003). As a consequence, the lung-selective CYP3AS is
induced in A549 cells by glucocorticoids such as dexa-
methasone, but not by rifampicin and other prototypical

Table 10 Xenobiotica-metabolizing enzyme activities in human lung and human lung cells in culture

Substrate (preferentially Lung Primary type  Alveolar macrophages A549 16HBE References
for) II pneumo-
cytes
EROD (CYP1) <0.001? bd bd <0.001? Castell et al. (2005), Dimova
et al. (2001)
MROD (CYP1A2) <0.001* <0.001* Castell et al. (2005)
PROD (CYP2B) 0.351+0.416* 8.8+0.8° bd 0.001+0.001* Castell et al. (2005), Dimova
et al. (2001)
BROD (CYP3A,2B,1A1) 27.2+1.5° 0.74 +£0.20° Dimova et al. (2001)
Coumarin-OH® 30.2+26.3* 0.078 £0.037% Castell et al. (2005)
(CYP2A,1A3A)
Testosterone 64-OH® 0.135+0.033* 0.023+0.021* Castell et al. (2005)
(CYP3A,1A)
ECOD (CYP broad spec-  1.91+0.81* 0.165+0.061* Castell et al. (2005)
trum)
DCPIP (NQO) 423 +£119° 72.6 +50.2° Dimova et al. (2001)
CDNB (GST broad spec-  45.3+12.0¢ 104 +31°¢ 29.0+11.5° 31.9+18.7¢ Castell et al. (2005), Dimova
trum) et al. (2001)
4-Methylumbelliferone 482+71.9* 49.0+1.2% Castell et al. (2005)
(UGT)
Benzidine (NAT) 0.94+0.32¢ 1.39+0.21¢ Dairou et al. (2009)
B-Naphthylamine (NAT) 3.37+0.81¢ 4.04+1.14% Dairou et al. (2009)
4-Aminobiphenyl (NAT) 0.99+0.21¢ 1.74+0.84¢ Dairou et al. (2009)
p-Aminosalicylic acid 6.62+1.24¢ 9.23+1.42¢ Dairou et al. (2009)
(NAT)
2-Aminofluorene (NAT) 4.69+1.32¢ 7.37+1.51¢ Dairou et al. (2009)

Only constitutive activities; unless otherwise stated values either are mean +SD or there was no indication in the original literature
Bd below detection, BROD CDNB, 1-chloro-2,4-dinitrobenzene, CYP cytochrome P450, DCPIP 2,6-dichlorophenolindophenol, ECOD 7-ethox-

ycoumarin O-deethylase, EROD 7-ethoxyresorufin O-deethylase, GST glutathione S-transferase, MROD 7-methoxyresorufin O-dealkylase, NAT
N-acetyltransferase, PROD 7-pentoxy O-depentylase, UGT UDP-glucuronosyl transferase

#pmol/min/mg microsomal protein
pmol/min/mg cell homogenate
‘~OH = hydroxylation
dnmol/min/mg cytosolic protein

°nmol/min/mg cell homogenate
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CYP3A4 inducers (Hukkanen et al. 2003). Thus, irrespec-
tive of whether constitutive xenobiotica-metabolizing
enzyme activities or their induction are important for a
given study, the use of the probably most frequently used
pulmonary cell line A549 needs caution, in particular if
CYP1A2, 2A13 or 2E1 are in question, since they are
not expressed in A549 cells (Castell et al. 2005). In the
study by Hukkanen et al. (2000) quite a number of CYPs
were in A549 cells even not detected on the mRNA level:
CYP1A2, 2A6,2A7,2A13, 2F1, 3A4 and 4B1.

Dairou et al. (2009) observed in the human lung cell
lines A549 and 16HBE the presence of NAT1 protein, an
enzyme relatively little studied in the human lung.

Some individual examples pertinent to mechanistic
studies on xenobiotic metabolism/metabolizing enzymes
in human lung cell lines

Carr et al. (2003a) reported using the two cell lines, A549
and BEAS-2B, that the promoter region from — 1681 to +
115 of the gene, which codes for the lung-selective CYP2F1,
supports its transcriptional activity, but that this is not the
case in the human liver (hepatoma)-derived cell line HepG2.
In addition, they observed that in the lung cell line BEAS-2B
and in human lung tissue the promoter region from — 182
to — 152, which contains 2 E-box elements, interacts with
nuclear proteins, but that this is not the case in material
derived from liver or heart. All of this is quite well in line in
these cell lines concerning the lung-selective expression of
CYP2F1 in the native human lung.

The factors potentially responsible for the selective
expression of CYP4B1 mRNA in the human lung were
investigated by Poch et al. (2005) in cell lines derived from
human lung versus such lines derived from human liver or
kidney. They observed in all lines a positively acting ele-
ment between positions — 139 to — 45, but only in HepG2
a negatively acting element between positions — 457 to
— 216. Moreover they observed a lung-specific positively
acting distal element between positions — 1087 to — 1008
in the lung-derived A549 and BEAS-2B, but not in the liver-
derived HepG2 nor in the kidney-derived 293 cells. Within
this distal element they observed two sites to which specific
nuclear proteins of the lung-derived A549, but not of the
liver-derived HepG2, bound. In addition, they identified in
the proximal region two Sp sites (between — 118 and — 114,
and — 77 and — 73) that bound Sp1l and Sp3 and a syner-
gistic Sp1-dependent interaction between this proximal and
the distal regulatory element. Neither Sp1 nor Sp3 bound in
human liver tissue to the CYP4B1 proximal region, but did
so in the human lung tissue. The authors conclude that the
selective expression of CYP4B1 mRNA in the human lung
depends on the synergistic interaction between the proximal
Sp binding sites with the distal regulatory element.
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Biggs et al. (2007) reported that in the human lung
cell line A549 a double E-box repressor is present in the
5'-upstream region of the CYP3A4, but not CYP3AS5 pro-
moter, which diminishes CYP3A4 expression. They showed
by site-directed mutations that a CAAT-box and a basic
transcriptional element are important for the preferential
expression of CYP3AS5 over CYP3A4 in this cell line and,
hence, quite probably also in the human lung. The CYP3A4
promoter contains a 57-bp insertion fragment, the deletion
of which increased CYP3A4 expression in A549 cells and
also in NHBE (normal human bronchial epithelial cells) (but
not in hepatocytes), while its insertion into the CYP3A5 pro-
moter decreased the CYP3AS5 expression in A549 cells and
NHBE (but not in hepatocytes).

In the same cell line A549 the expression of CYP3AS
mRNA was induced by glucocorticoids, but not by the stand-
ard CYP3A4 inducers rifampicin, clotrimazole or nifedipine
(Hukkanen et al. 2003; Raunio et al. 2004). In line with this,
the studies also showed no expression of the transcription
factors CAR and PXR in this human lung cell line (Huk-
kanen et al. 2003).

Xiang et al. (2015) investigated in the cell line A549
a possible coordinate transcriptional control of the phase
I gene CYPAI3, the phase II gene UGT2BI17 and the
phase III gene ABCBI, all three known to be involved in
the control of the nicotine-derived lung carcinogen NNK
(4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone. They
found that the lung organogenesis transcription factor
FOXAZ2 exerted a coordinate positive control on the tran-
scriptional activation of these three genes. Genetic manipu-
lation of the FOXA2 consistently led to a corresponding
modulation of the binding of FOXA2 to the promotor
regions of all three genes CYPAI3, UGT2B17 and ABCBI,
followed by a corresponding change in the levels of their
transcripts and proteins. The authors conclude that they have
established FOXA?2 as a core trans-acting modulator of the
coordinate expression of these three genes.

Juricek et al. (2015) investigated the differential response
of CYP1ALI transcript expression and consequent EROD
activity in the human lung epithelial cell line NCI-H292
to three aromatic amines and their acetylated metabolites.
Interestingly the response did not at all follow a unified
pattern. The acetylated metabolite 2-acetylaminofluorene
significantly induced CYP1AI1 transcript and conse-
quent EROD expression, while the parent aromatic amine
2-aminofluorene did not. However, quite to the contrary the
parent amine 2-naphthylamine efficiently enhanced CYP1A1
transcript and consequent EROD activity expression while
its acetylated metabolite, 2-acetylaminonaphthalene was
much less effective. Finally, neither the aromatic amine
4-aminobiphenyl nor its acetylated metabolite 4-acetylam-
inobiphenyl led to an increase in the CYP1A1 transcript nor
to EROD activity expression.
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Kalabus et al. (2012) observed that incubation of the
human lung cancer cell line A549 with 2.5 uM BP led to a
3-fold and 1.5-fold increase of CBR1 (carbonyl reductase
1) mRNA and protein, respectively, and nuclear transloca-
tion of AhR and ARNT was increased. A XRE (xenobiotic
response element) motif in the proximal promoter of the
CBRI1 gene mediated the induction. Regarding these results,
it is of interest to note that polynuclear quinones as well as
ortho-quinones derived from polycyclic aromatic hydrocar-
bons such as BP are good substrates of CBR1 (Wermuth
et al. 1986).

Jiang et al. (2006) showed in human bronchoalveolar
H358 cells (obtained from the American Type Culture Col-
lection ATCC no. CRL-5807) that BP-7,8,-dione induced—
via AhR activation—the expression of the constitutively not
present CYP1A1/1B1 transcript, protein and catalytic activ-
ity, leading to formation of the reactive genotoxin/carcino-
gen BP 7,8-dihydrodiol 9,10-epoxide. Since the BP-7,8,-
dione was formed from BP by AKR1A1 (aldo—ketoreductase
1A1), this established a functionally important cooperation
between AKR1A1 and CYP1A1/1BI1.

Some examples of studies on xenobiotica-metabolizing
enzyme modulations in human lung-derived cell lines

Induction of CYP1A1 mRNA has been shown to occur and
to be mediated by AhR and ARNT in many human pulmo-
nary cell lines (Hukkanen et al. 2002).

Rivera et al. (2002) observed CYP2S1 mRNA induction
by TCDD in the human lung epithelial cell line A549. The
induction of CYP2S1 is the first example of a CYP induction
by TCDD outside the CYP1 family.

Transforming growth factor f1 represses induced and
basal expression of CYP1A1 and CYP1B1 and basal expres-
sion of AhR in the cell line A549 cells (Hukkanen et al.
2002).

The widely discussed “red wine antioxidant” resveratrol
inhibited the expression of CYP1A1l and CYPIB1 mRNA
in BEP2D cells (Mollerup et al. 2001).

Palackal et al. (2002) showed that aldo-keto reductase 1C
(AKR1C) transcripts, which are dramatically overexpressed
in human small cell lung cancer, also are highly expressed in
the human lung carcinoma cell line A549. A549 cell lysates
effectively converted the 3,4-dihydrodiol metabolite of the
potent carcinogen DMBA (7,12-dimethylbenz[a]anthracene)
to the highly electrophilic metabolite o-quinone, which, in
turn, was further metabolized to mono- and bis-thioether
conjugates.

Some examples of studies on the effect of airborne
environmental xenobiotics on human lung cell lines

Lepers et al. (2014) observed a very strong increase in
CYP1A1l and CYP1B1 mRNA in BEAS-2B cells upon
exposure to particulate matter (urban, industrial and also
rural samples, as well as PM, 5). EROD activities were
detected only after exposure of the cells to these particulate
matters.

Libalova et al. (2014) reported strong upregulation of
CYPIAI and IBI gene expression upon exposure of human
lung A549 cells to the extractable organic matters (EOMs)
from the respirable fraction of airborne PM2.5 particles
(<2.5 um) from three heavily polluted areas of the Czech
Republic.

Libalova et al. (2016) demonstrated a considerable
increase of CYP1A1 and 1Bl mRNA upon exposure of
BEAS-2B cell line to diesel exhaust particles and Ryn-
ning et al. (2018) demonstrated increases of the same CYPs
mRNAs in HBEC3 (human bronchial epithelial cell line)
upon exposure to diesel exhaust particles.

Longhin et al. (2016) observed increases in the mRNA
levels of AKRICI1, 1C2 and 1C3 upon exposure of the
BEAS-2B human lung cancer cell line to urban particulate
matter and Libalova et al. (2016) demonstrated in BEAS-
2B cells a considerable increase of AKR1C2, 1C3 and 1C4
mRNA upon treatment with diesel exhaust particles.

Courcot et al. (2012) compared the expression of CYP
and further xenobiotic metabolizing enzymes (totally 380
genes) transcripts in four primary cell cultures of human
bronchial epithelial cells and ten commonly utilized lung
cell lines with human lung tissue. Primary cell cultures
had the highest similarity in the expression of these genes
with human bronchial mucosa. Of the investigated cell lines
(A549, H292, H358, H460, H727, Calu-1, 16HBE, 1 HAEO,
BEAS-2B and L-132) H292 and BEAS-2B cells displayed
the relatively highest similarity in the expression of these
genes with primary lung cell cultures and with human (non-
tumoral) lung tissue (Table 8).

Primary cells in culture

Cell lines are easier to handle than primary cells and primary
cells can have large donor-to-donor variability (Table 9),
which, depending on the problem in question, may be an
advantage or disadvantage and, if the latter is the case,
may be overcome by pooling. However, primary cells have
the distinct advantage of a better conservation of in vivo
parameters.

Important for studies on xenobiotic metabolism, unbro-
ken cells (beside primary cells discussed in this chapter also
including lung slices and other systems discussed further
below) largely maintain the physiological concentrations
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of cofactors required for the activity of many xenobiotic
metabolizing enzymes. The distortion of these concentra-
tions leads to important distortions of toxicological conse-
quences in many broken cell/acellular systems ]such as the
Ames test performed under standard conditions (Glatt et al.
1981)].

Nevertheless, primary cells in culture can also quite dra-
matically change their properties. Thus, it has been reported
by Elbert et al. (1999) that human alveolar type II cells—
isolated from normal human distal lung tissue by enzyme
treatment and subsequent purification—developed in culture
to monolayers, which consisted predominantly of type I cells
with only some interspersed type II cells. The authors state
that this mimics well the situation in vivo [type II cells are
the progenitors of type I cells and relatively easily acquire
type I properties during culture (Demling et al. 2006; Swain
et al. 2008)]. On the other hand, it is advisable to keep in
mind that alveolar type II cells are relatively rich in xeno-
biotic metabolizing enzymes while alveolar type I cells are
practically devoid of xenobiotic metabolizing enzymes [an
aspect which was outside the scope of the absorption and
transport study and was not investigated by the authors
(Elbert et al. 1999)].

Thus, a serious limitation consists in (potential) loss of
xenobiotic metabolizing enzyme activities during the cul-
ture time. Thus, Dimova et al. (2001) report that in primary
type II pneumocytes in culture PROD and BROD activities
decreased at 24 h by 84% and 82%, respectively and con-
tinued to decline with no measurable PROD activity left at
48 h. GST activity declined by 25 and 42% at 24 and 48 h,
respectively. NQO activity increased at 24 h by 55% (EROD
activities were not detected).

In addition it is important to realize that primary cells
in culture may upon exposure to xenobiotics under inves-
tigation be transformed to malignant cells/cell lines with
correspondingly profound changes in their phenotypic prop-
erties/enzymes expressed (Hasegawa et al. 1988) as specifi-
cally observed for airway epithelial cells in culture (Ensell
et al. 1998; Damiani et al. 2008). Stably transformed human
bronchial epithelial cell lines have actually been generated
this way (Bersaas et al. 2016). Gao et al. (2018) reported
that hypermethylation of the pgcp gene (plasma glutamate
carboxypeptidase) is specifically associated with the immor-
talisation of human bronchial epithelial cells.

Newland et al. (2011) observed in NHTBE (primary
human tracheobronchial epithelial cells) [obtained from
Lonza (Lonza Group Ltd., Switzerland)], which they cul-
tured in presence of retinoic acid at the air-liquid interphase,
stable expression over their entire culture period of 28 days
of mRNA coding for CYP1A1/1B1 and CYP2A6/2A13,
CYps which are relevant for several lung toxins. In addition
they obtained clearly measurable catalytic activity also over
the entire culture period of 28 days for the CYP2A6/2A13
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prototypic substrate coumarin and after treatment with the
inducer TCDD also for Luc-CEE, a CY1A1/1B1 lumino-
genic probe. This was clearly superior in comparison with
the frequently used human lung cell lines A594 and NCI-
H292 where these activities were considerably lower or
absent.

Runge et al. (2001) found in primary cultures of NHBE
CYP2B7, 2E1 and 2F1 transcripts. They observed CYP2E-
prototypical chlorzoxazone 6-hydroxylation in these primary
cultures where ethanol treatment led within 4 days to an up
to 5-fold increase of this activity.

Weems and Yost (2010) showed in NHBE that CYP1A1
and CYP2F1 mRNA expression was increased by metabo-
lites of the pneumotoxin 3-methylindole, the former depend-
ent on AhR activation, but the latter not.

Han et al. (2005) observed in NHBE (normal human
bronchial epithelial cells) (primary cultures obtained from
the commercial source BioWhittaker, Inc., Walkersville,
Maryland, USA) an interesting cross talk between classical
CYP1 inducers (cigarette smoke in this case) and estrogen.
They observed binding of transfected estrogen receptor o
to the CYPIBI1 promoter near the transcription start site.
The transfection with the estrogen receptor o led to a 4-fold
increase in the production of CYP1BI1 transcripts (CYP1B1
protein 6.5-fold). The cigarette smoke extract-induced
expression of CYPIB1 mRNA was further increased by
estrogen receptor o (2.3-fold). Estrogen receptor o did not
change the production of CYP1A1 transcripts, but that of its
protein (2-fold on cigarette smoke extract exposure, 6.2-fold
on estrogen exposure). The authors conclude that estrogen
receptor a contributes to the regulation of CYP1B1 expres-
sion at the transcriptional level and to that of CYP1A1 on
the translational level. They speculate that this contribu-
tion to the CYP1 expression control may contribute to the
known higher DNA adduct levels in smoking females com-
pared with men (Mollerup et al. 2006) and eventually also
the greater susceptibility of (non-smoking) females to lung
cancer (Freedman et al. 2008).

Nakayama Wong et al. (2011) reported an increase in the
CYPIAI and CYP1B1 mRNA level in human bronchial epi-
thelial cells upon exposure to wildfire fine particulate matter.
This increase was attenuated by the deferoxamine mesylate-
mediated Fenton reaction inhibition and the thereby inhib-
ited ROS production, but interestingly not by the cell
membrane-permeable oxygen radical scavenger N-acetyl-L-
cysteine. The authors speculate that the known influence of
N-acetyl-L-cysteine on various signal transduction pathways
may have overwhelmed its radical-scavenging-based poten-
tial effect on the CYPIAI and CYPIBI gene expression.

For the study by Courcot et al. (2012), which observed
that four primary cell cultures of human bronchial epithe-
lial cells were much superior to ten commonly utilized lung
cell lines in mimicking human lung tissue with respect to



Archives of Toxicology (2019) 93:3419-3489

3471

expression of 380 genes coding for xenobiotica metabolizing
enzymes (and transporters), see preceding chapter (Table 8).
Primary lung cells may be obtained by fiberoptic bron-
choscopy from volunteers or may be commercially obtained
from, e.g. Epithelix, BioWhittaker, Lonza or MatTek.

Lung explant cultures and lung slices

Lung explants and lung slices provide the advantage that
these models largely maintain the original organ architecture
(albeit not at the cut surfaces, but these may be kept small as
related to the entire mass of the tissue).

On the other hand, these models do not maintain the
physiological inflow and outflow of liquid or the physiologi-
cal exposure of the lung to air versus blood in the alveoli. In
addition, the relatively short-term viability of these models
may, depending on the problem in question, represent a fur-
ther limitation.

Explants

Autrup et al. (1980) used already in 1980 cultured human
tracheobronchial explants to compare BP metabolism in
human, mouse, rat, hamster and bovine explants. Most
strikingly, they found that the total BP metabolism was
high in human and in those animal species, which were
known to be susceptible to BP-induced lung cancer forma-
tion. In all investigated species a high proportion of BP
was metabolized to glutathione conjugates and to sulfates,
much more than to glucuronides.

In human lung explant cultures, CYP1A1l was con-
sistently induced by benzo[a]pyrene and also by TCDD
(2,3,7,8-tetrachlorodibenzo-p-dioxin) and TCDD-like ago-
nists (Wei et al. 2002).

Precision-cut lung slices

Precision-cut tissue slices are used for a wide range of
pharmacological and toxicological investigations (Bach
et al. 1996; Sturton et al. 2008), most of all as part of an
in vitro test battery in an attempt to reduce the number of
the animals required for insuring safety or to eventually
completely replace them (Hess et al. 2016). The standard
conditions for precision-cut lung slices use a thickness
(500 pum) and diameter (6—10 mm) to allow on the one
hand diffusion of the substrates to the innermost cells and
on the other hand allow for the maintenance of the organ
architecture and a tolerably small contribution of damaged
cells at the cutting edges (de Kanter et al. 2002a). Moreo-
ver, the presence of the natural matrix and other cell types
is advantageous, since it can strongly influence xenobiotic
metabolism (Slaus et al. 2001 and references therein).

De Kanter et al. (1999) demonstrated the usefulness
of lung slices for the study of xenobiotic metabolism by
showing in human (and rat) lung (and liver) slices active
phase I (hydroxylation, O- and N-dealkylation) and phase
II (glucuronidation and sulfonylation) metabolism using
as substrates 7-ethoxycoumarin, 7-hydroxycoumarin, tes-
tosterone and lidocaine. Ioannides (2013) reviewed the
available information of his studies and from studies of
others reported in the literature. He concluded that preci-
sion-cut slices of lung (and liver and intestine) of human
origin (as well as slices of various experimental animal
species) respond to known, standard xenobiotic metabo-
lizing enzyme inducers adequately mimicking the in vivo
situation.

Human pulmonary metabolism has been shown for
quite a number of pharmaceutical drugs using precision-
cut human lung slices (e.g. Nave et al. 2006; Pavek and
Dvorak 2008; Yilmaz et al. 2019).

3-dimensional cultures, cultures at the air-liquid
interphase, co-cultures, lung-on-a-chip

3-dimensional (3D) cultures are now increasingly used and
novel improvements of the techniques (e.g. Koban et al.
2018) may increase their future usefulness. A 3D human
airway model was reported to predict respiratory toxicity of
inhaled compounds with high accuracy (Sivars et al. 2018).

In the following, some examples will be presented regard-
ing the use of 3D cultures for investigations on xenobiotic
metabolism in the human lung:

Carterson et al. (2005) developed a 3-D (3-dimensional)
A549 system and reported that this system showed increased
expression of epithelial cell-specific markers and less can-
cer-specific markers, which are expressed in this cell line in
their standard maintenance as monolayers. Choe et al. (2006)
established a 3-D culture system using tissue-engineered
matrices to support airway cells. Fully differentiated and
well-characterized 3-D NHT/BE (normal human tracheal/
bronchial epithelial) primary human cell culture systems
are commercially available (EpiAirway® from MatTek and
MucilAir™ from Epithelix). The latter has been shown to
retain a pseudostratified morphology and appropriate func-
tional characteristics up to 6 months (see below).

With respect to xenobiotica-metabolizing enzymes Bax-
ter et al. (2015) reported that the commercially available
3D reconstituted respiratory epithelia system MucilAir™
expressed CYP transcripts similar to normal human lung.
Thus, CYP1A1 and 1B1 were expressed and induced by
TCDD. Specific respiratory epithelium CYPs such as
CYP2A13, 2F1 and 3AS5 were clearly expressed. The cells
possessed catalytic CYP1A1/1B1 activities (shown using
Luc-CEE as luminogenic probe substrate), as well as
CYP2A6/2A13 catalytic activities (shown using coumarin
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as probe substrate). The cells maintained these activities for
at least 1 month.

Formation of spheroids appears to offer some advantage.
Takahashi et al. (2004) reported that SP-C mRNA, an alveo-
lar type II cell-specific protein, is only expressed in culture
when alveolar type II cells form a spheroid. Spheroids can
be obtained from bronchial brushings. They develop cilia on
the outside and are free floating (Deslee et al. 2007). When
grown on matrigel, primary human bronchial epithelial cells
can form spheroids, which secrete zink-a2-glycoprotein,
lactoferrin and lysozyme (markers of glandular serous cells)
and MUCS5B mucin (marker of glandular mucous cells) (Wu
etal. 2011).

A further step attempts to generate lung-derived in vitro
systems with exposure to oxygen reminiscent of the in vivo
situation by positioning the cells at the air—liquid inter-
face. The apical side of the epithelium is exposed to air
(5% CO, in humidified air) while the basolateral portions
are immersed in the culture medium. Such cultures show
well-differentiated epithelial morphology (Adler et al. 1990;
Ehrhardt et al. 2002; Mathia et al. 2002). Inclusion of sev-
eral constituents, most importantly retinoic acid, allows for
reproducible differentiation. The normally used procedure
consists in first growing the cells submerged until they reach
confluency within 5-7 days, then raising the cells to the
liquid—air interphase where they reach full differentiation
within normally 2-3 weeks. Bronchial epithelial cells differ-
entiate into a pseudo-stratified layer with ciliated columnar
cells and mucus-secreting goblet cells providing the muco-
ciliary function (Pezzulo et al. 2010). Cells grown at the
liquid—air interphase possess an apical surface closer to that
seen in vivo. This is reported to lead to a better protection
against harmful insult from xenobiotic compounds reminis-
cent of the in vivo situation (BéruBé et al. 2009). Toxic
effects of compounds applied as vapors are increasingly
tested in human primary bronchial epithelial cells cultured
at the air-liquid interface (e.g. Dwivedi et al. 2018).

With respect to xenobiotica-metabolizing enzymes Boei
et al. (2017) compared human bronchial epithelial cells at
different time points kept in 3D cultures and showed the
following: during differentiation of submerged primary cells
and thereafter as air—liquid interface cultures CYP2B6, 2F1,
4B1, 4X1 and 4Z1 transcripts were increased following the
mucociliary differentiation of airway epithelial cells into a
pseudo-stratified epithelial layer. Simultaneously, levels of
ADHIC, ALDHIA1 and GSTALI transcripts were increased
as well. Differences between cultures originating from dif-
ferent donors were small. At early stages of differentiation
catalytic activities of the investigated xenobiotica-metabo-
lizing CYPs were absent. However, the mature air-liquid
interface bronchial epithelial cultures efficiently metabolized
the prototypical substrates for CYP1A2, 2A6, 2B6, 2C9
and 3A4 phenacetin, coumarin, bupropion, diclofenac and
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midazolam, respectively, but not the prototypical substrates
for CYP2C19, 2D6 and 2E1 mephenytoin, bufuralol and
chlorzoxazone, respectively.

Co-cultures (Hermanns et al. 2009, 2010; Kasper et al.
2011), even triple co-cultures (Rothen-Rutishauser et al.
2005, 2008; Gehr et al. 2006; Lehmann et al. 2011; Hoang
et al. 2012; Farcal et al. 2013) and quadruple co-cultures
(Alfaro-Moreno et al. 2008; Klein et al. 2013) have been
developed. Klein et al. (2011) have reviewed the potential
usefulness of various co-culture models to study inflamma-
tory and sensitizing effects of particles on the lung and their
underlying mechanisms.

Of late, a co-culture system of human alveolar epithelial
(hAELVi) and macrophage (THP-1) cell lines was estab-
lished (Kletting et al. 2018). A 3D tetraculture alveolar
model cultivated at the air-liquid interface was recently
evaluated for its usefulness to score diesel exhaust particu-
late matter toxicity and found to produce a realistic response
(Fizesan et al. 2018). A co-culture system of differentiated
airway epithelium and a fibroblast-containing subepithelial
matrix is commercially available from MatTek (EpiAir-
wayFT) and from Epithelix (MucilAir-HF).

An example concerning xenobiotic metabolism: Iskandar
et al. (2015) compared the consequences of cigarette smoke
exposure for a monoculture of human bronchial epithelial
cells without fibroblasts (MucilAir purchased from Epithe-
lix Sarl, Geneva, Switzerland) with a coculture which in
addition contained human fibroblasts (MucilAir-HF from
the same source) on several parameters including xenobiotic
metabolism parameters (CYP1A/1B activity using the lumi-
nogenic CYP1A/1B substrate luciferin-6"-chloroethyl ether
as well as transcriptomics). Influence on stress parameters
was less pronounced in the co-culture, possibly due to a
protection by the fibroblasts (making the co-culture system
less sensitive). On the other hand, in the co-culture effects
of cigarette smoke on the xenobiotic metabolism param-
eters investigated were closer to those seen in vivo than in
monoculture.

In order to take xenobiotic metabolism into account a
co-culture of NHBE (normal human bronchial epithelial)
cells with human primary hepatocytes was developed, called
Metabo-Lung (Cardiff university). Combining the cells with
the highest biotransformation potential, hepatocytes, with
bronchial epithelial cells to at least partially account for
specific local metabolism in the lung, represents a reason-
able step toward getting closer to what might be expected
from the complex interactions in the human organism to
ultimately be present in the lung as metabolites generated
from xenobiotic compounds. Bérubé (2011) states that pri-
mary human bronchial cells co-cultured at the air-liquid
interphase with primary human hepatocytes achieve xenobi-
otic metabolism comparable to the in vivo situation. On the
other hand, this system is obviously not suitable to recognize
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specific pulmonary metabolism. The author states that in
the absence of hepatocytes no xenobiotic metabolism was
observed in this culture. However, some xenobiotic metabo-
lism has clearly been observed in human bronchial epithelial
cells in culture (see above).

Organ-on-a-chip models attempt to even more accurately
mimick the in vivo situation in in vitro models (Van Duinen
et al. 2015; Ahadian et al. 2018; Rothbauer et al. 2019).
Lung-on-a-chip models were established with alveolar epi-
thelial cells on the apical and endothelial cells on the baso-
lateral side of a porous membrane combined with supply of
nutrition by microfluidic flow of medium (Huh et al. 2010,
2012; Esch et al. 2015; Stucki et al. 2015). Even breathing
was mimicked in a co-culture of human alveolar epithelial
cells on one side of a flexible, porous and gas-permeable
elastomer and pulmonary microvascular endothelial cells on
the other side combined with a computer-controlled cyclic
vacuum suction allowing for “breathing”’-associated tissue
deformation (Huh et al. 2010). In addition, human ESC
(embryonic stem cells) (Wang et al. 2007) and human iPSC
(induced pluripotent stem cells) (Ghaedi et al. 2013) have
been differentiated to alveolar epithelial cells. All of these
developments focus largely on lung-related therapy/lung tis-
sue engineering or on problems of transport/tissue barrier
and particle toxicity and as main site to be mimicked largely
on alveoli. These sophisticated systems may also prove use-
ful for studies on xenobiotica-metabolizing enzymes and
their catalytic activities, although it must be remembered
that (beside alveolar type 2 cells) the major site of xenobi-
otic metabolism in the human lung are Clara (Club) cells in
the bronchioles. In this respect it is worthy of note that Van
Haute et al. (2009) generated from human ESC (embryonic
stem cells) lung epithelial-like tissue differentiating into the
major cell types of pulmonary epithelium including Clara
cells, expression of the Clara cell-specific marker CCI16
peaking at day 10 to a 1000-fold increase, then decreasing
to about 10-fold at day 20 in air-liquid interphase culture.

In addition, some transgenic models have been gener-
ated, expressing human lung CYPs in the mouse. Thus,
Wei et al. (2012) reported the successful generation of a
CYP2A13/2B6/2F I-transgenic mouse model expressing
the human lung CYPs with a tissue distribution agreeing
well with the human respiratory-tract selective expression
of CYP2A13 and CYP2F1 (and with the expression of
CYP2B6 in the liver). Catalytic activity of the CYP2A13
substrate NNK was observed.

Conclusions

The lung is a very complex organ possessing several differ-
ent substructures, each of which with a considerable num-
ber of different cell types which, in turn, populate various
regions of the substructures in differing ratios and densities.

From what is detailed in this review it becomes obvious
that these several substructures and within them the various
cell types possess a different pattern of xenobiotica-metabo-
lizing enzymes, but that we are far from a complete picture.
Available information centres mostly around xenobiotica-
metabolizing CYPs and largely ignores the vast realm of
other xenobiotica-metabolizing enzymes which in many
cases will be decisive for the problem to be solved.

Several compounds are selectively toxic to the lung
because of the specific or selective presence in the lung
(quite often even in susceptible substructures/cell types) of
toxifying xenobiotica-metabolizing enzymes. In the rabbit
4-ipomeanol is toxified by the relatively large and constitu-
tive amounts of CYP2B1 and CYP4B1 in the Clara cells
(nonciliated epithelial cells situated in the bronchioles of
the terminal airways), which explains the selective toxicity
of 4-ipomeanol to this region of the rabbit lung (Smith and
Brian 1991). Several xenobiotic compounds are toxic to the
lung because of the lung-selective presence of CYP2F sub-
family members (Lanza et al. 1999; Wang et al. 1998). Many
PAH are converted to the ultimate mutagens/carcinogens by
members of the CYP1 family, which are highly inducible by
these PAH in the lung (Shimada et al. 1996b).

Obviously, biomedical experiments and analysis directly
in living human beings are limited by ethical and practical
constraints. In vitro models using materials of human origin
are lacking the complex interactions of the complete human
organism. Whole-body non-human animal species suffer
from extensive species differences.

As far as the topic of this review is concerned, one key
question becomes which of presently available replacement
systems comes closest to the situation in the living human
organism with respect to xenobiotica-metabolizing enzymes
in the lung. Due to the above-discussed complexity of the
organ, lung, this will be different for any different problem to
be solved. On grounds of the paucity of comparable informa-
tion available on the enormous realm of xenobiotica-metabo-
lizing enzymes in the various substructures and cell types of
the living human lung it is obviously difficult to recommend
individual systems to substitute for the living human lung.
Table 11 attempts to approximate an estimation of relative
suitability of experimental animal species and in vitro mod-
els with respect to various xenobiotic metabolizing enzymes
in the human lung. The comparisons of the various systems
with the human lung are obviously only valid if the lung as
a whole organ is in question, such as in considerations of the
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Table 11 Attempt to approximate an estimation of relative suitability
of experimental animal species or in vitro models with respect to var-
ious xenobiotic metabolizing enzymes in the human lung

Enzyme Presumably suitable models?

CYP" broad spectrum® Monkey, (A549 cell line)*

CYP 1 familyd Monkey, mouse, rat, rabbit

CYP 1A2¢ Rat

CYP1A/3AS A549 cell line

CYP2E1# Rat

EPHX1 (mEH)" Mouse, rat

Cytosolic GST! Alveolar macrophages, A549 cell line,
rat, mouse, (primary alveolar type II
cells)

UGTX A549 cell line, (mouse)

According to present state of information. To be taken with great cau-
tion, because of very limited comparability of data in most cases (see
data and footnotes in Tables 3, 4, 5, 6, 7, 10 and text). Selected for
this table if activities in model compared with human lung appear to
be within one order of magnitude, underlined if within a factor of 3,
underlined and bold letters if within a factor of 2 (in brackets if just
marginally over a factor of 10). Only applicable if the lung as entire
organ is in question, i.e. not applicable for a defined compartment/
subcompartment such as bronchiolar Clara cells

24-MU 4-methylumbelliferone, AHH aryl hydrocarbon hydroxylase,
CDNB 1-chloro-2,4-dinitrobenzene, CYP cytochrome P450, ECOD
7-ethoxycoumarin O-deethylase, EROD 7-ethoxyresorufin O-deethy-
lase, EPHXI mEH, microsomal epoxide hydrolase, GST glutathione
S-transferase, MROD 7-methoxyresorufin O-demethylase, UGT UDP-
glucuronosyltransferase

PEstimated using ECOD activities (preferentially catalyzed by CYP1,
CYP2B, Cyp2D6, CYP3A)

“Estimated using AHH and EROD activities. Not applicable for
CYP1A2 (based on MROD activities). Reliability of numbers very
limited because of technical difficulties of accurate determination of
very low CYP activities

YEstimated using MROD activities

°Estimated using testosterone 6p-hydroxylation activity
fEstimated using butadiene epoxide (mono-epoxide) as substrate
£Estimated using benzo[a]pyrene as substrate

"Estimated using CDNB as substrate

‘Estimated using 1-naphthol (mouse) or 4-methylumbelliferone
(A549 cells) as substrate

contribution (or first pass effect) of the lung to the metabo-
lism of, e.g. an inhaled drug, but not if the metabolism in
a compartment or subcompartment of the lung is crucial,
such as in the local metabolism-dependent local toxicity of
a xenobiotic compound to a defined region, such as the Clara
cells (CLUB cells) of the bronchioli. With this limitation in
mind, it is hoped that the data summarized in Table 11 may
be helpful for selecting a model most likely to be suitable
for a problem which crucially involves one or more of the
enzymes evaluated in Table 11. However, it also becomes
conspicuously clear from the overview in Table 11 that
even not for all major xenobiotica-metabolizing enzymes
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sufficient comparable data are available for a meaning-
ful comparison. Major missing enzymes include CYP2A,
CYP2B, CYP2C, CYP2F, CYP4B, non-CYP mediated oxi-
doreductases, esterases, sulfotransferases and N-acetyltrans-
ferases (as far as some data are available they are discussed
in the corresponding portions of the text, but these data are
not straightforward comparable, e.g. not computable to rates
of metabolite formation per weight of considered material).
Much work is left to be performed.

An example of meritorious attempts in the right direc-
tion and of the remaining limitations are the studies on the
pulmonary metabolism of styrene in the lung of the spe-
cies susceptible to styrene-induced lung cancer, the mouse,
contrasted with the metabolism in the resistant species, the
rat, both of these compared with the human lung (discussed
in the body of this review in the respective chapters, most
comprehensively in the chapter concerning the mouse). It
becomes obvious from this example that it is difficult to
even know which metabolite(s) is/are key responsible for
the problem in question (here, the resulting cancer). If we
were in the position to know this, then the even more diffi-
cult question would become which ones of the great number
of xenobiotica-metabolizing enzymes contribute substan-
tially to the control of the responsible metabolite(s). Then
a rational search could start which test system would come
closest to the human living organism with regard to the prob-
lem in question. For this search, the information collected
in this review will hopefully be useful as far as xenobiotica-
metabolizing enzymes in the lung are concerned. Of course,
in a real-world scenario entirely sufficient information may
never be available. However, it is hoped that the information
collected in this review will help to at least choose a system,
which according to present-day information meets relatively
best the requirements of an appropriate tool for solving a
concrete problem.
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