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Reactive oxygen species (ROS) and oxidative stress have been
considered in a variety of disease models, and cytochrome P450
(P450) enzymes have been suggested to be a source of ROS.
Induction of P450s by phenobarbital (PB), �-naphthoflavone
(�NF), or clofibrate in a mouse model increased ROS parame-
ters in the isolated livermicrosomes, but isoniazid treatmentdid
not. However, when F2-isoprostanes (F2-IsoPs) were measured
in tissues andurine, PB showed the strongest effect and�NFhad
a measurable but weaker effect. The same trend was seen when
anNfr2-based transgene reporter sensitive to ROSwas analyzed
in the mice. This pattern had been seen earlier with F2-IsoPs
both in vitro and in vivo with rats (Dostalek, M., Brooks, J. D.,
Hardy, K. D., Milne, G. L., Moore, M. M., Sharma, S., Morrow,
J. D., and Guengerich, F. P. (2007) Mol. Pharmacol. 72, 1419–
1424). One possibility for the general in vitro-in vivo discrep-
ancy in oxidative stress found in both mice and rats is that PB
treatment might attenuate protective systems. One potential
candidate suggested by anmRNAmicroarray was nicotinamide
N-methyltransferase. PB was found to elevate nicotinamide
N-methyltransferase activity 3- to 4-fold inmice and rats and to
attenuate levels of NAD�, NADP�, NADH, andNADPH in both
species (20–40%), due to the enhanced excretion of (N-methyl)ni-
cotinamide. PB also down-regulated glutathione peroxidase and
glutathione reductase, which together constitute a key enzymatic
system that uses NADPH in protecting against oxidative stress.
Thesemultiple effects on theprotective systemsareproposed tobe
more important than P450 induction in oxidative stress and
emphasize the importance of studying in vivomodels.

Oxidative stress is a consideration in many diseases, includ-
ing atherosclerosis, cancer, diabetes, neurodegeneration, and
renal disease, as well as aging (1). In addition, ROS2 are a part of
normal physiology and have beneficial roles as well, including
roles in cell signaling (3–6) and protection against environ-
mental insults, both biological and chemical (6, 7). The bio-
chemistry of oxidative stress includes several issues. One is the
nature of the damage to proteins, DNA, and lipids caused by
ROS (8, 9). Another aspect is the nature of the biochemical
processes involved in the production of ROS. Several enzyme
systems have been considered in the production of ROS,
including NADPH oxidase, xanthine oxidase, (uncoupled)
mitochondrial electron transport, and P450 (1, 4, 10).
P450 enzymes are widely studied because of their roles in the

metabolism of steroids, fat-soluble vitamins, fatty acids, eico-
sanoids, drugs, and carcinogens, plus other xenobiotic chemi-
cals (11). In addition, the uncoupled oxidation of NADPH to
generate H2O2 was demonstrated in rat liver microsomes in
1957 (12). Further research in the 1970s confirmed and further
characterized the uncoupling (13, 14). Since the late 1980s (15),
there has been growing interest in the generation of ROS by
P450s. In some of the literature, the toxic actions of certain
chemicals (e.g. 2,3,7,8-tetrachlorodibenzo-p-dioxin) have even
been suggested to be the result of ROS generated due to the
induction of P450s (16, 17). Different chemicals, including
some drugs, selectively induce P450s and subfamilies of P450s,
and P450 families 1, 2, 3, and 4 have all been proposed to have
roles in the generation of ROS (18–26).
However, the literature is often inconsistent about the con-

tribution of individual P450s to generation of ROS (22, 24, 27,
28). Moreover the great majority of reports in the area involve
in vitro systems, i.e. enzymes, microsomes, and cultured cells.
Few studies have been done in animals. One of the limitations
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has been the limited choice of appropriate biomarkers of oxi-
dative stress in vivo. F2-IsoPs have been judged to be the most
reliable in vivo measure of oxidative stress in a multicenter
study organized by the NIEHS, National Institutes of Health
(29). In our previous work with a rat model, we confirmed that
several of the classic P450 inducers raise the level of ROS in liver
microsomal assays but PB (and a polychlorinated biphenylmix-
ture associated with a barbiturate-type response) selectively
elevated F2-IsoP levels in vivo (28). These and related experi-
ments implicated the P450 Subfamily 2B enzymes, with some
caveats (28). However, an open question raised in that study
was why the discrepancy exists between the in vitro and in vivo
patterns of oxidative stress produced by the various inducers.
In the present studywe turned our attention to severalmouse

models (mostly derived from a C57BL/6 background), because
several transgenics were of potential use, including P450 2e1-
null (30, 31) and liver NPR-null (32, 33)mice andmice contain-
ing an Nrf2 reporter system to sense ROS (34, 35). The in vitro
and in vivo results were qualitatively similar to those previously
seen with rats, i.e. selective in vivo oxidative stress in animals
treated with PB (28). The availability of mRNAmicroarray data

for C57BL/6mice treatedwith these
inducers (36) led to new hypotheses
about the basis of the patterns of in
vivo oxidative stress. We analyzed
NNMTand pyridine nucleotide lev-
els, and the results led to an exami-
nation of the effect of PB and the
other inducers on protective en-
zyme systems.
We conclude that the variable

effects of P450 inducers on the reg-
ulation of pyridine nucleotide-
dependent systems contribute,
along with some P450 increases, to
oxidative stress. In addition, the
results with the transgenic mice
define a role for constitutively
expressed mouse P450s in oxidative
stress in the liver, in vivo, and show
that P450 2e1 is not involved. The
results emphasize the importance of
in vivomodels.

EXPERIMENTAL PROCEDURES

Chemicals—�NF, CLOF, INH,
and PBwere purchased from Sigma.
All other reagents and solvents were
obtained from general commercial
suppliers. All chemicals were used
without further purification.
Animals—All experimental pro-

cedures involving the use of experi-
mental animals were performed in
accordance with Guiding Principles
in the Care and Use of Laboratory
Animals, the National Research
Council Guide, and the Office of

Research, Vanderbilt University Medical Center, Wadsworth
Center-New York State Department of Health, and NCI,
National Institutes of Health. The animals were fed a commer-
cial solid diet (Purina 5001 rodent diet) and water ad libitum.
Lighting was maintained on a 12-h light/dark cycle (lights on
from 7:00 a.m. to 7:00 p.m.); the ambient temperature was
maintained between 21 and 24 °C. Studies with rat liver were
done with samples obtained in a previous study (28) and stored
at �80 °C.
The ARE-reporter mice were developed as described previ-

ously (34). The reporter construct contained a 51-bp segment
of the rat NAD(P)H:quinone oxidoreductase (NQOR1) pro-
moter, with the core ARE inserted into a TATA-Inr minimal
promoter attached to the human placental alkaline phospha-
tase reporter gene. Male mice expressing the transgene were
mated with female C57BL/6 mice. Male pups of those matings
were genotyped (34) (with the assistance of R. F. Burk and K. E.
Hill, Division of Gastroenterology, Vanderbilt University), and
those carrying the transgene (homozygotes)were used for stud-
ies. ARE mice used for studies were males weighing 20–23 g
each.

FIGURE 1. Effects of treatments on liver/body weight ratio and in vitro liver microsomal parameters.
A, liver/body weight ratio; B, total microsomal P450; C, formation of malondialdehyde; D, microsomal H2O2
production; E, microsomal NADPH oxidation; F, microsomal NADPH-cytochrome c reduction (NPR) (spe-
cific activity). All values are presented as means � S.E. (n � 5) and statistical significance relative to the
appropriate vehicle control (within each group, indicated by the open bar in each set) (**, p � 0.01; ***, p �
0.001).
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The liver-Npr-null mice (32) used in the study were main-
tained in the animal facility at the Wadsworth Center, New
York State Department of Health. The liver samples were col-
lected from individual liver-Npr-null mice (on a B6N10 back-
ground) and wild-type C57BL/6 mice (female, 2 months old, 6
mice/strain); tissues were kept at �80 °C until use. The urine
sampleswere collected over a 24-h period from individual liver-
Npr-null and wild-type C57BL/6 mice (female, 6 months old, 8
mice/strain) using metabolic cages (one mouse in each meta-
bolic cage); samples were kept at �80 °C until analysis. A sec-
ond set of urine samples were collected 1 week later from the
same groups ofmice, and the two samples from the samemouse
were pooled for analysis.
TheCyp2e1-nullmouse line (Cyp2e1�/�) has been described

previously (30). Male wild-type (Cyp2e1�/�) and Cyp2e1-null
mice (on the 129/Sv strain background, from 2–3 months of
age) were used in this study.
The following treatments were used for the ARE-reporter

mice: �NF (40 mg/kg, once daily for 3 days, intraperitoneal, in

corn oil), CLOF (250 mg/kg, once
daily for 3 days, intraperitoneally, in
corn oil), PB (continuously for 10
days, as a 0.1% solution (w/v) in
drinking water), and INH (continu-
ously for 10 days, as a 0.1% solution
(w/v) in drinking water) (28). Each
test group was compared with the
control group, i.e. corn oil injec-
tions to match the �NF- and
CLOF-treated groups and drink-
ing water for the PB- and INH-
treated groups. The animals were
housed in metabolic cages (Nal-
gene� Metabolic Cage System,
Braintree Scientific, Braintree,
MA) with free access to food and
water. Urine was collected for 12 h
after the last administration of
each compound until sacrifice.
Tissue samples were harvested
after mice were anesthetized with
isoflurane (12 h after last adminis-
tration of each substance) and
exsanguinated by withdrawing
blood from the inferior vena cava.
Pieces of livers and brains and the
right kidneys were used for in vivo
measurements. The remainder of
the livers and brains and the left
kidneys were used for in vitro
assays. Tissues were immediately
frozen and stored at �80 °C until
processing. Microsomes were pre-
pared from mouse liver samples as
described (37) and stored at
�70 °C. Protein concentrations
were estimated using a bicincho-
ninic acid method (Pierce-Fisher)

with bovine serum albumin as a standard.
Assay of F2-IsoPs—Liver, kidney, brain, and urinary levels of

F2-IsoPs were determined using a gas chromatography-mass
spectrometry method, as described previously (38).
In Vitro Assays—Concentrations of total P450 in livermicro-

somal samples were determined as described by Omura and
Sato (39). Microsomal NADPH-cytochrome c reduction was
measured as described previously (37, 40). Microsomal
NADPH oxidation was measured as described previously
(41). Microsomal H2O2 formation wasmeasured using a pro-
tocol adapted from Hildebrandt et al. (42). The formation of
malondialdehyde and other thiobarbituric acid-reactive sub-
strates in liver microsomes were measured with a thiobarbi-
turic acid assay (43). Immunoelectrophoretic blotting assays
were done to estimate P450 induction using rabbit poly-
clonal antibodies raised against rat P450s 1A1, 2B1, 2E1, and
3A1 and have been described previously (44, 45). Rabbit anti-
rat P450 4A1 was a generous gift from J. Capdevila (Vander-
bilt University).

FIGURE 2. Induction of mouse liver P450s. Levels were estimated immunochemically and expressed in
terms of comparison with the indicated rat P450s. P450 1A1 and 1A2 proteins were not resolved, whereas
multiple P450 2B, 3A, or 4A proteins were detected. The values represent combined levels of all proteins
detected for each P450 Subfamily. A, P450 1A Subfamily (rat P450 1A1 used as standard); B, P450 2B
Subfamily (rat P450 2B1 used as standard); C, P450 2E1 (rat P450 2E1 used as standard); D, P450 3A
Subfamily (rat P450 3A1 used as standard); E, P450 4a Subfamily (rat P450 4A1 used as standard). All values
are presented as means � S.E. (n � 5) and statistical significance relative to the appropriate vehicle control
(within each group, indicated by the open bar in each set) (***, p � 0.001). Measurements were not made
in the blank sections of parts C–E.
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Measurement of Enzyme Activities—Catalase activity was
measured as the decomposition of H2O2 (46). Total superoxide
dismutase activity was measured in a cytochrome c-xanthine-
xanthine oxidase assay (47). NNMT activity was measured as
described elsewhere (48, 49). Pyridine nucleotide concentra-
tions were determined as described previously (50, 51). GSH
peroxidase activity was measured as described previously (52).
GSSG reductase activity was measured as the rate of NADPH
reduction in the presence of GSSG, as described before (53).
Human placental alkaline phosphatase activity was meas-

ured using a chemiluminescence assay (34, 35). Briefly, 5% tis-
sue homogenates (w/v) were prepared from frozen liver in 50
mM Tris-HCl buffer (pH 7.5) containing 5 mM MgCl2, 0.1 M
NaCl, and 4% CHAPS. The homogenates, diluted to 1% in the
same buffer devoid of CHAPS, were mixed with 0.2 M dietha-
nolamine (1:3, v/v) and heated at 65 °C for 15 min. Samples
were then incubated with a chemiluminescent substrate
(Tropix Ready-To-Use CSPD Chemiluminescent Substrate
with Emerald-II (Applied Biosystems, Foster City, CA)) for 20
min at room temperature in the dark. The chemiluminescent
signal was detected using an Lmax Luminometer (Molecular
Devices Corp., Sunnyvale, CA).
Statistical Evaluation—Data were analyzed by analysis of

variance (one-way analysis of variance) followed by Dunnett’s
test for comparison of groups against control groups, the Stu-
dent-Newman-Keul test was used for comparison of all groups
pairwise, and Kruskal-Wallis tests were used for non-paramet-
ric data. The Kolmogorov-Smirnov test was used to test nor-
mality. SPSS version 13 software for Windows (SPSS Head-
quarters, Chicago, IL) was used for all steps of the analysis.
Prism 5 software forWindows (GraphPad Software, SanDiego,

CA) was used to prepare graphs.
Results in graphs are expressed as
means � S.E. Values of p � 0.05
were considered to be statistically
significant.

RESULTS

Cytochrome P450 Induction—No
mortality or significant change in
the body weight of different groups
of ARE-reporter mice was recorded
during the treatments. Treatment
of animals with all of the classic
P450 inducers �NF, CLOF, PB, or
INH resulted in a significant
enhancement in the liver/body
weight ratios when compared with
the control group (Fig. 1A). No sig-
nificant changes were observed in
kidney/body and brain/body weight
ratio (results not presented).
Treatment of animals with �NF,

CLOF, PB, or INH significantly
increased the total concentration of
total P450 in mouse liver (Fig. 1B).
The effects of inducers on individ-
ual liver P450s were determined by

immunochemical analyses as described previously (44, 45) with
the orthologous rat proteins used as standards for the mouse
liver P450s (54). Subfamily 1A P450s were induced only by�NF
(Fig. 2A); the Subfamily 2B P450s were induced only by PB (Fig.
2B); P450 2E1was induced only by INH (Fig. 2C); the Subfamily
3A P450s were induced only by PB (Fig. 2D); and the Subfamily
4A P450s were induced only by CLOF (Fig. 2E).
In Vitro Measurements—Lipid peroxidation in mouse liver

microsomes was significantly increased by treatment with PB,
�NF, or CLOF, as indicated by the rates of formation of malon-
dialdehyde (and any other thiobarbituric acid-reactive prod-
ucts) (Fig. 1C) as well as H2O2 (Fig. 1D). The rates of both
NADPH oxidation (Fig. 1E) and NADPH-cytochrome c reduc-
tion (Fig. 2F) were increased by treatment with PB, �NF, and
CLOF. None of these in vitro parameters were significantly
changed by treatment of the mice with INH.
In Vivo F2-IsoP Measurements in Mice—Levels of liver

F2-IsoPs were significantly increased by both PB and �NF,
but no significant changes were found for CLOF or INH
treatment (Fig. 3A). None of the treatments significantly
increased F2-IsoPs levels in kidney (Fig. 3B) or brain (Fig. 3C)
samples. Urinary F2-IsoP levels were significantly increased
by treatment with PB or �NF (and less by CLOF) but not by
INH (Fig. 3D).
Effects of Treatments onAREResponse in a TransgenicMouse

System—The activity of an ARE-reporter enzyme (human pla-
cental alkaline phosphatase) in mouse liver homogenates was
strongly increased by PB (75-fold) and also by �NF, but to a
lesser extent (9-fold), when compared with the control group
(Fig. 4A). The activity of the ARE-reporter in kidney and brain
homogenates was increased only by PB but not by �NF. No

FIGURE 3. Measurements of F2-isoP levels in tissue and urine samples from ARE-reporter mice. A, liver
F2-isoPs; B, kidney F2-isoPs; C, brain F2-isoPs; D, urinary F2-isoPs. All values are presented as means � S.E. (n � 5),
with statistical significance indicated (*, p � 0.05; **, p � 0.01; and ***, p � 0.001).
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significant changes in liver (Fig. 4A), kidney (Fig. 4B), or brain
(Fig. 4C) homogenates were described after CLOF or INH
treatment.
In Vivo F2-IsoP Measurements in Liver-Npr-null and

Cyp2e1�/� Mice—F2-IsoPs levels in urine, liver, kidney, and
brain samples from Cyp2e1�/� mice were not significantly dif-
ferent fromCyp2e1�/� mice (Fig. 5). F2-IsoPs levels in liver and
kidney samples from liver-Npr-null mice were significantly
decreased compared with those from wild-type mice; however,
no significant changes of F2-IsoPs level were found in brain or
urine samples (Fig. 6).
NNMT Activity, Pyridine Nucleotides, and Protective

Enzymes in Mouse Liver—The previous measurements in mice
(see above) and rats (28) indicated elevation of ROS parameters
by PB, �NF, and CLOF in liver microsomes but selective

enhancement of oxidative stress in vivo by PB. Information
about mRNAmicroarray results of treatment of C57BL/6 mice
with common enzyme inducers is available (C. A. Bradfield,
University of Wisconsin, Madison, WI, edge.oncology.wisc.
edu/) (36) (supplemental Figs. S1 and S2). Examination of these
data for genes that corresponded differentially to PB compared
with �NF, another fibrate (ciprofibrate), and other P450 induc-
ers revealed some possible candidates, involving several P450
enzymes, fatty acyl CoA desaturase, carboxylesterase, and

FIGURE 4. Measurements of ARE-reporter enzyme activity in mouse tis-
sue samples. A, liver ARE-reporter activity; B, kidney ARE-reporter activity;
C, brain ARE-reporter activity. All values are presented as means � S.E. (n � 5),
with statistical significance indicated (***, p � 0.001).

FIGURE 5. Measurements of F2-isoP levels in tissue and urine samples
from Cyp2e1�/� and Cyp2e1�/� mice. A, liver F2-isoPs; B, kidney F2-isoPs;
C, brain F2-isoPs; D, urinary F2-isoPs. All values are presented as means � S.E.
(n � 5). No statistical significance was found in any case.

FIGURE 6. Measurements of F2-isoPs levels in tissue and urine samples
from liver-Npr-null and wild-type mice. A, liver F2-isoPs; B, kidney F2-isoPs;
C, brain F2-isoPs; D, urinary F2-isoPs. All values are presented as means � S.E.
(n � 5), with statistical significance indicated (**, p � 0.01).
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NNMT. The latter gene was of interest in that the increase in
activity might deplete pyridine nucleotide stores and attenuate
the systems that protect against ROS.
NNMTactivity inmouse liver homogenateswas significantly

increased by PB treatment and significantly decreased byCLOF
(Fig. 7). Levels of the pyridine nucleotides NAD� (Fig. 8A),
NADH (Fig. 8B), NADP� (Fig. 8C), and NADPH (Fig. 8D) were
all significantly decreased by treatment with PB compared with
the control group. Neither �NF, INH, nor CLOF treatment
significantly changed NNMT activity or the levels of pyridine
nucleotides. GSH peroxidase was significantly increased by

CLOF and decreased by PB (Fig. 9A). Treatment of ARE-re-
porter mice with CLOF caused a significant increase in catalase
activity (Fig. 9B) and SOD activities (Fig. 9C) in liver homoge-
nate comparedwith controls. No differences in catalase or SOD
activities were observed in animals treated with INH, PB, or
�NF.
Measurements in Rat Liver—The studies with ARE-reporter

mice were extended to rats, in that a complete set of samples
from treated animals was available from a previous study (28).
NNMT activity was significantly and selectively increased by
PB treatment (Fig. 10); levels of pyridine nucleotides NAD�

(Fig. 11A), NADH (Fig. 11B), NADP� (Fig. 11C), and NADPH
(Fig. 11D) were all significantly decreased only by PB treatment.
GSSG reductase andGSHperoxidase activitieswere both selec-
tively decreased by PB treatment and increased by CLOF treat-
ment (Fig. 12, A and B).

DISCUSSION

P450s have previously been found to produce ROS in vitro,
going back to at least 1957 (12). The present studywas designed
to examinewhether P450 induction alters oxidative stress using
ARE-reporter mice, liver-Npr-null mice, and Cyp2e1�/� mice,
particularly in vivo. We found that P450 induction by PB treat-
ment was selectively associated with oxidative stress both in
vitro and in vivo, supporting results found with rats in our pre-
vious study (28). An explanation for in vitro-in vivo oxidative
stress discrepancy in the variously treated animals may involve
enhancement of NNMT activity, which leads to depletion of
pyridine nucleotides in the system, and attenuation of the
NADPH-dependent antioxidative enzymes GSH peroxidase
and GSSG reductase as well (Figs. 13 and 14).

The liver-Npr-null mouse model
has previously been used for estima-
tion of relative contributions of
P450 and/or extrahepatic tissues in
the biotransformation of endoge-
nous as well as exogenous com-
pounds (32, 33, 55). In our studies,
the liver-Npr-nullmousemodelwas
used to confirm a role for P450 in
“basal” oxidative damage. Male liv-
er-Npr-null mice had a significant
decrease in F2-IsoP levels in liver
(and kidney) tissue samples com-
pared with wild-typemice with nor-
mal NPR expression; no significant
change was found in urine or brain
tissue samples (Fig. 6). These results
indicate that under physiological
conditions some endogenous P450s
contribute to the process of oxida-
tive stress inmice, a conclusion sim-
ilar to that found with the effect of
1-aminobenzotriazole on hepatic
and renal F2-IsoP levels in rats (28).
Notably, the decrease in oxidative
stress in the liver occurred despite
the substantial compensatory ex-

FIGURE 7. Effects of treatments on NNMT activity in mouse liver. All values
are presented as means � S.E. (n � 5) and statistical significance relative to
the appropriate vehicle control (within each group, indicated by the open bar
in each set) (**, p � 0.01; ***, p � 0.001).

FIGURE 8. Effects of treatments on levels of pyridine nucleotides in mouse liver. A, NAD�; B, NADH;
C, NADP�; D, NADPH. All values are presented as means � S.E. (n � 5) and statistical significance relative to the
appropriate vehicle control (within each group, indicated by the open bar in each set) (*, p � 0.05).
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pression ofmultiple hepatic P450 enzymes in the liver-Npr-null
mice (32, 56, 57), an observation consistent with the view that
P450-mediated oxidative stress requires electron transfer from
NPR.The decrease in kidney F2-isoP levels in the liver-Npr-null
mice, in which the expression of neither P450 nor NPR was
altered in the kidney (32), indicates that endogenous oxidants
generated in the liver can be transported to the kidney.
Homozygous Cyp2e1-null mice were used to determine the

role of P450 2E1 in oxidative stress processes. Cyp2e1�/� mice
did not show significant differences in F2-IsoP levels in any

tissues or urine samples when compared with control
Cyp2e1�/� mice. Moreover, INH, an established inducer of
P450 2E1 activity (Fig. 2C), did not alter any of the oxidative
stress markers in the ARE-reporter mice in vitro or in vivo.
These results with bothCyp2e1�/� and ARE-reporter mice are
in full agreement with results from our previous study with rats
(28) and indicate that P450 2E1 does not play crucial role in
oxidative damage in rats or mice.
A large majority of the studies on P450 and ROS have been

done in vitro. In previous work with rats we found that most of
the P450 inducers (except INH) enhanced in vitro ROS param-
eters, i.e. in assays using liver microsomes. However, F2-IsoP
levels were selectively increased by PB in vivo (28). The F2-IsoP
results obtained with the ARE-reporter mice in the present
study were quantitatively similar, in that PB and �NF were the
best inducers (Figs. 1 and 3). The in vivo patterns were rein-
forced by the results of assays with the ARE-driven reporter
(Fig. 4), where the selective effect of PBwas quite dramatic. The
magnitude of the response was much stronger than for endog-
enous ARE-dependent genes, but such large increases have
been seen in this system (35), possibly due to the lack of negative
regulatory elements in the transgene.
At least three major explanations can be considered to

explain the selective oxidative stress observed in vivo in rats (28)
and mice (Figs. 3 and 4) following treatment with PB and bar-
biturate-like inducers, in contrast to the increased in vitro ROS
parameters observed with several P450 inducers (28) (Fig. 1, C,
D, and F): (i) the in vivo oxidative stress is due to (PB) induction
of a non-P450 system that generates ROS; (ii) all of the P450
inducers raise levels of ROS (in microsomes), but �NF and
CLOF also induce protective systems while PB does not; and
(iii) all of the P450 inducers raise levels of ROS species but PB
selectively attenuates systems that protect against oxidative
stress. In evaluating these general possibilities, the available
results with rats (28) argue against the first possibility, in that
administration of the P450 mechanism-based inactivator
1-aminobenzotriazole (58) to rats ablated the PB-induced
increase in F2-IsoP levels (28). The possibility that PB induces
NPR, which in turn stimulates P450-mediated oxidative stress,

FIGURE 9. Effects of treatments on activity of protective enzyme systems
in mouse liver. A, GSH peroxidase (one unit of GSH peroxidase activity is
defined as that amount of enzyme catalyzing oxidation of 1 �mol min�1 of
GSH (52)); B, catalase (activity was calculated based on kcat � 2.3/dt(C0/Ct),
dt � 1 min) (46); C, SOD. One unit of SOD activity is defined as inhibition of
xanthine oxidase-dependent cytochrome c reduction by 50% in this assay. All
values are presented as means � S.E. (n � 5) and statistical significance rela-
tive to the appropriate vehicle control (within each group, indicated by the
open bar in each set) (**, p � 0.01; ***, p � 0.001).

FIGURE 10. Effects of treatments on NNMT activity in rat liver. All values
are presented as means � S.E. (n � 6) and statistical significance relative to
the appropriate vehicle control (within each group, indicated by the open bar
in each set) (*, p � 0.05; ***, p � 0.001).
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is largely ruled out by the 1-amino-
benzotriazole results with rats:
1-aminobenzotriazole attenuated
the level of (PB-induced) P450 by
87% and the level of liver F2-IsoPs by
71%, while having an effect of low-
ering NPR activity by �20% (28). In
contrast, the second possibility (see
above) can be considered viable, at
least in part. CLOF treatment ele-
vated GSH peroxidase, catalase, and
SOD activities in mouse liver (Fig.
9), and these results may contribute
to the lack of in vivo stress induced
by CLOF (Figs. 3 and 4). However,
the limited enhancement of in vivo
oxidative stress by �NF cannot be
explained by induction of ROS-de-
stroying enzymes (Fig. 9).
Mechanistic work on the prob-

lem is limited in the sense that more
in vitro studies are of limited use in
explaining an in vivo phenomenon
already known to differ from the in

vitro. Lipid peroxidation products (e.g. 4-hydroxynonenal) are
already known to induce the ARE system in cultured cells (59–
62) but this information does not explain which products drive
the ARE system response seen with PB (Fig. 4). One approach
was to examine available in vivo microarray results, which are
available for C57BL/6 mice treated with the compounds of
interest (36) (www.edge.oncology.wisc.edu) (supplemental
Figs. S1 and S2). Of the genes differentially regulated by PB,
�NF (also 3-methylcholanthrene and 2,3,7,8-tetrachlorod-
ibenzo-p-dioxin), and fibrates (ciprofibrate andWyeth 14,643),
many are either P450s or do not have obvious connections to
oxidative stress (e.g. carboxyesterase, fatty acyl-CoA desatu-
rase). One potential candidate consideredwasNNMT,which is
unaffected by �NF, down-regulated by fibrates, and up-regu-
lated by PB (supplemental Figs. S1–S3).
We hypothesized that up-regulation of NNMT could lead to

a decrease in the pool of pyridine nucleotides available for
defense against ROS (Figs. 13 and 14), in that 1-methylnicotin-
amide has long been known to be a major urinary excretion
product (63). Precedent exists for the importance of the total
level of NADP(H) in protection against oxidative ROS in cellu-
lar systems (64). We found that NNMT activity was selectively
elevated 3- to 4-fold by PB treatment in bothmouse (Fig. 7) and
rat (Fig. 10) liver. We also found selective attenuation of levels
of NAD�, NADH,NADP�, andNADPH in bothmouse (Fig. 8)
and rat (Fig. 11) liver, which we propose are linked to the ele-
vated NNMT activities. The amount of NNMT activity in liver
is already considerable in the absence of induction; e.g. it has
long been known that administration of large amounts of nico-
tinamide to rats will lead to enough depletion of methyl groups
(from S-adenosylmethionine) to produce fatty livers (63). The
decrease in pyridine nucleotide supply (Figs. 8 and 11), which
we propose is related to NNMT induction (Figs. 7 and 10),
could decrease the ability of cells to reduce ROS-derived

FIGURE 11. Effects of treatments on levels of pyridine nucleotides in rat liver. A, NAD�; B, NADH; C, NADP�;
D, NADPH. All values are presented as means � S.E. (n � 6) and statistical significance relative to the appropri-
ate vehicle control (within each group, indicated by the open bar in each set) (*, p � 0.05).

FIGURE 12. Effects of treatments on activities of protective enzymes in rat
liver. A, GSSG reductase. Activity was calculated using ��340 � 6.22 mM

�1

cm�1 for NADPH oxidation; B, GSH peroxidase (one unit of GSH peroxidase is
activity defined as that amount of enzyme catalyzing the oxidation of 1 �mol
of GSH min�1 in the presence of H2O2 (52)). All values are presented as
means � S.E. (n � 6) and statistical significance relative to the appropriate
vehicle control (within each group, indicated by the open bar in each set) (*,
p � 0.05; ***, p � 0.001).
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hydroperoxides and aldehydes (Fig. 14). The literature has lim-
ited information on the in vivo effects of barbiturate treatment
on pyridine nucleotide supplies, andwhat is available is focused
largely on the NADPH/NADP� ratio (65, 66). Our interpreta-
tion of our results is that the total pyridine nucleotide levels
may be a major issue in protection, in that these limit the func-
tion of the protective systems.
GSH peroxidase is a key enzyme involved in protection

against oxidative stress (67) (Fig. 14). Analysis of the C57BL/6
mouse liver microarray data base showed increased mRNA
(GSH peroxidase 1) following fibrate treatment (supplemental
Fig. S3), and we also found increased enzymatic activity in both
mouse and rat liver following CLOF treatment (Figs. 9 and 12).
Although the C57BL/6 mouse data base did not show an effect
of PB on GSH peroxidase mRNA levels (supplemental Fig. S3),
a major decrease in GSH peroxidase activity was seen following
PB treatment in both mouse (Fig. 9) and rat (Fig. 12) livers.
GSSG reductase activity was also attenuated in rat liver follow-
ing PB treatment (Fig. 12A) (measurements were not done in
mouse liver).
The pyridine nucleotide levels wemeasured in rat andmouse

liver (Figs. 8 and 11) are similar to literature values (68, 69).
Most of the attention in the literature has been given to
reduced versus oxidized ratios, often determined indirectly,
in situations involving P450 induction (65, 66). The litera-
ture apparently contains only limited information on the
effects of P450 inducers on GSH peroxidase and GSSG
reductase (in rats). In one study (70), liver GSSG reductase

was elevated 2-fold by treatment
with PB or trans-stilbene oxide (and
the latter compound did not alter
GSH peroxidase). In another study,
PB treatment was reported to ele-
vate activities of both enzymes (71).
However, our results clearly showed
decreases in the activities of both
GSH peroxidase and GSSG reduc-
tase (Figs. 9 and 12).

Our results show PB-induced increases in NNMT activity
(Figs. 7 and 10), decreases in all pyridine nucleotide levels (Figs.
8 and 11), and decreases in both GSH peroxidase and GSSG
reductase (Figs. 9 and 12). The increased level of NNMT activ-
ity is proposed to account for the decreased pyridine nucleotide
levels (Fig. 13), although direct evidence is not available. The
decreased pyridine nucleotide levels may limit the enzymatic
defense systems (Fig. 14), although a direct relationship cannot
be proven in light of the decreased activities of both GSH per-
oxidase and GSSG reductase (Figs. 9 and 12). Nevertheless, all
of these changes observed following PB treatment could com-
promise rodents against the effects of the ROS and lead to ele-
vated parameters of oxidative stress (Figs. 3 and 4).
At this time we do not understand the details of the regula-

tion of theNNMT,GSHperoxidase, andGSSG reductase genes
by barbiturates. The regulation of GSH peroxidases (actually a
family of enzymes) is complex (67), involving selenium levels,
and at this time we do not know which of the GSH peroxidases
ismost relevant here (Figs. 9 and 12).One possibility that can be
considered is the use of transgenicmice devoid of CAR, a factor
involved in PB induction of P450 2B enzymes (72). However,
distinguishing between effects of CAR on induction of P450s
and other genes may not be trivial. We do not know if the
NNMT gene contains functional CAR (or PXR) elements (73).
NNMT is up-regulated not only by PB (Figs. 7 and 10 and sup-
plemental Fig. S3) but also in neoplasia (74) and a model of
hepatitis (75). The regulation may be indirect in that Stat3 has
been found to activate NNMT expression in a human cancer
cell line (76).
In conclusion,we extended our previous findings on the roles

of P450s in rats (28) to mice, again demonstrating a role of
P450s in the basal hepatic state (Fig. 6) and no role of P450 2E1
in in vivo oxidative stress (Fig. 5). The selective ability of PB
treatment to produce oxidative stress in vivo was observed.
Similar patterns were observed with F2-IsoPs (Fig. 3), an estab-
lished biomarker of in vivo oxidative stress (29), and a more
sensitive transgenic reporter of the ARE system (34) (Fig. 4). In
rats we concluded that one (ormore) of the Subfamily 2B P450s
is probably involved (28), but which of the five Subfamily 2B
P450s (or another PB-inducible P450) in mice is involved is
unclear. We propose that the ability of PB to selectively induce
in vivo oxidative stress (Fig. 3) is not related only to the ques-
tions of which P450s produce ROS (in that several do this well,
e.g. Figs. 1, C, D, and F) but also to the PB-induced changes in
the levels of the enzyme GSH-peroxidase (Figs. 9 and 12) and
pyridine nucleotides (Figs. 8 and 11), which can protect against
ROS; these latter changes result from the selective induction of
NNMT (Figs. 7 and 10), an enzyme involved in degradation of

FIGURE 13. Competition of NNMT methylation and utilization of nicotinamide for pyridine nucleotide
synthesis. SAM, S-adenosylmethionine.

FIGURE 14. Detoxication of reactive species. A, H2O2 and GSH peroxidase
system; B, reduction of reactive aldehydes by NAD(P)H. ALDH, aldehyde dehy-
drogenase; AKR, aldo-keto reductase.
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nicotinamide, a key intermediate in the pyridine nucleotide
cycle (Fig. 13) (64). Finally, we emphasize the importance of in
vivo models in studying oxidative stress, in that many compo-
nents of the overall system are lacking in work with isolated
systems (e.g. Fig. 1) or are not necessarily regulated in the same
way in cultured cells.
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