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ABSTRACT

NF-E2-related factor 2 (Nrf2) is a transcriptional regulator of biologic
defense proteins, such as antioxidant proteins and phase Il de-
toxification enzymes. Cytochrome P450 (P450) enzymes have been
shown to regulate phase | metabolism of various drugs and are
partially regulated by Nrf2; however, the influence of Nrf2 on drug
pharmacokinetics is not known. Here, we showed that Nrf2 de-
pletion prolonged the effect of pentobarbital, a sleep-promoting
drug. Pretreatment with phenobarbital, a P450 inducer, shortens the
sleeping time associated with pentobarbital-induced sedation in
wild-type (WT) mice; however, this effect was not observed in
Nrf2~/~ mice. Furthermore, the blood pentobarbital concentration
was higher in Nrf2~/~ mice than in WT mice at 30-60 minutes, and the
phenobarbital-induced enhancement of its clearance was attenu-
ated in Nrf2~/~ mice compared with WT mice. Total P450 content
was decreased in Nrf2~/~ mouse livers, and the phenobarbital-
induced increase in P450 content was lower in Nrf2~/~ mice than WT
mice. Cyp1a2, Cyp2a5, Cyp2c29, and Cyp2e1 gene expression levels
under physiologic conditions and Cyp1a2, Cyp2a5, and Cyp2b10

gene expression levels under phenobarbital-treated conditions
were lower in Nrf2~/~ mice compared with WT mice. Additionally,
pentobarbital metabolism in liver microsomes was attenuated by
Nrf2 depletion. Taken together, these findings suggested that Nrf2
influenced pentobarbital pharmacokinetics through the regulation
of drug metabolism and P450 gene expression. Thus, Nrf2-mediated
regulation of P450 may contribute to the biologic defense against
increased reactive oxygen species production.

SIGNIFICANCE STATEMENT

NF-E2-related factor 2 (Nrf2) plays a critical role in the cellular
defense against oxidative stress. Nrf2~/~ mice with reduced ability
to eliminate reactive oxygen species (ROS) showed a significant
delay in emergence from pentobarbital-induced sleep, which was
associated with decreased P450 activities and gene expression. Our
findings provide that Nrf2 dysfunction or ROS that exceed a thresh-
old level of the eliminating ability of the Nrf2 system may reduce P450
activity.

Introduction

Cytochrome P450s (P450s) are a large family of heme-containing
monooxygenase enzymes that oxidatively metabolize xenobiotics such
as drugs and environmental pollutants (Gonzalez, 1988; Isin and
Guengerich, 2007). Numerous factors, including xenobiotics (e.g.,
phenobarbital) and diseases, regulate P450 enzymatic activity (Morgan,
1997; Wang and Negishi, 2003; Aitken et al., 2006; Hakkola et al.,
2018). Alterations in the gene expression and activity of P450s can affect
the pharmacokinetics of administered drugs, leading to changes in the
duration and intensity of their intended efficacies. Hypoactivity of P450
enzymes can result in increased blood levels of the therapeutic drugs,
followed by adverse events. Therefore, elucidation of the underlying
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regulatory mechanism of P450s may improve clinical predictions of the
pharmacokinetics and adverse effects of these medicines.

Excess reactive oxygen species (ROS), including superoxide anion
and hydrogen peroxide, can induce oxidative damage to various cells,
followed by the development and progression of multiple organ
dysfunction, including atherosclerosis, diabetes mellitus, and cancer
(Roberts and Sindhu, 2009). Conversely, ROS have also been
recognized as intracellular signaling molecules and are constitutively
produced during various biologic processes, including energy pro-
duction, immune response, and wound healing (Griffiths et al., 2017).
Additionally, the P450 drug metabolizing system is known to produce
ROS in both the presence and absence of substrates (Zangar et al., 2004).
Generally, P450-mediated oxidation requires input of two electrons by
the flavoprotein NADPH-P450 reductase to activate oxygen and insert
an oxygen atom into the substrate molecule (Zangar et al., 2004). ROS
accumulation can occur through NADPH consumption by microsomal
P450, which is reported to be involved in nonalcoholic fatty liver disease
(Aubert et al., 2011), hypertension (Sahan-Firat et al., 2010), and
diabetes (Eid et al., 2009). These reports suggested that P450 activity

ABBREVIATIONS: ARE/StRE, antioxidant- or stress-response elements; CAR, constitutive androstane receptor; HPLC, high-performance liquid
chromatography; Nrf2, NF-E2-related factor 2; P450, cytochrome P450; PCR, polymerase chain reaction; ROS, reactive oxygen species; WT,

wild type.
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was tightly controlled by regulating its gene expression in ROS-related
pathologic conditions to protect against organ injury.

In the context of biologic defense, excess ROS can induce oxidative
damage; hence, cellular redox balance is tightly controlled by various
antioxidant systems. NF-E2-related factor 2 (Nrf2), a redox-regulated
transcription factor, plays a critical role in the cellular defense system
by activating gene expression of biologic defense proteins, such as
antioxidant proteins, glutathione synthesis-associated proteins, and
phase II detoxification enzymes, via its binding to antioxidant- or
stress-response elements (ARE/StRE) (Yamamoto et al., 2018). We
previously demonstrated that Nrf2 is involved in the expression of
Cyp2b10 and Cyp2a5 during the steady state and their induction by
phorone, an «,B-unsaturated carbonyl compound, and phenobarbital,
a classic P450 inducer (Ashino et al., 2014). Furthermore, oxidative
stress—induced transcription of Cyp2a5 is activated through direct
binding of Nrf2 to its ARE/StRE in the 5'-flanking region (Abu-Bakar
et al., 2007). However, ARE/StRE have not been identified in other
P450 genes.

Several studies have reported that inflammatory diseases (e.g.,
rheumatoid arthritis and chronic heart failure) and infection are risk
factors for decreased P450 gene expression and activity (Morgan, 1997;
Mayo et al., 2000; Frye et al., 2002; Ashino et al., 2007). In addition,
these diseases increase ROS levels, resulting in oxidative stress. We
have previously demonstrated that lipopolysaccharide and Bacillus
Calmette-Guérin downregulate the levels of Cyp3all and Cyp2c29 in
mouse livers (Ashino et al., 2004), as well as induce heme oxygenase-1,
a well known Nrf2 target gene (Oguro et al., 2002; Ashino, unpublished
data). These observations suggest that Nrf2 is involved in the expression
of various P450 species. However, the influence of Nrf2 on P450 gene
expression, except for Cyp2aS and Cyp2b10, and drug pharmacokinet-
ics has not been demonstrated.

Pentobarbital, an anesthetic barbiturate, is a widely used pharmaco-
logical or toxicological study model. In this study, we demonstrate that
Nrf2 depletion prolonged the sleeping time with pentobarbital sedation.
Nrf2 depletion maintains high blood levels of pentobarbital, through
P450 and ferritin-mediated metabolic suppression, in both physiologic
and phenobarbital-induced P450 expression conditions. Collectively,
Nrf2 depletion-increased ROS was shown to downregulate P450 gene
expression through a negative feedback mechanism, thereby decreasing
P450 protein levels and their activities and maintaining blood concen-
trations of the drug. These findings suggest that Nrf2 activation may be
used as an indicator of drug metabolizing capacity in oxidative
stress—related diseases.

Materials and Methods

Materials. Pentobarbital and phenobarbital sodium salts were acquired from
Tokyo Chemical Industry (Tokyo, Japan). All other reagents used were of the
highest grade commercially available.

Animals and Treatments. All animal experiments were conducted in
accordance with the protocols approved by the Institutional Animal Care and
Use Committees of Showa University (29015), in accordance with the Standards
Relating to the Care and Management of Experimental Animals in Japan. Male
C57BL/6 mice (8 weeks old) were purchased from Japan SLC (Shizuoka, Japan).
The Nrf2 ™/~ mice were established by Itoh et al. (1997). Subsequently, C57BL/6
mice were mated with Nrf2™'~ mice to generate wild-type (WT) and deficient
mice progenies. Pentobarbital (50 mg/kg) and phenobarbital [100 mg/kg; dose
used for most P450 induction studies (Ashino et al., 2014)] were dissolved in
saline and injected intraperitoneally. Control groups were injected with the same
volume of vehicle (saline).

Measurement of Sleeping Time with Pentobarbital Sedation. All experi-
ments were started between 11:00 AM and 2:00 PM. Mice were injected with
pentobarbital, and the time to loss of righting reflex was monitored. The
awakening time was defined as the time of righting of the animal.

Ashino et al.

Preparation of Liver Microsomes and Measurement of Total P450
Content. Microsomal fractions from mouse livers were prepared as described
previously (Ashino et al., 2011). Total hepatic P450 content was determined from
a carbon monoxide difference spectrum of dithionite-treated microsomes
suspended in 0.1 M sodium-potassium phosphate buffer (pH 7.4) and recorded
with an MPS-2450 spectrophotometer (Shimadzu, Kyoto, Japan) using a differ-
ence extinction coefficient (450-490 nm) of 91 mM ™' cm™' as described by
Omura and Sato (1964). Microsomal protein concentration was determined using
the BCA protein assay.

Measurement of Blood Pentobarbital Concentrations. Whole blood
samples were collected from different mice under anesthesia by injecting
medetomidine (0.3 mg/kg), midazolam (4 mg/kg), and butorphanol (5 mg/kg)
intraperitoneally because pentobarbital shows no analgesic effect. Plasma samples
were prepared from whole blood. Plasma pentobarbital concentrations were
determined by using a high-performance liquid chromatography (HPLC)-UV
assay based on previous reports (Kelner and Bailey, 1983). Briefly, hexobarbital
(as an internal standard; 10 wlI; 0.1 pg/pl in acetonitrile) and acetonitrile (190 wl)
were added to 100 pl of plasma, and the mixture was vortexed for 30 second and
centrifuged at 20,000g for 10 minutes to separate the precipitated proteins. Clear
supernatant (50 wl) was injected into the HPLC system. The HPLC system
consisted of an LC-10AD liquid chromatograph pump (Shimadzu), an SPD-10A
UV-VIS detector (Shimadzu), an SIL-10A auto injector (Shimadzu), a CMB-10A
communications bus module (Shimadzu), and a4.6 x 150 mm Luna 5 pm C18(2)
column (Shimadzu GLC, Tokyo, Japan). The mobile phase consisted of methanol,
0.16 M sodium-potassium phosphate buffer (pH 6.6), and tetrahydrofuran (50:43:
7) at a flow rate of 1 ml/min. The eluate was monitored at 220 nm. Under the
present chromatographic conditions, hexobarbital and pentobarbital were eluted at
5 and 6 minutes, respectively. Pentobarbital was quantified by comparison with
the standard curves (6.25-100 wg/ml) using the area ratio method.

Pentobarbital Metabolic Activity in the Hepatic Microsomes. Pentobar-
bital metabolic activity assay was performed in a reaction mixture (500 pl)
containing hepatic microsomes (500 pg protein), 5 mM MgCl,, pentobarbital
(50 wM in Fig. 3 or 6.25-100 uM in Fig. 4), and the NADPH-generating system
(5 mM glucose-6-phosphate, 0.6 mM B-nicotinamide adenine dinucleotide
phosphate™, and 1 U glucose-6-phosphate dehydrogenase) in 100 mM phosphate
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Fig. 1. Pentobarbital-induced sleeping time in WT and Nrf2 ™/~ mice treated with or
without phenobarbital. Mice were pretreated with phenobarbital (100 mg/kg, i.p.) or
saline. After 24 hours, the mice were injected with pentobarbital (50 mg/kg, i.p.),
and sleeping time was monitored (n = 15, *P < 0.05). Horizontal lines and boxes
indicate medians with interquartile range. Whiskers indicate *1.5 interquartile
range, and points beyond whiskers indicate outliers.
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buffer (pH 7.4). The reaction mixture was incubated at 37°C for 15 minutes, and
the reaction was stopped by adding ice-cold 490 wl acetonitrile. Hexobarbital
(10 pl; 1 mM in acetonitrile) was added to the reaction mixture as an internal
standard, and the mixture was vortexed for 30 second and centrifuged at 1800g for
10 minutes to separate the precipitated proteins. Clear supernatant (50 wl) was
injected into the HPLC system. Pentobarbital was quantified as mentioned above
by comparing with the standard curves (3.125-100 nmol/reaction mixture).
Pentobarbital metabolic activity was calculated from the rate of decrease. Controls
without microsomes showed no decrease in pentobarbital.

Quantitative Real-Time Polymerase Chain Reaction. Total RNA was
isolated from the livers using the PureLink RNA Mini Kit (Invitrogen), and first-
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Fig. 2. Rate of decline in blood pentobarbital concentrations in WT and Nrf2 ™/~
mice treated with or without phenobarbital. (A) Mice were injected with
pentobarbital (50 mg/kg, i.p.), and their plasma samples were prepared from whole
blood at the indicated time points. Line graphs represent averaged data expressed as
plasma pentobarbital concentrations. Horizontal lines and boxes indicate medians
with interquartile range. Whiskers indicate *1.5 interquartile range, and points
beyond whiskers indicate outliers (n = 10, *P < 0.05). (B) Mice were pretreated
with phenobarbital (100 mg/kg, i.p.) or saline. After 24 hours, the mice were injected
with pentobarbital (50 mg/kg, i.p.), and their plasma samples were prepared at
60 minutes postpentobarbital. Bar graphs represent averaged pentobarbital
concentrations expressed as the percentage of the respective controls. Numerals
indicate plasma pentobarbital concentrations (micrograms per milliliter). Values
represent means = S.EM. (n = 11, *P < 0.05).
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Fig. 3. Microsomal P450 content in liver microsomes of WT and Nrf2™'~ mice
treated with or without phenobarbital. Mice were injected with phenobarbital
(100 mg/kg, i.p.) or saline, and the livers were excised 24 hours after treatment.
Total P450 content in the liver microsomal proteins was assayed from the carbon
monoxide difference spectrum of the reduced protein. Values represent means *+
S.EM. (n = 4-6, *P < 0.05).

stranded cDNA was synthesized using the PrimeScript RT Master Mix (Takara
Bio, Shiga, Japan). Duplex TagMan real-time polymerase chain reaction (PCR)
was performed using the TagMan Fast Advanced Master Mix (Applied
Biosystems), a FAM-labeled probe for the target mRNA, and a VIC-labeled
probe for the housekeeping gene (B-actin) according to the manufacturer’s
protocol on a StepOne real-time PCR system (Applied Biosystems). The mRNA
levels were measured relative to B-actin mRNA expression in each run. All
predesigned PCR primers and TagMan MGB probes were purchased from
Applied Biosystems.

Statistical Analysis. Values are expressed as medians with interquartile +1.5
interquartile range (Fig. 1; Fig. 2A) or means * S.E.M. (Fig. 2B; Figs. 3 and 5-7).
The values beyond *1.5 interquartile range were defined as the outliers. Time
courses were compared among groups by Kruskal-Wallis test and post hoc Steel’s
test. Two group means were compared by Mann-Whitney’s U test, and three or
more group means by Kruskal-Wallis test, followed by post hoc Scheffe’s tests.
Statistical significance was accepted at P < 0.05.

Results

Loss of Nrf2 Prolongs Pentobarbital-Induced Sleeping Time
Without Effects on Phenobarbital-Induced Sleeping Time. Alter-
ation of P450 enzymatic activity can affect pharmacokinetics of drugs.
We previously demonstrated that Nrf2 is involved in expression of some
P450 genes using Nrf2™~ mice (Ashino et al., 2014). Thus, we
investigated the changes in drug-metabolizing activity in Nrf2 ™/~ and
age-, sex-, and body weight-matched WT mice following pentobarbital
(a known substrate for P450s) administration (Fig. 1). The dose of
pentobarbital (50 mg/kg) used was that at which the WT mice recovered
in approximately 60 minutes after the loss of righting reflex. Compared
with WT mice, Nrf2 ™/~ mice showed a significant delay in emergence
from pentobarbital-induced sleep (average: WT, 69 minutes vs.
Nrf2 /", 192 minutes). We also reported that Nrf2 ™/~ mice showed
attenuated Cyp2b10 and Cyp2a5 induction by phenobarbital, a classic
P450 inducer (Ashino et al., 2014). In WT mice, pretreatment with
phenobarbital for 24 hours shortened pentobarbital-induced sleeping
time, but this effect was not observed in Nrf2 ™/~ mice.
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Fig. 4. Gene expression of various P450 molecular species in livers of WT and Nrf2 ™/

~ mice treated with or without phenobarbital. Mice were injected with phenobarbital

(100 mg/kg, i.p.) or saline, and the livers were excised at the indicated times. Various P450 mRNA levels were determined by real-time PCR and semiquantified by
normalizing to B-actin mRNA expression. Values represent means = S.E.M. (n = 5). *P < 0.05 vs. respective controls (0 hour). *P < 0.05 vs. WT.

Clearance of Blood Pentobarbital Is Delayed in Nrf2™'~ Mice
Both with and Without Phenobarbital Pretreatment. To determine
whether Nrf2 deficiency influences pentobarbital pharmacokinetics, we
examined time-dependent changes in blood concentrations of pentobar-
bital in WT and Nrf2 ™/~ mice. As shown in Fig. 2A, 15 minutes after
treatment, there was no significant difference in pentobarbital concen-
trations between WT and Nrf2™/~ mice. At 30 minutes, pentobarbital
blood levels were higher in Nrf2 ™"~ mice than WT mice; the difference
was even more pronounced at 60 minutes, indicating a delay in
pentobarbital metabolism in Nrf2 ™/~ mice. Furthermore, we examined
the effect of phenobarbital on the pentobarbital metabolic rate in WT and
Nrf2™'~ mice (Fig. 2B). Phenobarbital pretreatment for 24 hours
markedly decreased blood pentobarbital levels in WT mice, whereas
this effect was attenuated in Nrf2 ™'~ mice.

Nrf2 Depletion Decreases Hepatic Microsomal Cytochrome P450
Content. Since Nrf2 depletion resulted in sustained high blood
levels of pentobarbital, which is metabolized by P450 enzymes, we
examined changes in hepatic P450 content. As shown in Fig. 3,
physiologic and phenobarbital-induced hepatic P450 levels in Nrf2 ™/~
mice were significantly lower than WT mice.

Nrf2 Depletion Influences P450 Expression Levels in the Liver
under Physiologic and Inducing Conditions. To determine which
P450 enzymes were influenced by Nrf2 depletion, we examined the
expression levels of constitutive-type P450 (Fig. 4). Under physiologic

conditions, Nrf2~’~ mice showed low levels of Cypla2, Cyp2a5,
Cyp2c29, and Cyp2el expression compared with WT mice. Under
phenobarbital-inducing conditions, although almost all P450 species
were increased in both WT and Nrf2™’~ mice, Cypla2, Cyp2a5, and
Cyp2b10 expression levels were lower in Nrf2~’~ mice than WT mice.
Expression of the Cyp3all gene did not show significant change
between WT and Nrf2 '~ mice before and after phenobarbital treatment.

Nrf2 Depletion Downregulates Ferritin Gene Expression. P450
enzymes are capable of performing catalysis through reduction or
oxidation of their heme iron. Thus, the supply of heme to the apoprotein
of P450 enzymes is important for their catalytic activity. Ferritin, an
intracellular iron storage protein composed of ferritin heavy (H) and
light (L) chains, has been postulated to act as an intermediate for heme
synthesis (Richardson and Ponka, 1997). As shown in Fig. 5, under
physiologic conditions, gene expression levels of both ferritin heavy (H)
and light (L) chains were lower in Nrf2™"~ mouse livers than WT.
Furthermore, phenobarbital induced expression of both ferritin heavy
(H) and light (L) chains. However, expression levels of ferritin heavy (H)
chain, and not ferritin light (L) chain, was lower in Nrf2~/~ mice than
WT mice, even in phenobarbital induced conditions.

Pentobarbital Metabolic Activity Is Decreased in Nrf2™'~ Mouse
Livers. Nrf2 depletion decreased the levels of several P450 molecular
species and ferritin gene expression. We therefore examined pentobar-
bital metabolic activity in liver microsomes of phenobarbital-treated and
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Fig. 5. Ferritin gene expression in livers of WT and Nrf2 ™/~ mice treated with or without phenobarbital. Mice were injected with phenobarbital (100 mg/kg, i.p.) or saline,
and the livers were excised at the indicated times. Ferritin heavy (H) and light (L) chain mRNA levels were determined by real-time PCR and semiquantified by normalizing
to B-actin mRNA expression. Values represent means + S.E.M. (n = 5). *P < 0.05 vs. respective controls (0 hour). *P < 0.05 vs. WT.

untreated WT and Nrf2 ™'~ mice (Fig. 6). Consistent with sleeping time
and blood pentobarbital levels, pentobarbital metabolic activity in
uninduced liver microsomes was significantly lower in Nrf2 ™/~ mice
compared with WT mice. Furthermore, phenobarbital enhanced pento-
barbital metabolic activity in both WT and Nrf2™’~ mouse liver
microsomes at 24 hours after treatment. However, pentobarbital
metabolic activity in phenobarbital-treated Nrf2 ™/~ mouse liver micro-
somes was significantly lower than WT microsomes. To characterize the
mode of inhibition of pentobarbital metabolic activity in Nrf2 ™/~ mice,
we performed kinetic analysis (Fig. 7). Michaelis-Menten kinetics
(Fig. 7A) and Lineweaver-Burk plots (Fig. 7B) showed that pentobar-
bital metabolic activity was noncompetitively suppressed in Nrf2 /~
mouse livers, with K, values of approximately 25 uwM (Fig. 70),
suggesting that Nrf2 depletion did not affect the affinity of P450
enzymes to pentobarbital.

Discussion

In clinical reports, patients under oxidative stress conditions have
been shown to suppress P450 metabolizing activities, including
mephenytoin (a substrate for CYP2C19) and caffeine (a substrate for
CYP1A2) in patients with congestive heart failure (Frye et al., 2002).
Furthermore, patients after surgical operations have been shown to
suppress erythromycin metabolic capacity (a substrate for CYP3A4)
(Haas et al., 2003). Other reports have implicated ROS in the
transcriptional regulation of P450s (Barouki and Morel, 2001),
suggesting that ROS-induced oxidative stress may have a role in
suppressing drug metabolizing activity. At present, the role of oxidative
stress defensive transcription factor Nrf2 on drug pharmacokinetics is
unclear. This study revealed a novel role for Nrf2 in which it modulates
drug pharmacokinetics by regulating P450 expression. In WT mice,
Nrf2-activated antioxidant proteins eliminated ROS, thereby maintaining

P450 expression and activity (Fig. 8, upper). In contrast, Nrf2 ™'~ mice
had a reduced ability to eliminate ROS, resulting in elevated ROS
levels that suppressed P450 expression and activity through a negative
feedback mechanism (Fig. 8, lower). Thus, our results suggest that
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Fig. 6. Pentobarbital metabolic activity in liver microsomes from WT and Nrf2 ™/~
mice treated with or without phenobarbital. Mice were injected with phenobarbital
(100 mg/kg, i.p.) or saline, and the livers were excised 24 hours after treatment.
Pentobarbital metabolic activity was determined from the rate of decrease in
pentobarbital by incubation with the liver microsomes. Values represent means =
S.EM. (n = 4-6, *P < 0.05).
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Fig. 7. Kinetic analysis of pentobarbital metabolic activity of liver micro-
somes from WT and Nrf2 ™/~ mice treated with or without phenobarbital. (A and B)
Michaelis-Menten kinetics (A) and Lineweaver-Burk plots (B) of pentobarbital
metabolic activity in the liver microsomes of WT and Nrf2~’~ mice at 24 hours
after phenobarbital treatment (100 mg/kg, i.p.). Microsomal protein was
isolated from three different mouse livers and combined. [S] and v indicate
pentobarbital concentration (micromolars) and pentobarbital metabolic activity
(nmol/min/mg protein), respectively. (C) The V,,,, and K, values were calculated
from Lineweaver-Burk plots.

Nrf2 modulates the duration and intensity of drug effects to maintain
redox balance.

The length of pentobarbital-induced sleeping time is inversely related
to the rate of drug metabolism, and its duration of action can be altered
by induction or inhibition of P450s (Sirisangtragul and Sripanidkulchai,
2013; Kovacs et al., 2018). In this study, Nrf2 depletion prolonged
sleeping time by sustaining high blood levels of pentobarbital under
physiologic conditions. These results indicate that pentobarbital metab-
olism is delayed by Nrf2 depletion, as evidenced by suppressed
pentobarbital metabolism in the liver microsomes of Nrf2~’~ mice.
Barbiturates are metabolized by several P450 species, including
CYP2B6 and CYP3A4 in humans (Tsuji et al., 1996; Sirisangtragul
and Sripanidkulchai, 2013). Since P450 enzymes show broad substrate
specificities, other P450 species may contribute to pentobarbital
metabolism. In this study, Nrf2 depletion decreased total P450 content
and downregulated gene expression of several P450 species, such as
Cypla2, Cyp2a5, Cyp2c29, and Cyp2el, under physiologic conditions.
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Fig. 8. Proposed model for the decline in P450 gene expression and activity by Nrf2
depletion. Increase in ROS downregulates P450 gene expression through a negative
feedback mechanism, thereby decreasing P450 protein expression and activities in
Nrf2™/~ mice, which have suppressed ROS elimination ability due to loss of
antioxidant function, to maintain drug concentrations in the blood.

Consistent with our observations, portal vein ligation of the liver
transiently elevated pentobarbital-induced sleeping time, which was
associated with decreased P450 activities and gene expression of
CYP1A, CYP2B, and CYP2C in rats (Kovacs et al., 2018). Collectively,
the sustained efficacy of pentobarbital by Nrf2 depletion is attributed to
P450 downregulation.

This study also evaluated changes in pentobarbital pharmacokinetics
using the P450 inducer phenobarbital in Nrf2 ™'~ mice. Phenobarbital
shortened pentobarbital-induced sleeping time. This was abolished by
Nrf2 depletion. Consistent with sleeping time, phenobarbital-enhanced
pentobarbital metabolic activity was suppressed by Nrf2 depletion both
in vivo and in vitro. Phenobarbital is a classic inducer of the drug
metabolizing P450 genes, especially the CYP2B subfamily. In this
study, phenobarbital induced expression of all P450 genes, except for
Cyp2el in WT mice. Cypla2, Cyp2a5, and Cyp2bl0 gene expression
levels in Nrf2 ™/~ mice were significantly lower than WT mice even
under the phenobarbital-induced conditions, which differed from
physiologic conditions. These results suggest that although P450
activities were lower in Nrf2™'~ mice under both physiologic and
induced conditions, the contributing P450 species were different.
Phenobarbital substantially induced Cyp2b10 compared with other
P450 genes, and Cyp2bl0 levels were decreased in Nrf2 ™'~ mice
compared with WT mice. Phenobarbital-induced sleeping time was
previously reported to be associated with CYP2B activity (Sirisang-
tragul and Sripanidkulchai, 2013). Taken together, the phenobarbital-
shortened pentobarbital efficiency and its inhibition in Nrf2 ™'~ mice
may depend on CYP2B activity.

In this study, Nrf2~/~ mice reliably showed prolonged pentobarbital-
induced sleeping time; however, the mechanism underlying the wide
range of individual differences in the sleeping time in Nrf2 ™'~ mice
under physiologic conditions remains unclear. It has been reported that
a congenital intrahepatic shunt is present at a constant rate in Nrf2-
disrupted C57BL/6J mice (Skoko et al., 2014). This intrahepatic shunt
would be expected to change blood flow, which may result in the
individual differences in sleeping time of Nrf2~/~ mice. However,
individual differences in blood concentration of pentobarbital were not

20z 2T |1dy UospuInop 13dSY e BIo's|euIno fipdse pup Wwoiy papeo|umoq


http://dmd.aspetjournals.org/

Nrf2 Depletion Downregulates P450 Expression and Activity

observed in Nrf2™'~ mice. Furthermore, individual differences in
sleeping time were also not observed in the phenobarbital-
administered Nrf2 ™'~ mice, which may contribute in part to the wide
range of individual differences in the sleeping time in Nrf2™"~ mice
under physiologic conditions.

Expression of P450 genes is influenced by various physiologic
changes and exogenous factors. Several pathophysiological conditions,
such as infection and inflammation, have been shown to suppress
expression of several P450 isoforms (Morgan, 1997). Although this is
well studied in terms of regulation of inflammatory cytokines such as
interleukin- 14, interleukin-6, and tumor necrosis factor & (Ashino et al.,
2004), little is known about the underlying mechanism of P450
downregulation, which could involve ROS generation by inflammatory
cytokine signaling. Indeed, CYP1A1 and CYP2EI gene expression
levels have been shown to be reduced by ROS production in response to
H,O, treatment (Morel and Barouki, 1998; Morel et al., 2000),
suggesting that other P450 species are also repressed by ROS.
Furthermore, this study showed that the affinity of metabolic enzymes
to pentobarbital was not altered by Nrf2 depletion. Taken together, an
increase in ROS by Nrf2 depletion may negatively regulate P450 gene
expression, thereby suppressing their activities without affecting the
P450 structural conformation.

Transcriptional activation of P450s has been mainly investigated in
the context of several xenobiotic-activated receptors, such as aryl
hydrocarbon receptor, constitutive androstane receptor (CAR), and
pregnane X receptor (Rushmore and Kong, 2002), which act as specific
transcription factors. Previous investigations have demonstrated that
Nrf2 functions as a transcription factor for the Cyp2a5 gene by directly
binding to the promoter region (Abu-Bakar et al., 2007; Wu et al., 2012;
Ashino et al., 2014). This study also showed that Cyp2a5 gene
expression was regulated by Nrf2, indicating Cyp2a5 as the first phase
I xenobiotic-metabolizing gene identified under the regulation of the
Nrf2 pathway with a potential role in the adaptive response to cellular
stress. Although the Nrf2-binding site ARE/StRE has not been identified
on Cypla2, Cyp2c29, and Cyp2el genes, their expression levels were
downregulated in Nrf2~’~ mice. Thus, Nrf2 depletion-suppressed ROS
elimination is likely involved in this regulation.

Phenobarbital is the prototype of a large group of structurally diverse
xenobiotic chemicals that induce the subset of the P450 genes such as
CYP2B, CYP2C, and CYP3A subfamilies, with CYP2B genes being the
most effectively induced (Honkakoski et al., 1998). Although constitu-
tive expression of the CYP2B subfamily is very low, their expression
levels are dramatically increased by specific inducers. Phenobarbital has
been demonstrated to transactivate the CYP2B gene through nuclear
translocation of CAR, in which it forms a heterodimer with the retinoid
X receptor and activates the phenobarbital responsive element module
(Honkakoski et al., 1998; Kawamoto et al., 1999; Moore et al., 2000). It
has been reported that Nrf2 activators, such as trans-stilbeneoxide and
oltipraz, also induce Cyp2b10 gene expression and activate the CYP2B6
promoter (Slitt et al., 2006; Merrell et al., 2008). However, ARE/StRE
have not been detected in its promoter regions, indicating no direct
transcriptional target of Nrf2. Induction of Cyp2b10 by Nrf2 activators is
inhibited in CAR™~ mice, but not Nrf2~'~ mice (Merrell et al., 2008).
Although it remains unclear how Nrf2 activators activates CAR, these
reports suggest that several Nrf2 activators can activate CAR, followed
by Cyp2bl0 induction. Thus, suppressed induction of Cyp2bl0 in
Nrf2 ™'~ mice may be involved in the increase in ROS levels due to Nrf2
depletion.

This study also showed that Nrf2 depletion downregulated ferritin
gene expression, a Nrf2 target gene. The iron storage protein, ferritin, has
been postulated to act as an intermediate for heme synthesis (Richardson
and Ponka, 1997). The liver is one of the body compartments with the
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highest rate of heme synthesis. More than 50% of heme synthesized in
the liver is used to synthesize P450s (Vinchi et al., 2014). Therefore, it is
speculated that ferritin expression in livers may influence P450
maturation and activation through heme incorporation. It has been
reported that the CYP2AG6 activity is related to serum ferritin levels,
which are correlated to intracellular ferritin levels (Satarug et al., 2004).
These results suggest that Nrf2 plays an important role in the variance of
pharmacokinetics of administered drugs, at least, in part, by regulating
ferritin expression that may contribute to a delay in pentobarbital
metabolism in Nrf2 /"~ mice.

In conclusion, this study revealed a role of Nrf2 as a maintenance
factor of drug metabolizing enzyme P450s through transcriptional
modulation of gene expression. Although further studies are required
to elucidate the underlying mechanisms of P450 downregulation in
biologic defense, we suggest that the Nrf2 system inhibits an increase in
ROS by regulating the metabolic cycle of P450s, thereby maintaining
homeostasis against oxidative damage. Therefore, Nrf2 dysfunction or
ROS that exceed a threshold level of the eliminating ability of the Nrf2
system may reduce P450 activity. Our findings also highlight the Nrf2
system as a predictive factor for the duration and intensity of intended
drug efficacies.
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