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ABSTRACT
CYP1A1 and CYP1B1 metabolically activate many polycyclic
aromatic hydrocarbons (PAHs), including benzo[a]pyrene, to
reactive intermediates associated with toxicity, mutagenesis,
and carcinogenesis. Paradoxically, however, Cyp1a1�/�

knockout mice are more sensitive to oral benzo[a]pyrene expo-
sure, compared with wild-type Cyp1a1�/� mice (Mol Pharma-
col 65:1225, 2004). To further investigate the mechanism for
this enhanced sensitivity, Cyp1a1�/�, Cyp1a2�/�, and
Cyp1b1�/� single-knockout, Cyp1a1/1b1�/� and Cyp1a2/
1b1�/� double-knockout, and Cyp1�/� wild-type mice were
analyzed. After administration of oral benzo[a]pyrene (125 mg/
kg/day) for 18 days, Cyp1a1�/� mice showed marked wasting,
immunosuppression, and bone marrow hypocellularity,
whereas the other five genotypes did not. After 5 days of
feeding, steady-state blood levels of benzo[a]pyrene were �25
and �75 times higher in Cyp1a1�/� and Cyp1a1/1b1�/� mice,
respectively, than in wild-type mice. Benzo[a]pyrene-DNA ad-

duct levels were highest in liver, spleen, and marrow of
Cyp1a1�/� and Cyp1a1/1b1�/� mice. Many lines of conver-
gent data obtained with oral benzo[a]pyrene dosing suggest
that: 1) inducible CYP1A1, probably in both intestine and liver,
is most important in detoxication; 2) CYP1B1 in spleen and
marrow is responsible for metabolic activation of benzo-
[a]pyrene, which results in immune damage in the absence of
CYP1A1; 3) both thymus atrophy and hepatocyte hypertrophy
are independent of CYP1B1 metabolism but rather may reflect
long-term activation of the aryl hydrocarbon receptor; and 4)
the magnitude of immune damage in Cyp1a1�/� and Cyp1a1/
1b1�/� mice is independent of plasma benzo[a]pyrene and
total-body burden and clearance. Thus, a balance between
tissue-specific expression of the CYP1A1 and CYP1B1 en-
zymes governs sensitivity of benzo[a]pyrene toxicity and, pos-
sibly, carcinogenicity.

Polycyclic aromatic hydrocarbons (PAHs) are widely dis-
tributed environmental toxicants that are largely the byprod-
ucts of combustion processes—such as cigarette smoke, char-
coal-grilled food, creosote railroad ties, and coke ovens in the

petroleum industry. The most thoroughly studied prototype
of this class of chemicals is benzo[a]pyrene (Pelkonen and
Nebert, 1982; Conney et al., 1994; Nebert et al., 2004). In
numerous mammalian studies, benzo[a]pyrene has been
shown to cause cytotoxic, teratogenic, genotoxic, mutagenic,
and carcinogenic effects in various tissues and cell types
(Nebert, 1989; Ellard et al., 1991). Benzo[a]pyrene is impli-
cated as a causative agent in lung carcinogenesis (Alexan-
drov et al., 2002; Pfeifer et al., 2002) and atherosclerosis
(Miller and Ramos, 2001) in cigarette smokers.

The etiology of toxicity and cancer caused by benzo-
[a]pyrene and other PAHs is complex. PAHs induce numer-
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ous enzymes involved in activation and detoxication of PAHs
via the aromatic hydrocarbon receptor (AHR). PAHs are typ-
ically metabolically activated by phase I (oxidation-reduc-
tion) enzymes to reactive intermediates that bind covalently
to nucleic acids and proteins; however, PAHs are detoxified
by both phase I and phase II (conjugation) enzymes. PAHs
affect the expression of many other genes by way of both
AHR-dependent and AHR-independent mechanisms (Nebert,
1989, 2000b, 2004; Ryu et al., 1996; Puga et al., 2000; Miller
and Ramos, 2001).

Expression of CYP1A1 is constitutively nil but is markedly
induced in a large number of tissues after induction by PAHs
(Nebert et al., 2004). In contrast, substantial levels of basal
CYP1A2 activity occur in mammalian liver. The human and
rodent CYP1A2 gene is inducible by PAHs in liver, gastroin-
testinal tract, pancreas, brain, and lung (Sesardic et al.,
1990; Farin and Omiecinski, 1993; Foster et al., 1993; Dey et
al., 1999; Tatemichi et al., 1999; Wei et al., 2001). Although
after induction CYP1A2 exists in rodent lung, there remains
some question as to whether human CYP1A2 protein is ex-
pressed at any significant level in lung (Shimada et al., 1996)
or other extrahepatic tissues. CYP1B1 has a high basal ac-
tivity in such tissues as adrenal cortex, ovary, testis, uterus,
prostate and mammary gland, gastrointestinal tract, and
immune cells (Walker et al., 1995; Guengerich et al., 2003;
Galvan et al., 2005). Constitutive CYP1B1 is extremely low
in liver and gastrointestinal tract but is detectable after PAH
treatment (Buesen et al., 2002; Zhang et al., 2003).

To examine the role of CYP1A1 in the intact animal receiv-
ing daily oral benzo[a]pyrene, we compared the Cyp1a1�/�

knockout with Cyp1�/� wild-type mice. Based on many stud-
ies in vitro and in cell culture showing that CYP1A1 meta-
bolically activates benzo[a]pyrene, we had expected the
Cyp1a1�/� mouse to be more protected than Cyp1�/� wild-
type mice; surprisingly, however, damage to the immune
system and benzo[a]pyrene-DNA adduct formation in liver,
small intestine, spleen, and bone marrow were much higher
in the knockout than wild-type mice (Uno et al., 2004a).
Moreover, total body clearance of benzo[a]pyrene was greatly
impeded in the Cyp1a1�/� mouse. This led us to conclude
that oral benzo[a]pyrene-induced CYP1A1 in the intestine
and/or liver was more important in detoxication than meta-
bolic activation in the intact animal. The contributions of
CYP1A2 and CYP1B1 to oral benzo[a]pyrene-mediated dis-
ease have not been thoroughly evaluated. To address this
issue, Cyp1�/� wild-type mice were compared with the
Cyp1a1�/�, Cyp1a2�/�, and Cyp1b1�/� single-knockout
mice, and the Cyp1a1/1b1�/� and Cyp1a2/1b1�/� double-
knockout mice, after daily exposure to oral benzo[a]pyrene.

Materials and Methods
Chemicals. Benzo[a]pyrene was purchased from Sigma (St.

Louis, MO), and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) from
Accustandard, Inc. (New Haven, CT). All other chemicals and re-
agents were bought from Sigma-Aldrich Chemical Company (St.
Louis, MO) as the highest available grades.

Animals. Generation of the Cyp1a1�/� (Dalton et al., 2000),
Cyp1a2�/� (Liang et al., 1996), and Cyp1b1�/� (Buters et al., 1999)
knockout mouse lines have been described. Subsequent genetic
crosses have generated the Cyp1a1/1b1�/� and Cyp1a2/1b1�/� dou-
ble-knockout lines. It is not possible for such simple genetic crosses
to provide the Cyp1a1/1a2�/� double-knockout, because these two

genes are located only 13.3 kilobases apart on mouse chromosome 9.
All five genotypes were backcrossed into the C57BL/6J background
for eight generations; this ensures that the knockout genotype re-
sides in a genetic background that is �99.8% C57BL/6J (Nebert et
al., 2000a). Age-matched C57BL/6J Cyp1�/� wild-type mice, pur-
chased from The Jackson Laboratory (Bar Harbor, ME), were there-
fore used as the comparative controls. All experiments with these six
genotypes were begun at 6 � 1 weeks of age. All animal experiments
were approved by, and conducted in accordance with, the National
Institutes of Health standards for the care and use of experimental
animals and the University Cincinnati Medical Center Institutional
Animal Care and Use Committee.

Treatment. Preliminary experiments comparing Cyp1�/� wild-
type with Cyp1a1�/� knockout mice showed no substantial differ-
ences between male and female mice; thus, one sex (male) was
chosen for all subsequent studies. For the pharmacokinetics studies,
benzo[a]pyrene (15 mg/kg) was given by gavage. In all other exper-
iments, benzo[a]pyrene was given in corn oil-soaked food. Rodent
chow (Harlan Teklad, Madison, WI) was soaked at least 24 h in
benzo[a]pyrene-containing corn oil (10, 1.0, or 0.1 mg/ml). By know-
ing the weight of the food ingested daily by a 20-g mouse and by
using [3H]benzo[a]pyrene in several experiments (Robinson et al.,
1975), the daily oral benzo[a]pyrene doses had been estimated to be
approximately 125, 12.5, and 1.25 mg/kg/day, respectively. To start
day 1 of the experiment, the mice (after having been fasted over-
night) were presented with the benzo[a]pyrene-laced food; control
mice received food soaked in corn oil alone. The mice eagerly ate the
corn oil-soaked chow. Oral benzo[a]pyrene experiments in this study
were run for 5 days or 18 days. Each mouse was weighed daily. All
tissues were removed between 9:00 a.m. and 10:00 a.m. to exclude
any circadian rhythm effects. Wet weights of liver, thymus, and
spleen were recorded.

Total RNA Preparation. Total RNA was isolated (four tissues;
n � 3 mice per group) using the RNAgents Total RNA Isolation
System (Promega, Madison, WI).

Reverse Transcription. Total RNA (2 �g) was added to a reac-
tion containing 3.8 �M oligo(dT)20 and 0.77 mM dNTP to a final
volume of 13 �l. Reactions were incubated at 65°C for 5 min, then at
4°C for 2 min. To the reaction mixture was added 7 �l of a solution
containing 14 mM dithiothreitol, 40 units of RNaseOUT Recombi-
nant RNase inhibitor (Invitrogen, Carlsbad, CA), and 200 units of
SuperScript III (Invitrogen). Reactions were incubated at 50°C for 50
min, followed by 75°C for 10 min (to inactivate the reverse transcrip-
tase). Distilled water (80 �l) was added to the isolated cDNA, and
this was then stored at �80°C.

Quantification of CYP1 mRNA Copy Numbers. The mRNAs
for each of the three CYP1 family members were quantified by fitting
RT-PCR data to a curve generated from copy RNAs (cRNAs) for each
CYP1 member. In brief, templates for cRNA synthesis were gener-
ated by performing PCR on cDNA constructs for each CYP1 family
member, cloned into pcDNA3.1(�) (Invitrogen). PCR was performed,
using a forward primer containing the T7 promoter sequence and a
reverse primer that had an oligo(dT) after the stop codon. The am-
plified product was purified by electrophoresis. In vitro transcription
was performed using T7 RiboMAX Express Large-Scale RNA Pro-
duction System (Promega). After DNase1 treatment, the cRNAs
were quantified spectrophotometrically. cRNAs were used to gener-
ate a standard curve in real time PCR reactions from which mRNA
copy number from RT-RNA measurements (see below) could be ex-
trapolated.

Real-Time Quantitative PCR. Primers used were: Cyp1a1: for-
ward, CCTCATGTACCTGGTAACCA; reverse, AAGGATGAATGC-
CGGAAGGT; Cyp1a2: forward, AAGACAATGGCGGTCTCATC;
reverse, GACGGTCAGAAAGCCGTGGT; Cyp1b1: forward, ACATC-
CCCAAGAATACGGTC; reverse, TAGACAGTTCCTCACCGATG;
Gapdh: forward, TGCACCACCAACTGCTTAG; reverse, GATG-
CAGGGATGATGTTC. Real-time PCR was performed in the ABI
Prism 7000 Sequence Detection System (Applied Biosystems), using
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SYBR Premix EX Taq (TAKARA BIO Inc., Shiga, Japan). Individual
CYP1 family member mRNA abundance was determined by using
the standard-curve method (from 101 to 108 copies/�l), as described
previously by K. Livak (PE-ABI Sequence Detector User Bulletin 2)
(Winer et al., 1999). Each sample was normalized to glyceraldehyde-
3-phosphate dehydrogenase mRNA.

Microsomal Protein Immunoblots. Microsomes (S9 fraction)
from liver, small intestine (2 cm extending distally from the pylorus),
spleen, and bone marrow were prepared as described previously
(Uno et al., 2001). Protein concentrations were determined using the
Bio-Rad protein reagent (Bio-Rad, Hercules, CA). Microsomal pro-
teins were separated on 0.1% SDS/10% polyacrylamide mini-gels.
Separated proteins were transferred to nitrocellulose and visualized
with Ponceau S to verify equivalent loading across lanes. Western
blot analysis was performed using goat polyclonal anti-human
CYP1A1/1A2 and polyclonal anti-human CYP1B1 (both from BD
Gentest, Woburn, MA). Alkaline phosphatase-conjugated secondary
antibodies (Kirkegaard and Perry Laboratories, Gaithersburg, MD)
and the alkaline phosphatase conjugate substrate kit (Bio-Rad) were
used for visualization; exposure times ranged from 5 to 15 min.

Plasma Enzymes. Levels of aspartate aminotransferase (AST)
and alanine aminotransferase (ALT) activities, in mouse plasma
previously frozen at �20°C, were determined using kits purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Percent
hematocrit and percent methemoglobin were also determined, as
described previously (Uno et al., 2004a).

Histology. Blood samples were air-dried on glass slides. Bone
marrow was obtained at sacrifice by dissecting the femurs free of
muscle, removing the proximal and distal epiphyses, and affixing a
tiny polyethylene tube to one end. The marrow was gently blown
onto a glass slide, and a second slide was used to squash the droplet
of marrow onto the slide. These slides were then air-dried. All slides
were stained with Wright-Giemsa stain (University Hospital Bone
Marrow Lab).

Differential counts of the peripheral blood and marrow were per-
formed. The myeloid line includes promyelocytes, myelocytes, pro-
megakaryocytes, megakaryocytes, neutrophils, eosinophils, ba-
sophils, and monocytes. The lymphoid line includes large, medium,
and small lymphocytes and plasma cells. The erythroid line includes
basophilic erythroblasts, polychromatophilic erythroblasts, ortho-
chromatic erythroblasts, and red cells. Percentages of different cell
types were calculated, usually based on 1000 cells tabulated, and the
differentials were always counted on a minimum of 100 lymphocytes
per animal.

Pharmacokinetic Studies. A benzo[a]pyrene dose of 15 mg/kg
body weight (in 150 �l) was given by gavage to Cyp1�/� wild-type
mice, each of the three single-knockout lines, and each of the two
double-knockout lines. Sequential blood samples were drawn from
the saphenous vein of the same mouse by a procedure described
previously (Hem et al., 1998). There were marked differences in
clearance time noted between the Cyp1a1�/� or Cyp1a1/1b1�/� ver-
sus the four other genotypes in preliminary experiments. Conse-
quently, blood was drawn from the same Cyp1a1�/� or Cyp1a1/
1b1�/� mouse at 0.5, 1.0, 1.5, 2, 3, 4, 6, 9, 12, and 15 h; blood was
drawn from the same Cyp1�/�, Cyp1a2�/�, Cyp1b1�/�, and Cyp1a2/
1b1�/� mouse at 0.25, 0.5, 0.75, 1.0, 1.5, 2, 3, 4, and 6 h. Each time
with each mouse, at least 20 �l of blood was collected so that we could
analyze 15 �l of whole blood. Before benzo[a]pyrene administration
by gavage, some mice were treated 48 h beforehand with TCDD (10
�g/kg body weight i.p.) in corn oil vehicle. The principal pharmaco-
kinetic parameters elimination half-life (t1/2), total body clearance,
and area under the curve (AUC) were determined with the help of
Sander Vinks (Cincinnati Children’s Hospital, Cincinnati, OH), us-
ing his KinFit software program (MW\Pharm, version 3.50; Medi-
Ware, Groningen, The Netherlands). In addition to benzo[a]pyrene
by gavage, we attempted intravenous benzo[a]pyrene pharmacoki-
netics but found this to be too difficult technically; the veins of the

Cyp1a1�/� and Cyp1a1/1b1�/� mice seemed to collapse far more
easily than veins of the other four genotypes.

Detection of Benzo[a]pyrene in Blood. Benzo[a]pyrene levels
in blood were quantified by modifying the methods described previ-
ously (Garcia-Falcon et al., 1996; Kim et al., 2000). Whole blood (15
�l) was extracted three times with ethyl acetate/acetone mixture [2:1
(v/v)]. The organic extracts were pooled and dried under argon, and
the residue was resuspended in 250 �l of acetonitrile. An aliquot (100
�l) aliquot was injected onto a Nova-Pak C18 reverse-phase column
(4 �m, 150 � 3.9 mm i.d.; Waters Associates, Boston, MA). High-
performance liquid chromatography analysis was conducted on a
Waters model 600 solvent controller, equipped with a fluorescence
detector (F-2000; Hitachi, Yokohama, Japan). Isocratic separation
was performed using an acetonitrile/water [85:15 (v/v)] mobile phase
at a flow rate of 1 ml/min. Excitation and emission wavelengths were
294 and 404 nm, respectively. Benzo[a]pyrene concentrations in
blood were calculated by comparing the peak amplitude of samples
with those of control blood spiked with different known concentra-
tions of benzo[a]pyrene; the calibration curve for benzo[a]pyrene
showed excellent linearity (correlation coefficient, r � 0.998). Four
major benzo[a]pyrene metabolites were found to run far ahead of
benzo[a]pyrene on the column and thus did not interfere. The detec-
tion limit (defined as 3 times the signal-to-noise ratio) was 0.05
mg/ml, and the limit of benzo[a]pyrene quantification was deter-
mined to be 0.2 ng/ml. The intraday and interday precision of re-
peated analyses (n � 4) gave us coefficients of variation of �12%.

Biohazard Precaution. Benzo[a]pyrene and TCDD are very
toxic and likely human carcinogens. All personnel were instructed in
safe handling procedures. Lab coats, gloves, and masks were worn at
all times, and contaminated materials were collected separately for
disposal by the Hazardous Waste Unit or by independent contrac-
tors. Benzo[a]pyrene- and TCDD-pretreated mice were housed sep-
arately, and their carcasses were treated as contaminated biological
materials.

Measurement of Benzo[a]pyrene-DNA Adducts. Benzo-
[a]pyrene-DNA adducts were determined by 32P-postlabeling as de-
scribed previously (Uno et al., 2004a). DNA was extracted from liver,
small intestine, spleen, or bone marrow using the Wizard genome
DNA isolation kit (Promega) and hydrolyzed (0.5–1.3 �g DNA/sam-
ple) to 3�-phosphodeoxynucleotides by digestion with micrococcal
endonuclease and spleen phosphodiesterase (both from Worthington
Biochemical Co., Lakewood, NJ). Nuclease P1 treatment (Calbio-
chem, San Diego, CA) was carried out to enrich the adducts. After
n-butanol extraction to remove most of the nonadducted 3�-phos-
phodeoxynucleotides, the 3�-phosphodeoxynucleosides were labeled
at the 5� positions with [32P]ATP (PerkinElmer Life and Analytical
Sciences, Boston MA) and T4 polynucleotide kinase (U.S. Biochem-
ical Corp., Cleveland, OH). Two-dimensional thin-layer chromatog-
raphy on polyethylenimine cellulose sheets were used to resolve the
32P-labeled DNA adducts (EM Scientific, Gibbstown, NJ). Visualiza-
tion and analyses were performed by scintillation counting (1900 CA;
PerkinElmer Life and Analytical Sciences) and autoradiography,
respectively. Adduct levels in each DNA sample were calculated from
the background-corrected adduct counts and the specific activity of
the radiolabeled-ATP and expressed as relative adduct labeling,
which is defined as the minimal estimate of the number of nucleo-
tides containing adducts, per 109 nucleotides, in the sample. This
value is based on the amount of DNA in each sample and on the
specific radioactivity of the [32P]ATP used in the assay. Triplicates of
each DNA sample were analyzed independently.

Statistical Analysis. For quantitative histology, means and
standard-errors-of-the-means were generated with the General Lin-
ear Model of the SAS. For adducts and all other measurements,
assays were performed in duplicate or triplicate, and the average
values were considered as one independent determination. Statisti-
cal differences between group-mean values were assessed by analy-
sis of variance and/or Student’s pairwise t tests. Data were normally
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distributed and are presented as means � S.E.M. A P value of 	0.05
was regarded as statistically significant.

Results
Decision on the Benzo[a]pyrene Dose. Previous stud-

ies from this laboratory had determined a regimen for oral
benzo[a]pyrene administration. Benzo[a]pyrene is delivered
in daily long-term doses by offering mice the food pellets
soaked in corn oil in which benzo[a]pyrene had been dis-
solved (Robinson et al., 1975). Studies using this regimen
demonstrated that C57BL/6 mice, consuming 125 mg/kg/day
of benzo[a]pyrene, remained healthy for at least 1 year with
no apparent toxic effects. For this reason, we compared three
doses (125 versus 12.5 versus 1.25 mg/kg/day) of oral benzo-
[a]pyrene in Cyp1�/� wild-type and Cyp1a1�/� knockout
mice, both genotypes of which have a C57BL/6J genetic back-
ground (Uno et al., 2004a). The difference between genotypes
was very dramatic: oral benzo[a]pyrene at 125 mg/kg/day
was lethal to all Cyp1a1�/� mice within 30 days, whereas
all Cyp1�/� mice showed no signs of toxicity for 1 year.
Cyp1a1�/� mice displayed increases in damage to immune
cells, and in benzo[a]pyrene-DNA adduct formation, detect-
able in some tissues—even at the 1.25 mg/kg/day regimen of
oral benzo[a]pyrene for 18 days.

On the 125 mg/kg/day routine, food consumption during
the first 10 days is not significantly different between
Cyp1�/� and Cyp1a1�/� mice; beyond 10 days, this starts to
become significantly (P 	 0.05) different, with Cyp1a1�/�

mice consuming less than wild-type mice. No differences in
food consumption between the genotypes are seen over 30
days on the 12.5 or 1.25 mg/kg/day regimens (Uno et al.,
2004a). Consequently, in the present study we chose 5 days
or 18 days of oral benzo[a]pyrene for all experiments. We
found no differences in the eating habits of any of the six
genotypes—except beyond 10 days for Cyp1a1�/� mice, and
to a lesser extent for Cyp1a1/1b1�/� mice, on the 125 mg/
kg/day dosing regimen (details described under Wasting and
Immunotoxicity Caused by Oral Benzo[a]pyrene).

CYP1 mRNA Levels after Exposure to Oral Benzo-
[a]pyrene. The RT-PCR data (Fig. 1) include estimations of
mRNA copy numbers for the three CYP1 mRNAs in the four
tissues from the six genotypes. With no benzo[a]pyrene ex-
posure (Fig. 1, last columns), wild-type mice showed negligi-
ble constitutive CYP1A1 mRNA in all four tissues examined
by RT-PCR; Cyp1�/� mice showed detectable constitutive
CYP1A2 mRNA in all four tissues that was lowest in small
intestine. Wild-type mice also showed measurable constitu-
tive CYP1B1 mRNA in all four tissues that was lowest in
liver. Compared with no benzo[b]pyrene, oral benzo[a]pyrene
for 5 days in Cyp1�/� wild-type mice induced CYP1A1 mRNA
to high levels in liver, small intestine, spleen, and bone
marrow (Fig. 1; compare first and last columns). In these
same wild-type mice, accumulation of CYP1A2 mRNA was
highest in liver and small intestine and slight in spleen, but
there was no significant induction in marrow. In these same
wild-type mice, induced CYP1B1 mRNA was highest in
spleen and minutely increased in bone marrow, liver, and
small intestine.

As expected, genetic ablation of the mouse Cyp1a1,
Cyp1a2, or Cyp1b1 gene resulted in no detectable CYP1A1,
CYP1A2, or CYP1B1 mRNA, respectively, in the four tissues

examined (Fig. 1). Also, as expected, the Cyp1a1/1b1�/�

double-knockout showed the complete absence of the
CYP1A1 and CYP1B1 mRNA, and the Cyp1a2/1b1�/� dou-
ble-knockout exhibited no detectable CYP1A2 or CYP1B1
mRNA.

Compared with wild-type mice exposed to oral benzo-

Fig. 1. Estimated copy numbers for the CYP1A1, CYP1A2, and CYP1B1
mRNA transcripts in the six different genotypes in this study, as evalu-
ated by RT-PCR (means � S.E.). Tissues were removed from each mouse
(n � 3 per group) after 5 days of oral benzo[a]pyrene (125/mg/kg daily) or
oil-soaked food without benzo[a]pyrene. From total RNA extracted from
mouse liver, small intestine, spleen, and bone marrow, mRNA levels are
expressed as -fold differences relative to Cyp1�/� wild-type mice—after
normalization to the housekeeping gene’s GAPDH mRNA. � and �
(bottom) denote presence or absence, respectively, of the Cyp1a1, Cyp1a2,
or Cyp1b1 genes in the wild-type, three single-knockout, and two double-
knockout lines, as well as treatment with benzo[a]pyrene or corn oil alone
in the food; the far right column shows wild-type animals not exposed to
oral benzo[a]pyrene. �, significant difference relative to oral benzo-
[a]pyrene-treated Cyp1�/� mice (P 	 0.05). ND, not detectable by RT-
PCR. Thus, in benzo[a]pyrene-treated wild-type liver, maximally induced
CYP1A2 mRNA levels are 5 to 10 times higher than maximally induced
CYP1A1, which in turn are �20 times greater than maximally induced
CYP1B1. In benzo[a]pyrene-treated wild-type small intestine, maximally
induced CYP1A1 mRNA levels are not significantly different from max-
imally induced CYP1A2, which in turn are �100 times higher than
maximally induced CYP1B1. In benzo[a]pyrene-treated wild-type spleen,
maximally induced CYP1B1 mRNA levels are �50 times higher than
maximally induced CYP1A1, which in turn are approximately three
times lower than maximally induced CYP1A2. In benzo[a]pyrene-treated
wild-type bone marrow, maximally induced CYP1B1 mRNA levels are 3
to 4 times higher than maximally induced CYP1A1, which in turn are
�100 times greater than maximally induced CYP1A2.
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[a]pyrene for 5 days, absence of the Cyp1a1 gene resulted in
large increases in CYP1B1 mRNA levels in all four tissues
examined, and increased CYP1A2 mRNA in liver, spleen,
and bone marrow (Fig. 1). Compared with benzo[a]pyrene-
treated wild-type mice, absence of the Cyp1a2 gene led to
significant decreases in CYP1A1 mRNA in liver, spleen, and
marrow and did not decrease CYP1B1 mRNA in any of the
four tissues. Absence of the Cyp1b1 gene resulted in both
large decreases in CYP1A1 mRNA and lowered CYP1A2
mRNA in all four tissues examined. Absence of both the
Cyp1a1 and Cyp1b1 genes caused increased CYP1A2 mRNA
in liver, small intestine, and especially spleen. Absence of
both the Cyp1a2 and Cyp1b1 genes led to increased CYP1A1
mRNA in spleen and no significant changes in CYP1A1
mRNA levels in liver, small intestine, or bone marrow.

Changes in the levels of a CYP1 mRNA in mice having the
genetic absence of one or more other Cyp1 genes in some
cases reflect dramatic differences in benzo[a]pyrene pharma-
cokinetics (see Benzo[a]pyrene Clearance in the Six Geno-
types). In other cases, these mRNA level changes may also
reflect compensatory changes in gene regulation that we do
not understand. It should be noted that some modest, seem-
ingly compensatory increases in the basal level of some CYP1
mRNAs have been detected when their family members have
been ablated; whether these increases indicate that these
genes are somehow primed for more robust benzo[a]pyrene-
meditated induction is not known.

CYP1 Protein Levels after Exposure to Oral Benzo-
[a]pyrene. Compared with no benzo[a]pyrene exposure, oral
benzo[a]pyrene for 5 days in Cyp1�/� wild-type mice induced
the CYP1A1 and CYP1A2 proteins in the same tissues (Fig.
2) comparable with what was seen with mRNA increases
determined by RT-PCR (Fig. 1). The same increases or de-
creases in CYP1 proteins in the three oral benzo[a]pyrene-
treated single-knockout and two double-knockout lines—
seen in the Western immunoblots of Fig. 2—very closely

paralleled that of the CYP1 mRNA levels; however, the levels
of mRNA determined by RT-PCR seemed to be more dra-
matic and also more quantitative than the Western blot
data.

Discrepant mRNA-to-protein levels are apparent. For
example, liver CYP1B1 mRNA is borderline detectable
in Cyp1�/� and Cyp1a2�/� mice and very prominent in
Cyp1a1�/� mice, yet CYP1B1 protein levels are slightly
greater in Cyp1a1�/� and Cyp1a2�/� than in wild-type mice;
in contrast, the intestinal, spleen, and bone marrow CYP1B1
proteins correlate extremely well with CYP1B1 mRNA mea-
surements by RT-PCR.

Benzo[a]pyrene Clearance in the Six Genotypes.
Previously (Uno et al., 2004a), we had evaluated the accu-
mulation of benzo[a]pyrene in blood after a gavage dose of
benzo[a]pyrene (15 mg/kg)—chosen because it roughly
approximates the amount of benzo[a]pyrene consumed as a
result of a single feeding of benzo[a]pyrene at 125 mg/kg/day.
When benzo[a]pyrene in whole blood was compared, we
found that Cyp1a1�/� knockout mice show a 4-fold greater
AUC, a 4-fold slower clearance rate, and a 2-fold longer
half-life than in Cyp1�/� wild-type mice. Although these
differences in benzo[a]pyrene clearance are quite dramatic,
they probably do not reflect that in mice consuming benzo-
[a]pyrene daily for 5 or 18 days; in mice not previously
induced, CYP1A1 levels are extremely low, approaching un-
detectable, but become induced after at least 6 or 12 h of oral
benzo[a]pyrene. Thus, to study also the effect of induced
CYP1A1 on circulating benzo[a]pyrene, we pretreated mice
48 h beforehand with TCDD (10 �g/kg), which is known to
induce Cyp1 gene expression maximally without overt toxic-
ity (Nebert, 1989). After TCDD pretreatment and compared
with Cyp1�/� wild-type mice, the Cyp1a1�/� AUC is 7-fold
greater, the clearance rate is 7-fold slower, and the half-life is
4-fold longer (Uno et al., 2004a).

The present study was thus extended to the additional
knockout mouse lines (Table 1). Without or with TCDD pre-
treatment, the primary determinant of benzo[a]pyrene clear-
ance was CYP1A1, although—in the absence of prior
CYP1A1 induction—CYP1B1 plays a modest role. Thus,
compared with Cyp1�/� mice, benzo[a]pyrene clearance is
greatly affected only in Cyp1a1�/� and Cyp1a1/1b1�/� mice.
In addition, without or with TCDD pretreatment, Cyp1a1/
1b1�/� mice—having total-body complement of CYP1A2 but
no CYP1A1 or CYP1B1—showed substantially greater AUC
values, slower benzo[a]pyrene clearance rates, and longer
half-lives than those of Cyp1a1�/� mice (Fig. 3).

Perhaps the most revealing data were the steady-state
blood concentrations of benzo[a]pyrene after 5 days of feeding
(Table 1). Compared with Cyp1�/� wild-type mice, the
Cyp1a1�/� and Cyp1a1/1b1�/� mice showed �25- and �75-
fold higher amounts of blood benzo[a]pyrene, respectively.
Hence, whereas the total-body absence of CYP1A1 dramati-
cally impairs benzo[a]pyrene clearance and elevates blood
levels of benzo[a]pyrene in oral benzo[a]pyrene-treated mice,
the combined absence of both CYP1A1 and CYP1B1 produces
a striking increase in blood levels of benzo[a]pyrene over that
seen in Cyp1a1�/� mice. For the remainder of this article,
one will note that the parameters in Cyp1�/�, Cyp1a2�/�,
Cyp1b1�/�, and Cyp1a2/1b1�/� mice are not substantially
different after administration of oral benzo[a]pyrene; from
this point forward, therefore, we will focus principally on the

Fig. 2. Western immunoblot analysis of microsomes from liver, small
intestine, spleen, and bone marrow—from the same six genotypes (n � 3
mice, combined), and same oral benzo[a]pyrene regimen, as in Fig. 1. For
the CYP1A1/1A2 blots, the lanes of liver and small intestine were loaded
with 4 �g of protein, and lanes of spleen and bone marrow were loaded
with 10 �g of protein. For the CYP1B1 blot, the lanes were loaded with 60
�g of microsomal (S9) protein per lane. � and � (bottom) denote presence
or absence, respectively, of the Cyp1a1, Cyp1a2, or Cyp1b1 genes in the
wild-type, three single-knockout, and two double-knockout mouse lines.
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comparison of Cyp1a1�/� and Cyp1a1/1b1�/� mice with
Cyp1�/� wild-type animals.

Wasting and Immunotoxicity Caused by Oral Benzo-
[a]pyrene. At 125 mg/kg/day, normal increases in body
weight over the 18 days (Fig. 4, top) were most severely
lacking in Cyp1a1�/� and then in Cyp1a1/1b1�/� mice; cu-
riously, Cyp1a2�/� and Cyp1a2/1b1�/� mice actually gained
weight significantly better than wild-type mice. At 12.5 and
1.25 mg/kg/day for 18 days, body weight increases in
Cyp1a1�/�, Cyp1a2�/�, Cyp1b1�/�, and Cyp1a1/1b1�/�

mice were significantly less than that in Cyp1�/� wild-type,
whereas Cyp1a2/1b1�/� weight gains were not different
from those of wild-type mice.

At 125 mg/kg/day for 18 days, spleen weights compared
with wild-type (Fig. 4, second from top) were most decreased
in Cyp1a1�/� and then in Cyp1a1/1b1�/� mice—with no
significant drop in the other three genotypes. At 12.5 mg/kg/
day for 18 days, spleen weights compared with wild-type
were significantly decreased in the Cyp1a1�/�, Cyp1a2�/�,
and Cyp1a1/1b1�/� mice. No significant differences occurred
at the 1.25 mg/kg/day dose.

At 125 mg/kg/day for 18 days, thymus weights compared
with wild-type (Fig. 4, third from top) were equally strikingly
decreased in Cyp1a1�/� and Cyp1a1/1b1�/� mice—with sig-
nificant increases in thymus weights in Cyp1a2�/� and
Cyp1a2/1b1�/� mice. At 12.5 mg/kg/day for 18 days, spleen
weights compared with wild-type were significantly de-
creased in the Cyp1a1�/�, Cyp1a2�/�, and Cyp1a1/1b1�/�

mice. At 1.25 mg/kg/day for 18 days, significant decreases in
thymus weights were still significant especially in Cyp1a1/
1b1�/� mice.

At 125 mg/kg/day and at 12.5 for 18 days, liver weights
compared with wild-type (Fig. 4, bottom) were increased in
Cyp1a1�/� and Cyp1a1/1b1�/� mice—with significant de-
creases in Cyp1a2/1b1�/� mice. At 1.25 mg/kg/day for 18
days, compared with wild-type liver weights, decreases in
liver weights were found in Cyp1b1�/�, Cyp1a1/1b1�/�, and
Cyp1a2/1b1�/� mice. It is noteworthy that the effects of oral
benzo[a]pyrene on total body weight and spleen weight in
Cyp1a1/1b1�/� mice are intermediate between those in
Cyp1a1�/� and wild-type mice; in contrast, the effects of oral
benzo[a]pyrene on liver weight and thymus weight in
Cyp1a1/1b1�/� and Cyp1a1�/� are equally strikingly differ-
ent from Cyp1�/� wild-type mice

Effects of Oral Benzo[a]pyrene on Plasma AST and
ALT Levels and Peripheral Blood Cells. At 125 mg/kg/
day for 18 days (Fig. 5, top two), plasma AST and ALT levels
were markedly elevated in Cyp1a1�/� mice and less elevated
(but ALT is significant) in Cyp1a1/1b1�/� mice. At 12.5 and
1.25 mg/kg/day for 18 days, the six genotypes showed no
significant differences in plasma AST and ALT levels.

At oral benzo[a]pyrene 125 mg/kg/day and compared with
Cyp1�/� wild-type, the hematocrit (Fig. 5, third from top)
was significantly depressed in Cyp1a1�/� mice—and, to a
lesser extent, Cyp1a1/1b1�/� and Cyp1a2/1b1�/� mice. At
benzo[a]pyrene 12.5 mg/kg/day, Cyp1a1�/� mice also showed
a significantly lower hematocrit. At benzo[a]pyrene 1.25 mg/
kg/day, no effects were seen in any of the six genotypes.

TABLE 1
Comparison of benzo
a�pyrene pharmacokinetic parameters in Cyp1�/� wild-type mice, the three single-knockout mouse lines, and the two double-
knockout mouse lines
Individual mice (n � 3) were repeatedly tested at 9 or 10 time points for each of the six genotypes, after stomach gavage of benzo
a�pyrene (15 mg/kg in corn oil). TCDD
pretreatment denotes 10 �g/kg body weight (in corn oil vehicle) 48 h before benzo
a�pyrene administration by gavage. Cyp1b1�/�, Cyp1a2�/�, and Cyp1a2/1b1�/� mice were
not significantly different from Cyp1�/� wild-type mice. All parameters of Cyp1a1�/� and Cyp1a1/1b1�/� mice were significantly different from Cyp1�/� wild-type animals
at P 	 0.01 and P 	 0.005, respectively. Values are given as means � S.D.

No TCDD Pretreatment TCDD Pretreatment
Benzo
a�pyrene

125 mg/kg/day � 5 daysa

AUC Clearance Half-Life AUC Clearance Half-Life

min � g/ml ml/min/kg min min � g/ml ml/min/kg min ng/ml

Cyp1�/� 32 � 9.1 490 � 134 31 � 11 16 � 5.0 984 � 310 16 � 3.2 2.2 � 1.6
Cyp1a1�/� 121 � 8 123 � 10 61 � 13 119 � 34 135 � 40 63 � 10 56 � 5.7
Cyp1a2�/� 37 � 11 418 � 94 36 � 6.2 26 � 4.9 629 � 59 18 � 3.4 1.5 � 0.51
Cyp1b1�/� 53 � 13 327 � 92 46 � 2.9 11 � 4.5 979 � 280 14 � 4.1 5.6 � 9.1
Cyp1a1/1b1�/� 140 � 78 106 � 75 70 � 41 151 � 80 115 � 50 77 � 49 165 � 46
Cyp1a2/1b1�/� 35 � 5.2 452 � 76 48 � 12 17 � 7.2 999 � 270 13 � 7.1 4.0 � 3.3
a Whole-blood benzo
a�pyrene concentrations, after 5 days of benzo
a�pyrene feeding at the 125 mg/kg/day dose. Individual mice (n � 3) were tested between 10 and 11 AM

each morning on days 3, 4, and 5; these values were similar on all 3 days and are averaged together, thus confirming that by days 3 to 5, the benzo
a�pyrene had already
reached steady-state levels in the blood.

Fig. 3. Comparison of benzo[a]pyrene clearance between Cyp1�/� wild-
type (E), Cyp1a1�/� (F), and Cyp1a1/1b1�/� (u) mice, after stomach
gavage of benzo[a]pyrene in corn oil at 15 mg/kg: top, without TCDD
pretreatment; bottom, with TCDD pretreatment (10 �g/kg body weight;
in corn oil vehicle 48 h before benzo[a]pyrene). n � 6 to 8 animals/group.
Values in this figure are given as means � S.D. To avoid clutter, the
clearance curves for Cyp1b1�/�, Cyp1a2�/�, and Cyp1a2/1b1�/� mice are
not shown but were not significantly different (P � 0.05) from that of
Cyp1�/� wild-type mice.
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Hemoglobin levels (not shown) paralleled the hematocrit
values.

An enhanced methemoglobin level is a sign of oxidative
stress in the intact animal. At oral benzo[a]pyrene 125 mg/
kg/day (Fig. 5, bottom), methemoglobin levels compared with
Cyp1�/� wild-type were strikingly increased in Cyp1a1�/�

mice and also significantly increased in Cyp1a1/1b1�/�

mice. At oral benzo[a]pyrene 12.5 mg/kg/day, methemoglobin
levels remained abnormally high and statistically significant
in Cyp1a1�/� compared with wild-type; no significant differ-
ences from wild-type were seen in the other genotypes. At the
1.25 mg/kg/day dose, no differences in any of the six groups

were detectable. Hence, elevated plasma AST and ALT lev-
els, decreased hematocrit, and increased methemoglobin con-
centrations in Cyp1a1/1b1�/� were intermediate between
those in Cyp1a1�/� and in Cyp1�/� mice (Fig. 5).

At oral benzo[a]pyrene 125 mg/kg/day and compared with
Cyp1�/� wild-type mice (Fig. 6, top two), the Cyp1a1�/�

knockout showed a striking decrease in percentage of lym-
phocytes, combined with a significant increase in percentage
of neutrophils. At oral benzo[a]pyrene 12.5 mg/kg/day
compared with Cyp1�/� wild-type mice, Cyp1a1�/� and
Cyp1b1�/� mice showed significant increases in percentage
of neutrophils and decreases in percentage of lymphocytes; at
oral benzo[a]pyrene 1.25 mg/kg/day compared with Cyp1�/�

wild-type mice, Cyp1b1�/� mice continued to show signifi-
cant increases in percentage of neutrophils and decreases in

Fig. 4. Comparison of the effects of oral benzo[a]pyrene (125, 12.5, or 1.25
mg/kg/daily) for 18 days in the six genotypes under study: percentage
change in body weight (top) and spleen (second from top), thymus (third
from top), and liver (bottom) wet weights per kilogram of body weight.
Order of the bars, from left to right, is consistent throughout the entire
article: Cyp1�/�, Cyp1a1�/�, Cyp1a2�/�, Cyp1b1�/�, Cyp1a1/1b1�/�, and
Cyp1a2/1b1�/� mice. n � 6 animals/group. Values are given as means �
S.E.M. �, significant difference (P 	 0.05) relative to the Cyp1�/� wild-
type. †, significant difference (P 	 0.05) relative to Cyp1a1�/� knockout
mice.

Fig. 5. Comparison of the effects of oral benzo[a]pyrene (125 mg/kg/daily)
for 18 days in the six genotypes under study: plasma AST and ALT
activities (top two rows) and hematocrit and percent methemoglobinemia
(bottom two rows). Order of the bars, from left to right, and statistical
comparisons, are the same as those in Fig. 4. n � 6 animals/group.
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percentage of lymphocytes. Doses of oral benzo[a]pyrene 10
or 100 times lower than the 125 mg/kg/day thus seem to
uncover some interesting subtle differences in the peripheral
lymphocyte/neutrophils ratios not seen at the highest benzo-
[a]pyrene dose; this same finding is true of benzo[a]pyrene-
DNA adducts (described under Benzo[a]pyrene-DNA Ad-
ducts).

Effects of Oral Benzo[a]pyrene on Bone Marrow.
Compared with wild-type mice treated with oral benzo-
[a]pyrene 125 mg/kg/day for 18 days (Fig. 6, bottom),
Cyp1a1�/� showed an overall loss of cellularity in the mar-
row. Megakaryocyte density (semiquantitative 1� to 4�) was
also significantly (P � 0.003) decreased in Cyp1a1�/� mice
but not in the other five genotypes; in quantitative differen-
tial counts of marrow (n � 12), Cyp1a1�/� showed a signifi-
cant (P � 0.035) decrease of eosinophils, compared with that

in wild-type and the other four genotypes. Megakaryocytes
and eosinophils are two components of the myeloid line.

Histology of the bone marrow (Fig. 7) showed dramatic
hypocellularity in oral benzo[a]pyrene-treated Cyp1a1�/�,
compared with Cyp1�/� wild-type mice (Fig. 7, top two).
Benzo[a]pyrene-treated Cyp1a1�/� showed decreases in the
myeloid and erythroid cell lines, hypercondensation of the
nuclei, an increase in Howell-Jolly bodies, and a slight in-
crease in number of micronuclei. The other four benzo-
[a]pyrene-treated genotypes—including the Cyp1b1�/� and
Cyp1a1/1b1�/� mice—displayed no significant decreases in
cellularity. In mice receiving the 12.5 or 1.25 mg/kg/day
benzo[a]pyrene dose for 18 days, no significant changes in
cellularity were found in any of the genotypes (data not
shown).

Benzo[a]pyrene-DNA Adducts. The relevance of benzo-
[a]pyrene-DNA adducts associated with benzo[a]pyrene-in-
duced CYP1A1-mediated tissue damage, mutagenesis, tera-
togenesis, and cancer is well established (Pelkonen and
Nebert, 1982; Nebert, 1989; Conney et al., 1994; Knize et al.,
1999; Miller and Ramos, 2001). At the oral benzo[a]pyrene
125 mg/kg/day dose for 18 days (Fig. 8, top) and compared
with Cyp1�/� wild-type mice, Cyp1a1�/� mice showed
slightly more benzo[a]pyrene-DNA adducts in liver and very
significantly higher adduct levels in small intestine, spleen

Fig. 6. Comparison of the effects of oral benzo[a]pyrene (125 mg/kg/daily)
for 18 days in the six genotypes under study: peripheral blood lympho-
cytes and neutrophils (top two rows) and bone marrow relative cellularity
(bottom row). Order of the bars, from left to right, and statistical com-
parisons, are the same as that in Fig. 4. n � 6 animals/group.

Fig. 7. Histology of bone marrow, comparing control with the effects of
oral benzo[a]pyrene on the six genotypes in the present study. The ben-
zo[a]pyrene-treated Cyp1a1�/� knockout shows striking hypocellularity
compared with the other five benzo[a]pyrene-treated genotypes and all
six control genotypes. Consistent with hypocellularity seen in Cyp1a1�/�

mice, the myeloid and erythroid lines demonstrated increased nuclear
hypercondensation, and there were an abnormally high number of How-
ell-Jolly bodies. Oral benzo[a]pyrene treatment was 125 mg/kg/day for 18
days. Scale bar, 20 �m.
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and bone marrow. Both Cyp1a2�/� and Cyp1b1�/� mice
showed significantly more adducts in small intestine but
fewer in bone marrow. Cyp1a1/1b1�/� showed significantly
fewer adducts in small intestine. The relative levels of
benzo[a]pyrene-DNA adducts—comparing Cyp1�/� with
Cyp1a1�/� and Cyp1a1/1b1�/� mice, especially in spleen
and bone marrow—parallel quite closely the relative magni-
tude of immunotoxicity described above in the three geno-
types.

At the oral benzo[a]pyrene 12.5 mg/kg/day dose for 18 days
(Fig. 8, bottom) and compared with Cyp1�/� mice, Cyp1a1�/�

mice showed significantly more benzo[a]pyrene-DNA ad-
ducts in liver, spleen, and bone marrow but not small intes-
tine. Cyp1a1/1b1�/� showed significantly higher adducts in
liver, spleen, and marrow and fewer adducts in small intes-
tine.

Benzo[a]pyrene-DNA Adduct Patterns. We found
more or less unique patterns and levels of benzo[a]pyrene-
DNA adducts among liver, small intestine, spleen, and bone
marrow from all six of the genotypes (Fig. 9). In liver, there
were at least nine distinct spots (putative benzo[a]pyrene-
DNA adducts) in Cyp1a1�/� mice, compared with only five in
the Cyp1�/� wild-type mouse; the patterns seen in the
Cyp1a2�/� and Cyp1a2/1b1�/� were similar, with at least
eight distinct spots. The Cyp1b1�/� pattern was different,
but most similar to the wild-type pattern. The Cyp1a1/
1b1�/� pattern was similar to the Cyp1a1�/� pattern but
showed perhaps three additional spots. In small intestine,

there were fewer spots in Cyp1a1�/� than in Cyp1�/� mice;
the Cyp1a1/1b1�/� pattern had by far the fewest number of
spots.

In spleen, the Cyp1a1�/� pattern (with at least eight spots)
was similar to that seen in liver and intestine, whereas the
Cyp1�/� pattern was very different from that seen in liver or
intestine, showing only three spots. The Cyp1a1/1b1�/� pat-
tern was similar to those of Cyp1a2�/�, Cyp1b1�/�, and
Cyp1a2/1b1�/� but also showed several unique spots. In
bone marrow, the Cyp1a1�/� pattern showed at least six
spots, whereas the wild-type pattern showed only three faint
spots. The Cyp1a1/1b1�/� pattern was more similar to the
Cyp1�/� pattern but with slightly greater intensity of the
spots. Intriguingly, the relative intensity of “the most prom-
inent spot” (in the lower left quadrant of spleen and marrow;
Fig. 9) seems to be proportionate to the relative degree of
immunotoxicity: Cyp1a1�/�   Cyp1a1/1b1�/� � Cyp1�/�

� Cyp1a2�/� � Cyp1b1�/� � Cyp1a2/1b1�/� treated with
oral benzo[a]pyrene for 18 days; this spot is also seen in liver
and small intestine but showed a similar intensity among the
six genotypes.

Fig. 8. Comparison of benzo[a]pyrene-DNA adduct formation in liver,
small intestine, spleen, and bone marrow from the six genotypes under
study after 18 days of oral benzo[a]pyrene at two doses: 125 mg/kg/day
daily (top) and 12.5 mg/kg/day daily (bottom). Order of the bars, from left
to right, is the same as that in Fig. 4. n � 4 animals/group. R.A.L.,
relative adduct levels, as detailed under Materials and Methods. Note
that the labeling on the ordinate differs by 1 order of magnitude between
the top and bottom panels.

Fig. 9. Autoradiograms after two-dimensional chromatography of the
benzo[a]pyrene-DNA adducts in liver, small intestine, spleen, and bone
marrow from the six genotypes under study, after oral benzo[a]pyrene
(125 mg/kg/day) for 18 days. Each is a representative blot of an adduct
extract from a tissue that had been tested for benzo[a]pyrene-DNA ad-
ducts, combined from individual mice (n � 4 per group).
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Because of the low amounts of adducts in 32P-postlabeling
experiments, mass spectroscopic analysis of “the most prom-
inent spot”, and perhaps some of the unique benzo[a]pyrene-
DNA adducts (i.e., found in one genotype but not the other),
is not technically feasible. However, the possibility exists
that DNA repair products that correspond to these unique
adducts could be detected in urine. This awaits future inves-
tigation.

Discussion
In the present study we have demonstrated that, compared

with Cyp1�/� wild-type animals, mice having the genetic
ablation of the Cyp1a1 gene and receiving oral benzo-
[a]pyrene daily for 18 days exhibit striking weight loss, at-
rophy of the spleen and thymus, and increased liver weight
(Fig. 4); elevated plasma AST and ALT levels, lowered he-
matocrit, and higher methemoglobin levels (Fig. 5); elevated
peripheral blood neutrophils combined with leukocytopenia
(Fig. 6); hypocellularity of the bone marrow (Figs. 6 and 7);
higher benzo[a]pyrene-DNA adduct levels in liver, but strik-
ingly higher adduct levels in the small intestine, spleen, and
bone marrow (Fig. 8); and differences in benzo[a]pyrene-DNA
adduct patterns and intensities (Fig. 9). In Cyp1a1/1b1�/�

mice—which lack total-body CYP1B1, in combination with
the absence of total-body CYP1A1—these parameters of tis-
sue damage and benzo[a]pyrene-DNA adducts are in some
cases markedly diminished. In stark contrast, all of these
parameters are very similar in wild-type, Cyp1a2�/� and
Cyp1b1�/� single-knockout, and Cyp1a2/1b1�/� double-
knockout mice. We conclude that oral benzo[a]pyrene-induc-
ible CYP1A1, presumably in small intestine and perhaps
liver, is far more important in benzo[a]pyrene detoxication
than in metabolic activation. In addition, these convergent
data (with the three single- and two double-knockout lines)
strongly suggest that basal and inducible CYP1B1, in im-
mune tissues such as spleen and bone marrow, is more re-
sponsible for the metabolic activation of benzo[a]pyrene than
for detoxication. This is in agreement with earlier studies
showing that PAH-inducible CYP1B1 is detectable in bone
marrow (Heidel et al., 1998; Galvan et al., 2003, 2005). Fi-
nally, we conclude that the role of basal or inducible CYP1A2,
in liver or intestine, seems to play a negligible role during all
of the observed oral benzo[a]pyrene-induced tissue damage.

CYP1B1 is known to predominate in formation of the diol-
epoxide for 7,12-dimethylbenzo[a]anthracene (DMBA),
whereas CYP1B1 function is similar to CYP1A1 function in
activation of the benzo[a]pyrene diol-epoxide (Galvan et al.,
2005). The fact that Cyp1b1-null mice are more resistant to
DMBA-induced hematotoxicity than Cyp1�/� wild-type mice
(Heidel et al., 1998) is consistent with the differential effects
on bone marrow seen by DMBA versus benzo[a]pyrene (Gal-
van et al., 2006). However, the fact that Cyp1b1�/� mice are
more resistant than wild-type mice to PAH-induced marrow
damage whereas Cyp1a1�/� mice are far more sensitive than
wild-type mice to PAH-induced marrow damage reflects two
factors detailed in the experimental results of this study.
First, in the absence of CYP1A1, benzo[a]pyrene accumu-
lates in the blood, and the internal organs undergo long-term
exposure to higher levels of benzo[a]pyrene. In the role of
benzo[a]pyrene clearance, CYP1A1 is much more important
than the other CYP1 family members. Second, CYP1B1

present in immune cells potentiates benzo[a]pyrene toxicity.
Is metabolic potentiation an inherent function of CYP1B1?
Data from this study do not answer this question, because
body burden is always relatively low in the presence of in-
ducible CYP1A1. To answer this question, we have generated
conditional Cyp1a1�/� mice in which CYP1A1 can be prefer-
entially eliminated only in the major organs involved in
benzo[a]pyrene clearance (i.e., intestine and liver). With
these mice, we should be able to assess the role of CYP1A1
and CYP1B1 at similar benzo[a]pyrene body burdens; such
experiments will be the subject of future reports.

Lack of Correlation between Benzo[a]pyrene-In-
duced Tissue Damage and Benzo[a]pyrene Total-Body
Burden. Clearance of benzo[a]pyrene (or any drug) is the
volume of plasma from which the compound is eliminated
from the body per unit of time per unit of body weight (Table
1). Clearance can also be calculated from a particular organ,
instead of the whole body; e.g., “renal clearance” denotes the
volume of plasma from which the chemical or drug is elimi-
nated (or extracted) per unit of time as it passes through the
kidneys. Likewise, “hepatic clearance” refers to the volume of
plasma that is cleared per unit of time as it passes through
the liver. If one sums all organ clearances, the result will be
total-body clearance. In most cases, total-body clearance is
calculated directly from a concentration-versus-time curve,
after intravenous administration, by calculating the constant
of elimination (k) for a first-order kinetics process and by
calculating the apparent volume of distribution of the chem-
ical. Total-body clearance is the best parameter by which to
estimate true elimination of a given compound, because it
takes into account not only the pure “elimination” processes
of metabolism and excretion but also accounts for the volume
of distribution of the compound throughout the entire body.

We had concluded previously that the effects of wasting,
immunotoxicity, and DNA adduct formation are closely asso-
ciated in Cyp1a1�/� mice with large increases in the AUC,
decreases in the benzo[a]pyrene clearance rate, and a longer
half-life of benzo[a]pyrene excretion (Uno et al., 2004a). How-
ever, in Cyp1a1/1b1�/� mice in which oral benzo[a]pyrene-
induced damage has been reversed—because of the total-
body absence of CYP1B1 as well as CYP1A1—the increases
in the AUC, decreases in the benzo[a]pyrene clearance rate,
and increases in half-life are even larger compared with that
in Cyp1a1�/� mice (Table 1; Fig. 3). The magnitude of ben-
zo[a]pyrene-induced tissue damage is therefore not corre-
lated with benzo[a]pyrene total-body burden. This is an ex-
cellent example in the fields of pharmacokinetics and
toxicokinetics: plasma clearance (or presumed total-body
clearance) is not necessarily a good predictor of what might
be occurring in any specific target tissue—with regard to the
presence or absence of toxicity caused by any particular drug
or other environmental toxicant.

Effects of Benzo[a]pyrene on Thymic Atrophy and
Liver Hypertrophy Differ from Those on All Other Pa-
rameters. Compared with the effects seen in oral benzo-
[a]pyrene-treated Cyp1a1�/� knockout versus Cyp1�/� wild-
type mice, the wild-type phenotype was more or less restored
in benzo[a]pyrene-treated Cyp1a1/1b1�/� mice—except for
thymus weight and liver weight (Fig. 4). Thymic atrophy
(Staples et al., 1998; Hundeiker et al., 1999; Laiosa et al.,
2003; Tomita et al., 2003; Nohara et al., 2005) and hepatocyte
hypertrophy often measured by liver weight/total body
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weight (Uno et al., 2004b) are two cardinal signs of long-term
AHR activation. Thymic atrophy and hepatocyte hypertro-
phy are just as severe in Cyp1a1/1b1�/� as in Cyp1a1�/�

mice (Fig. 4). Oral benzo[a]pyrene for 18 days obviously is
able to continuously activate AHR, similar to what a single
dose of TCDD is able to do: even though benzo[a]pyrene is
metabolized many times more rapidly than TCDD, daily
benzo[a]pyrene in the diet would serve to persistently acti-
vate the AHR. Thus, the presence or absence of CYP1B1
metabolism in the thymus or liver is independent of oral
benzo[a]pyrene-induced thymic atrophy or hepatocyte hyper-
trophy, whereas it seems likely that long-term activation of
the AHR is responsible for these tissue-specific effects.

Altered Cyp1 Gene Expression in Oral Benzo[a]-
pyrene-Treated Single- and Double-Knockout Mouse
Lines. Strikingly altered CYP1 mRNA levels (Fig. 1), cou-
pled with CYP1 protein levels (Fig. 2), were sometimes ob-
served in oral benzo[a]pyrene-treated mice lacking one or
more of the Cyp1 genes. Two possible explanations must be
considered. First, pharmacokinetics: changes in the tissue
distribution and concentration of benzo[a]pyrene might lead
to altered levels of CYP1 induction. Second, there might be
as-yet-unappreciated compensatory changes at the Cyp1
transcriptional, post-transcriptional, or post-translational
level.

Compared with wild-type mice having inducible CYP1A1,
a lack of the Cyp1a1 gene resulted in large increases in
CYP1B1 levels in all four tissues examined, and increased
CYP1A2 in liver only. The oral benzo[a]pyrene-treated
Cyp1a1�/� mouse clears benzo[a]pyrene from the body much
more slowly than Cyp1�/� mice (Uno et al., 2004a). The
observations in Figs. 1 and 2 thus are consistent with more
benzo[a]pyrene, in these cell types, available for causing
CYP1 induction via the AHR.

Compared with benzo[a]pyrene-treated wild-type mice, ge-
netic ablation of the Cyp1a2 gene led to significant decreases
in CYP1A1 in liver and marrow only and decreased CYP1B1
in marrow only. Moreover, absence of the Cyp1b1 gene re-
sulted in large decreases in CYP1A1 and lowered CYP1A2 in
all four tissues examined. There seems to be no satisfactory
explanation for these observations in terms of pharmacoki-
netics; these effects might reflect compensatory changes in
the genome or that benzo[a]pyrene metabolism by CYP1A2,
or especially tissue-specific CYP1B1, produce the inducing
chemical.

In Cyp1a2�/� mice, no effects on hepatic CYP1A1 mRNA
levels, constitutive or inducible by intraperitoneal TCDD,
were found (Liang et al., 1997). This observation, at variance
with the present findings, might reflect differences in chem-
ical stability or metabolism between benzo[a]pyrene and
TCDD and/or differences in route-of-administration between
oral and intraperitoneal treatment of the inducer.

Absence of both the Cyp1a1 and Cyp1b1 genes (Figs. 1 and
2) caused increased CYP1A2 in liver and small intestine, and
especially spleen. These findings might be consistent with
higher levels of the benzo[a]pyrene inducer, combined with
available Cyp1a2 gene inducibility, in these cell types.

Finally, absence of both the Cyp1a2 and Cyp1b1 genes
caused increased CYP1A1 in spleen but no significant
changes in liver, small intestine or bone marrow (Figs. 1 and
2). These data might be explained by higher benzo[a]pyrene
levels in spleen, because of the absence of CYP1B1, again

combined with available Cyp1a1 gene inducibility, in the
spleen cell types; in contrast, absence of CYP1B1 in marrow
did not result in significant CYP1A1 increases in Cyp1a2/
1b1�/� mice; these data thus suggest a compensatory
genomic change in spleen CYP1A1

Benzo[a]pyrene-DNA Adduct Formation in Absence
of Both CYP1A1 and CYP1B1. Among the best enzymes for
the oxidation of benzo[a]pyrene to reactive metabolites are
CYP1A1 and CYP1B1 (Shimada et al., 2001; Nebert et al.,
2004). However, at the 12.5 mg/kg/day benzo[a]pyrene dose,
Cyp1a1/1b1�/� mice exhibit substantial increases in benzo-
[a]pyrene-DNA adduct formation over wild-type mice in liver
and spleen, and a slight but significant increase in bone
marrow (Fig. 8). What other enzymes in these tissues might
be involved in such metabolism? PAHs such as benzo-
[a]pyrene are known to induce one or more forms of CYP2A
(Kimura et al., 1989), CYP2C (Fisslthaler et al., 1999), and
CYP2S1 (Rivera et al., 2002) enzymes; whether these en-
zymes, in turn, are able to metabolize benzo[a]pyrene to
oxygenated reactive intermediates is not yet known. PAHs
such as benzo[a]pyrene are known to be potent substrates for
cyclooxygenase-2 (Marnett et al., 1982) and CYP2C (Meehan
et al., 1988), and CYP1A2 is able to oxygenate benzo-
[a]pyrene to some limited degree (Shimada et al., 1996).

Conclusions
We have shown in the present study several lines of con-

vergent data with oral benzo[a]pyrene, suggesting that in-
ducible CYP1A1—probably in both intestine and liver—is
most important in benzo[a]pyrene detoxication. Moreover,
CYP1B1 in spleen and in bone marrow seems to be respon-
sible for metabolic activation of benzo[a]pyrene, which re-
sults in immune damage in the genetic absence of CYP1A1.
We also show evidence that both thymus atrophy and hepa-
tocyte hypertrophy are independent of CYP1B1 metabolism;
rather, these tissue-specific damages reflect long-term acti-
vation of the aryl hydrocarbon receptor. Finally, we have
demonstrated that the magnitude of immune damage in
Cyp1b1�/� and Cyp1a1/1b1�/� mice can be independent of
plasma benzo[a]pyrene total-body burden and clearance.

It has been proposed (Nebert et al., 2004; Uno et al., 2004a)
that phase I (CYP1) metabolism and phase II (conjugation)
metabolism might be either tightly or loosely “coupled”, de-
pending on the tissue and cell type. Studies herein support
further our hypothesis that oral benzo[a]pyrene-induced
CYP1A1 in intestine and probably liver is beneficial to the
mouse, whereas benzo[a]pyrene metabolism by CYP1B1 in
the spleen and bone marrow is detrimental to the mouse.
Using tissue- and cell-type-specific conditional knockouts of
these various Cyp1 genes, we hope in the near future to
understand more fully this delicate balance between CYP1A1
and CYP1B1 during their functions of activation and detox-
ication.
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