










termination of NA exposure (Fig. 2F), which coincided with elevated
and steady plasma NA levels during the same postexposure time period
(Fig. 2E). In addition, CYP2A13/2F1-humanized-and-LCN mice
showed a trend of lower plasma NA-GSH levels compared with
Cyp2abfgs-null-and-LCN mice (Fig. 2F).
Toxicokinetic analysis of the data from Fig. 2 (Table 2) revealed

approximately 2.8-fold higher Cmax values for NA in mice with
compromised hepatic CPR expression than in mice with normal hepatic
CPR expression. The AUC values for NA were approximately 36-fold
higher in CYP2A13/2F1-humanized-and-LCN than in CYP2A13/
2F1-humanized mice and approximately 66-fold higher inCyp2abfgs-
null-and-LCN than in Cyp2abfgs-null mice. There was an approxi-
mately 1.7-fold increase (P , 0.05) in AUC for NA levels in
Cyp2abfgs-null-and-LCN mice compared with CYP2A13/2F1-
humanized-and-LCN mice. The rate of NA clearance was signif-
icantly decreased in CYP2A13/2F1-humanized-and-LCN and
Cyp2abfgs-null-and-LCN mice (approximately 64-fold and
66-fold, respectively) compared to CYP2A13/2F1-humanized
and Cyp2abfgs-null mice, respectively. In addition, the plasma
elimination half-life of NA was substantially increased in
CYP2A13/2F1-humanized-and-LCN and Cyp2abfgs-null-and-
LCN mice (by approximately 18-fold and 12-fold, respectively)
over CYP2A13/2F1-humanized and Cyp2abfgs-null mice, respectively.
AUC values for NA-GSH were also increased by approximately 7.8-fold
in CYP2A13/2F1-humanized-and-LCN compared with CYP2A13/2F1-
humanized mice and by approximately 5.7-fold in Cyp2abfgs-null-and-
LCN compared with Cyp2abfgs-null mice.
NA and NA-GSH Levels in the Lung of CYP2A13/2F1-Human-

ized-and-LCN Mice and Cyp2abfgs-Null-and-LCN Mice. Levels of
NA and NA-GSH were determined in lungs of mice with normal or
compromised hepatic CPR expression at different time points after
termination of inhalation exposure to 10 ppm NA. The NA level
immediately after termination of NA inhalation exposure was 3.9-fold
higher in CYP2A13/2F1-humanized-and-LCN mice than in CYP2A13/
2F1-humanized mice and 3.5-fold higher in Cyp2abfgs-null-and-LCN
mice than in Cyp2abfgs-null mice (Fig. 3, A and C). For mice of all four
genotypes, NA levels in the lung (Fig. 3) were estimated (by assuming
1 ml plasma to be 1 g in weight) to be approximately 4-fold to 6-fold
higher than in the plasma (Fig. 2) at 0 hours postexposure (see Fig. 4A
for a direct comparison). In addition, there was a trend of higher NA
levels in the lungs of Cyp2abfgs-null mice than in CYP2A13/2F1-
humanized mice regardless of their hepatic CPR status (33% and

23% higher in mice with normal and compromised hepatic CPR
expression, respectively) (Fig. 3, E and G). NA levels in the lungs of
CYP2A13/2F1-humanized and Cyp2abfgs-null mice decreased rapidly,
and they were undetectable at 6 hours after termination of NA exposure
(Fig. 3, A and C). In contrast, NA levels in the lungs of mice with
compromised hepatic CPR expression decreased slowly and remained
relatively high at 6 hours after termination of active NA exposure
(Fig. 3E).
NA-GSH levels in the lung were nearly identical in all groups of

NA-exposed mice immediately after exposure termination despite
a significant difference in NA levels in plasma and tissues between
mice with normal and compromised hepatic CPR expression. NA-GSH
levels in the lungs decreased significantly (P , 0.01) at 2 hours
postexposure inmicewith normal hepatic CPR expression (Fig. 3H), but
they were relatively steady in mice with compromised hepatic CPR
expression (Fig. 3F). NA-GSH adducts were not detected at 6 hours
postexposure in CYP2A13/2F1-humanized andCyp2abfgs-null mice, in
contrast with the CYP2A13/2F1-humanized-and-LCN and Cyp2abfgs-
null-and-LCN mice, in which NA-GSH levels became nondetectable
only at the 20-hour postexposure time point. For mice of all four
genotypes, NA-GSH levels were estimated (by assuming 1 ml plasma to
be 1 g in weight) to be higher in the lung (Fig. 3) than in the plasma
(Fig. 2) at 0 hours postexposure (see Fig. 4B for a direct comparison).
NA and NA-GSH Levels in the Liver of CYP2A13/2F1-Human-

ized-and-LCN Mice and Cyp2abfgs-Null-and-LCN Mice. Hepatic
NA levels were 20-fold higher in CYP2A13/2F1-humanized-and-LCN
mice than in CYP2A13/2F1-humanized mice and 27-fold higher in
Cyp2abfgs-null-and-LCN mice than in Cyp2abfgs-null mice immedi-
ately after termination of a 4-hour inhalation exposure (10 ppm) (Fig. 5,
A and C). Moreover, NA levels appeared to be higher (by 33%, P 5
0.0632) in the liver of Cyp2abfgs-null-and-LCN mice, compared with
CYP2A13/2F1-humanized-and-LCN mice (Fig. 5E), at 0 hours post-
exposure. NA levels were somewhat lower in the liver (Fig. 5) than in the
lungs (Fig. 3) of mice with normal hepatic CPR expression (by 40% in
Cyp2abfgs-null mice and 20% in CYP2A13/2F1-humanized mice)
immediately after the inhalation exposure, but they were substantially
higher in the liver than in the lung of Cyp2abfgs-null-and-LCN (by
4.5-fold) and CYP2A13/2F1-humanized-and-LCN mice (by 3.4-fold)
(see Fig. 6A for a direct comparison). NA levels in the liver of mice with
normal hepatic CPR expression declined rapidly after termination of
active NA exposure, and they were undetectable 6 hours after
termination of NA exposure (Fig. 5G). In contrast, relatively steady

TABLE 2

Toxicokinetic parameters of plasma NA and NA-GSH in Cyp2abfgs-null, CYP2A13/2F1-humanized, Cyp2abfgs-null-and-LCN, and CYP2A13/
2F1-humanized-and-LCN mice

Data from Fig. 2 are used for calculation of various toxicokinetic parameters. Results are presented as means 6 S.D. (n 5 3 to 4 per group).

Analyte Strain AUC0–20 h t1/2 CL/F Cmax

mg × min/ml min ml/min ng/ml

NA Cyp2abfgs-null 4.2 6 0.9 3.5 6 1.4 72.3 6 17.7 80.3 6 26.5
CYP2A13/2F1-humanized 4.6 6 3.9 3.2 6 1.1 122 6 78 67.6 6 20.2
Cyp2abfgs-null-and-LCN 280 6 40a 43 6 11 1.1 6 0.3b 226 6 43a

CYP2A13/2F1-humanized-and-LCN 170 6 20c,d 57 6 39 1.9 6 0.2c 192 6 49c

NA-GSH Cyp2abfgs-null 5.2 6 1.1 N/A N/A 48.0 6 20.1
CYP2A13/2F1-humanized 3.2 6 2.6 N/A N/A 51.6 6 18.4
Cyp2abfgs-null-and-LCN 30 6 4b N/A N/A 38.8 6 5.7
CYP2A13/2F1-humanized-and-LCN 26 6 8e N/A N/A 25.7 6 14.3

CL, clearance; N/A, not applicable; t1/2, elimination half-life.
aP , 0.0001, compared with Cyp2abfgs-null mice.
bP , 0.05, compared with Cyp2abfgs-null mice.
cP , 0.0001, compared with CYP2A13/2F1-humanized mice.
dP , 0.001, compared with Cyp2abfgs-null-and-LCN mice.
eP , 0.05, compared with CYP2A13/2F1-humanized mice.
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NA levels were found in mice with compromised hepatic CPR
expression during the first 6 hours of postexposure time, with a trend
of higher NA levels in Cyp2abfgs-null-and-LCN mice (Fig. 5E).
Levels of hepatic NA-GSH were approximately 2.5-fold higher in

Cyp2abfgs-null mice than in Cyp2abfgs-null-and-LCN mice and
approximately 2.6-fold higher in CYP2A13/2F1-humanized mice
than in CYP2A13/2F1-humanized-and-LCN mice at 0 hours post-
exposure (Fig. 5, B and D). NA-GSH levels decreased more rapidly in
mice with normal hepatic CPR expression (Fig. 5H) than in mice with
abolished hepatic CPR expression (Fig. 5F), resulting in the
disappearance of CPR genotype–related differences by the 2-hour
time point and drastically lower NA-GSH levels in mice with normal
hepatic CPR expression by the 6-hour time point. However, the
adduct levels were not notably different between CYP2A13/2F1-
humanized-and-LCN and Cyp2abfgs-null-and-LCN mice (Fig. 5F) or
between CYP2A13/2F1-humanized and Cyp2abfgs-null mice
(Fig. 5H). For mice of all four genotypes, NA-GSH levels were

higher in the liver (Fig. 5) than in the lung (Fig. 3) at 0 hours
postexposure (see Fig. 6B for a direct comparison).

Discussion

The extent of xenobiotic toxicity in a portal-of-entry, extrahepatic
organ is influenced by many factors, ranging from environmental
exposure, absorption, and systemic exposure, to metabolic disposition
via the target organ and the liver and toxic metabolite generation either
locally or systemically. In this study, we examined NA disposition and
bioactivation in mouse models undergoing genetic modulation of
systemic metabolism of NA by the CYP2A, 2B, 2F, 2G, and 2S
enzymes of hepatic metabolism by all microsomal P450 enzymes (LCN)
and/or of expression of two human enzymes (CYP2A13 and 2F1) active
toward NA metabolism in the respiratory tract.
The toxicokinetics of xenobiotics in an inhalation exposure model

needs to be analyzed in two different time segments: during and after

Fig. 3. Levels of NA and NA-GSH in the lung.
Two-month-old CYP2A13/2F1-humanized and
CYP2A13/2F1-humanized-and-LCN male mice
(A and B) or Cyp2abfgs-null and Cyp2abfgs-
null-and-LCN male mice (C and D) (n 5 3–5 per
genotype for each time point) were exposed to 10
ppm NA for 4 hours. Lungs were collected 0, 2,
6, or 20 hours after termination of NA exposure.
Levels of NA (A, C, E, and G) and NA-GSH (B,
D, F, and H) in tissue homogenates were
determined. Data from (A) to (D) are replotted
in (E) to (H). Data represent means 6 S.D. (n 5
3–5). **P , 0.01; ***P , 0.001 (compared
between genotypes for the corresponding time
point). ^P , 0.05; ^^P , 0.01; ^^^^P , 0.0001
(compared with 0 hours, for the corresponding
genotype; two-way ANOVA followed by Bon-
ferroni’s test for multiple comparisons). N.D.,
below detection limit.
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active inhalation exposure. During active inhalation exposure, absorp-
tion from the airways to the lung and blood is the dominant event but
a steady-state plasma level is presumably established eventually, which
reflects the sum of contributions by all absorption, distribution,
metabolism, and excretion events occurring in the body. This level
can be approximated by the level detected at the termination of active
inhalation exposure (e.g., the 0-hour data point in Fig. 2). Once
inhalation exposure has been terminated, disposition via metabolism
and excretion is the driving force that causes plasma and tissue levels to
decrease, which includes evaporation from the airway surface for
volatile compounds like NA as well as metabolism of circulating NA
by P450 enzymes in the liver and extrahepatic organs. This postexposure
“decay” was rapid for NA in mice with normal hepatic P450 activity, as
reported previously in other mouse models (Li et al., 2011; Kovalchuk
et al., 2017), but was much slower in mice with liver-specific loss of
CPR expression (Fig. 2, A and C). Furthermore, during active exposure,
the steady-state NA levels in the liver, lung, and plasmawere also greatly
elevated in mice with deficient liver P450 activity, presumably because
of the decreased rate of metabolic disposition of circulating NA in
the liver.
Interestingly, although NA levels in the liver and lung decreased with

postexposure time, plasma levels of NA continued to increase after the
termination of inhalation exposure in mice with deficient hepatic P450
activity (Fig. 2, A and C), indicating redistribution of stored NA from
other sites within the body to blood. Given that NA levels in the liver are
much higher than in the lung and plasma (Figs. 4 and 6) and NA has the
ability to diffuse throughmembranes, it can be deduced that the liver and
possibly other extra pulmonary tissues not examined here (e.g., adipose
tissue) are the major source of this postexposure increase in plasma NA
levels and the main cause for the prolonged occurrence of NA exposure

and bioactivation in the lung after (nose-only) inhalation exposures have
ceased. This ability of inhaled NA to accumulate in the liver at high
levels during active exposure and then be slowly released to the
circulation and the target tissue for toxicity (lung) over many hours
(Figs. 2 and 5), in cases where hepatic P450 activity is suppressed, has
important implications for predicting risks of lung toxicity from NA
exposure in individuals with compromised hepatic P450 function. In that
regard, hepatic P450 activity toward xenobiotic metabolism can be
suppressed not only by P450 genetic polymorphism or drug–xenobiotic
interactions but also by various liver diseases (George et al., 1995;
Frye et al., 2006).
Our data further suggested that increases in NA circulating or tissue

levels during active inhalation exposure to NA did not have a significant
impact on the extent of target tissue NA bioactivation in the lung.
NA-GSH levels in the lungs of Cyp2abfgs-null or CYP2A13/2F1-
humanized mice were the same regardless of whether liver P450 was
functional (Fig. 3, B and D) and despite significant differences in plasma
(Fig. 2, A and C) or lungNA levels (Fig. 3, A and C) at the termination of
active NA exposure. This intriguing observation may be explained by
saturation of the lung P450 enzymes byNA, whichmight be at very high
levels in the airway and alveolar epithelial cells, during active exposure
(10 ppm). However, the impact of circulating and tissue levels of NA on
the extent of NA bioactivation in the lung during the postexposure
period was obvious, given the LCN genotype–related differences in
tissue NA-GSH levels at 2 and 6 hours after termination of NA exposure
(Fig. 3, B and D). It remains to be determined whether the same cells or
lung regions are involved inNAmetabolism during both active exposure
and postexposure periods, as it is not clear whether circulating NA and
airborne NA would be absorbed by lung tissue at differing sites.
It should also be noted that in the LCNmice with intact CYP2ABFGS

enzymes in the lung, increases in circulating or tissue NA levels during
active inhalation exposure to NA were accompanied by a significant
increase in the extent of target tissue NA bioactivation in the lung
(Kovalchuk et al., 2017). This earlier finding suggested that the lung
P450 enzymes were not saturated by NA. The apparent discrepancy on
effects of LCN status onWT (Kovalchuk et al., 2017) orCyp2abfgs-null
background (this study) is most likely because of much lower lung tissue
NA levels achieved in the LCN mice than in Cyp2abfgs-null-and-LCN
mice, although differences in enzyme kinetic properties between
CYP2ABFGS enzymes (more efficient toward NA) and other P450
enzymes in the lung may also be relevant.
Our data also show that transgenic CYP2A13/2F1 can contribute to

systemic disposition of circulating NA in humanized mice with
compromised hepatic P450 function (Fig. 2E) but not in mice with
normal hepatic P450 activity (Fig. 2G). It should be noted that the source
of this extrahepatic contribution is most likely nasal mucosa, where the
human transgene expression level (Wei et al., 2012) and NAmetabolism
activity (Table 1) were much higher than in the lung. A dominant nasal
(but not lung) contribution to NA disposition during the postexposure
period would also explain the corresponding decreases in NA-GSH
levels in the lung (Fig. 3F). In that connection, the persistence of in vivo
NA-GSH formation in the lungs of Cyp2abfgs-null-and-LCN mice
(Fig. 3D) demonstrated the ability of non-CYP2ABFGS enzymes of the
lung to bioactivate NA in mice with deficient hepatic NA metabolism.
Overall, the extrahepatic contributions to NA disposition were relatively
small and were insufficient to change circulating NA levels during active
NA exposure (Fig. 2E, 0 hours) or to cause significant changes in NA
levels in the lung (Fig. 3E), contrary to the effects of LCN status (Figs. 2,
A and C, and 3, A and C).
The results of our recent study on LCNmice (Kovalchuk et al., 2017)

and of this study on mouse models that are “humanized” by having
a much lower overall rate of NA metabolism in the lung (relative to WT

Fig. 4. Comparison of NA and NA-GSH levels in lung and plasma at 0 hours
postexposure. Data from Figs. 2 and 3 are replotted for a direct comparison between
lung and plasma. Data represent means 6 S.D. (n 5 3–5). *P , 0.05; **P , 0.01
(compared between lung and plasma for the corresponding genotype; two-way
ANOVA followed by Bonferroni’s test for multiple comparisons).
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mice) and by expressing human CYP2A13 and CYP2F1 strongly
support a protective role of hepatic P450 enzymes in reducing the tissue
burden and extent of bioactivation of NA in the lung, at least during the
postexposure period. However, contrary to the expected protective role,
LCN mice showed lower sensitivity to NA-induced lung toxicity than
WT mice after inhalation exposure to NA at occupationally relevant
concentrations; this finding suggested that liver P450-generated NA
metabolites also contribute to toxicity in lung airways (Kovalchuk et al.,
2017). Thus, it remains to be determined whether liver-produced
reactive NA metabolites (e.g., NA-oxide and NA-quinones) can be
transported to the lung, and whether deficiency of P450-mediated NA
metabolism in the liver leads to decreases in the amount of these
metabolites in the circulation and lung tissue. A more complete account
of NA tissue burden and in situ bioactivation in the lung, as well as the
burden of systemically derived reactive NAmetabolites, during and after

NA inhalation exposure will facilitate establishment of accurate pre-
dictive models for risk assessment in humans.
In conclusion, this study shows that a deficiency in hepatic NA

metabolism not only decreases NA systemic disposition but also causes
NA to accumulate in tissues after inhalation exposure. Subsequent NA
release from tissue is partly responsible for the prolonged occurrence of
NA exposure and bioactivation in the lung after inhalation exposures
have ceased. Our data also reveal the ability of respiratory tract P450
enzymes to influence the rate of systemic NA disposition in mice with
deficient hepatic P450 activity and support a dominant effect of the
target tissue bioavailability of NA on the extent of NA bioactivation in
the lung. Furthermore, we demonstrate the ability of non-CYP2ABFGS
enzymes of the lung to bioactivate NA inmice with deficient hepatic NA
metabolism. Taken together, these results support the notion that
assessment of toxic potential for NA and other inhaled xenobiotics in

Fig. 5. Levels of NA and NA-GSH in the
liver. Two-month-old CYP2A13/2F1-human-
ized and CYP2A13/2F1-humanized-and-LCN
male mice (A) and Cyp2abfgs-null and
Cyp2abfgs-null-and-LCN male mice (B)
(n 5 3–5 per genotype for each time point)
were exposed to 10 ppm NA for 4 hours.
Livers from the same groups of mice de-
scribed in Fig. 3 were collected for determi-
nation of NA (A, C, E, and G) and NA-GSH
(B, D, F, and H) in tissue homogenates. Data
from (A) to (D) are replotted in (E) to (H).
Data represent means 6 S.D. (n 5 3–5).
****P , 0.0001; compared between geno-
types for the corresponding time point. ^P ,
0.05; ^^P , 0.01 ;^^^P , 0.001; ^^^^P ,
0.0001 (compared with 0 hours, for the
corresponding genotype; two-way ANOVA
followed by Bonferroni’s test for multiple
comparisons).
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human lungs should consider the balance between hepatic and lung P450
roles in both bioactivation and disposition, and they suggest potentially
large effects of deficiencies in hepatic P450 activity on NA tissue burden
and bioactivation in human lungs.
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Fig. 6. Comparison of NA and NA-GSH levels in liver and lung at 0 hours
postexposure. Data from Figs. 3 and 5 are replotted for a direct comparison between
liver and lung. Data represent means 6 S.D. (n 5 3–5). *P , 0.05; ***P , 0.001;
****P, 0.0001 (compared between liver and lung for the corresponding genotype).
^^^^P , 0.0001 (compared between CYP2A13/2F1-humanized or Cyp2abfgs-null
mice and corresponding LCN mice; two-way ANOVA followed by Bonferroni’s test
for multiple comparisons).
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