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The inducible expression of the cytochrome P450 2B
subfamily was investigated in male C57BL/6 (B6) and
DBA/2 (D2) mice, as well as their hybrids, B6D2F1, at
the mRNA level. The expression of hepatic CYP2B
mRNAs in B6 was lightly induced by B-estradiol (ES),
while that by phenobarbital (PB) or 1,1,1-trichloro-
2,2-bis(p-chlorophenyl) ethane (DDT) was prominent.
Discriminating analysis showed a novelty that ES
markedly induced CYP2B9 mRNA expression,
whereas PB and DDT increased CYP2B10 more than
CYP2B9 expression: albeit both mRNA species re-
sponded to all three inducers. Furthermore, the spe-
cific induction by ES of CYP2B9 mRNA in B6 male
mice, but not D2 male mice, suggests strain depen-
dency in the regulatory pathway of CYP2B9
expression. © 2000 Academic Press
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Cytochrome P450s (P450) represent a large group of
monooxygenases considered as the major enzymes in
the biotransformation of a myriad of structurally di-
verse compounds of both endogenous and exogenous
origin (1, 2). The expression of these enzymes is regu-
lated by complex mechanisms involving many factors
like sex, age, diet composition, and strain (3-7), as well
as endocrine sex and glucocorticoid hormones (3, 4,
8-11). The CYP2B subfamily accounts for one of the
major P450 species expressed in the liver (10, 12).
CYP2B9 and CYP2B10 are major CYP2B isoenzymes
constitutively and inducibly expressed in the mouse
liver (3, 8, 10, 13) and Kkidney (14).

Abbreviations used: P450, cytochrome P450; B6, C57BL/6; D2,
DBA/2; F1, B6D2F1; ES, B-estradiol benzoate; PB, phenobarbital so-
dium; DDT, 1,1,1-trichloro-2,2-bis(p-chlorophenyl) ethane; PBREM,
phenobarbital-responsive enhancer module; RT-PCR, reverse
transcriptase—polymerase chain reaction; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; PAGE, polyacrylamide gel electrophoresis;
SSC, standard saline citrate.
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The expression of CYP2B isoenzymes in the mu-
rine liver is modulated by various structurally di-
verse compounds, such as PB (7-16), DDT (14, 17,
18), sex hormones (3, 8—10), and glucocorticoid hor-
mones (3, 5, 6, 8, 10-12). PB induces hepatic
CYP2B9 and CYP2B10 mRNA expressions, whereas
Dex markedly induces CYP2B10 expression, while
simultaneously suppressing CYP2B9 (10). In addi-
tion, the PB induction of CYP2B mRNA expression
has been reported in both male and female (8, 10).
The regulatory mechanism for CYP2B involving PB
has been proposed to occur through a key regulatory
factor, the liver-enriched orphan nuclear receptor
CAR (Constitutive Active Receptor) that interacts
with the multiple responsive element PBREM which
localize in the 5'-flanking region of the Cyp2b10 gene
(19-22). Along with CYP2B10, we have found that
CYP2B9 was induced by PB (8, 10, 14) but, since the
induction was weak, a previous paper doubted that
CYP2B9 responded to PB (3). CYP2B9 is promi-
nently expressed in the female mouse liver. Since
relatively little is known about the regulatory mech-
anism of CYP2B9 expression, it is worth ascertain-
ing the induction factor(s) involved in the regulatory
pathway.

In the present study, we investigated the constitu-
tive and inducible expression of CYP2B9 and CYP2B10
MRNA in the liver of two inbred mouse strains
(C57BL/6 and DBA/2), as well as their hybrid, B6D2F1,
and determined specific responses to ES. The expres-
sion of CYP2B9 mRNA was potently induced by ES in
the liver of B6 male mice. In addition, expression of
CYP2B9 mRNA was found to be induced by ES in the
liver of the F1 hybrid mice, albeit at lower levels than
in B6 mice, whereas it was hardly seen at all in D2
male mice. These findings suggest that the expression
of CYP2B9 species is under hormonal as well as genetic
control. This is the first report of a potent inducer for
investigation of the regulatory pathway of CYP2B9

expression.
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MATERIALS AND METHODS

Chemicals. B-Estradiol benzoate, DDT (1,1,1-trichloro-2,2-bis(p-
chlorophenyl) ethane), and phenobarbital sodium were supplied by
Nacalai Tech (Tokyo, Japan). The partial cDNA clone of mouse
CYP2B10 was a generous gift from Dr. M. Negishi (NIEHS, USA).
Restriction endonuclease, the RNA PCR kit, and T4 polynucleotide
kinase were obtained from TaKaRa Biomedicals (Shiga, Japan).
[a-*P]dCTP (3000 Ci/mol) was an ICN Biomedicals’ product (Costa
Mesa, CA). Amersham Pharmacia Biotech Co. (Buckingham, En-
gland) supplied the [y-*P]JATP (6000 Ci/mol) and membranes for
blotting (Hybond-N). All other laboratory chemicals were of the
highest purity and from commercial suppliers.

Animals. Adult C57BL/6, DBA/2, and B6D2F1 male mice
weighing 20-25 g were supplied by Charles River (Yokohama,
Japan). Three to four mice per group were daily subcutaneously
administered with 0.5 mg/kg/day of B-estradiol benzoate in corn
oil for 7 days, or intraperitoneally given 100 mg/kg/day of pheno-
barbital sodium in PBS for 3 days. DDT in corn oil at a dose of 100
mg/kg/day was daily subcutaneously injected for 3 days into adult
C57BL/6 male mice. The control group was simply left untreated
because the vehicles did not significantly change CYP2B expres-
sion. The mice were killed 24 h after the last injection by decap-
itation.

Preparation of mMRNA and hybridization to P450 probes. Livers
were quickly excised, and total RNA was immediately prepared as
described (8, 10). Northern blotting was performed after the dena-
tured RNA has been size-fractionated on 1.3% agarose gel containing
formaldehyde. Hybridization proceeded at 42°C overnight in a mix-
ture containing 50% formamide, 10X Denhardt’s solution, 5X SSC,
50 mM sodium phosphate, pH 6.4, salmon testis DNA at 0.25 mg/ml,
and a [a-*’P]-labeled cDNA probe. The blots were washed twice for 15
min with 2X SSC and 0.1% SDS at 65°C and then for two 15-min
periods with 0.2X SSC and 0.1% SDS at 65°C. The membranes were
exposed to Fuji X-ray film at —80°C with an intensifying screen
(DuPont). Since in both nucleotide sequence and size, the CYP2B9
and CYP2B10 mRNAs are very similar (8, 10, 23, 24), the two cannot
be distinguished. Therefore, the mMRNA detected on the northern
blots is referred to CYP2B.

RT-PCR. Total RNA was reverse-transcribed using random
primers and cDNAs for mouse CYP2B9 and CYP2B10 were ampli-
fied under the incubation conditions recommended by the supplier
(TaKaRa Biomedicals, Shiga, Japan) of RNA PCR kit ver. 2.1. Spe-
cific oligonucleotide primers were selected according to Nemoto et al.
(8) using “Primer Detectives” software (Clontech Laboratories, Palo
Alto, CA). The sense primer for both CYP2B9 and CYP2B10 was
5'-CTCTTCCAGTGCATCAC-3’ and the antisense primer was 5'-
CAATGTAGTCGAGGAGTTCC-3'. The latter was end-labeled with
[y-*PJATP using T4 polynucleotide kinase. The product length was
229 bases, scanning the region from 511 to 739 of the open reading
frames. To verify which mRNA species was expressed, the PCR
products were digested with a restriction enzyme and then resolved
by 10% PAGE. CYP2B9 and CYP2B10 were digestable with Bglll
and Hhal, respectively. Since the amplification efficiency was equal
between CYP2B9 and CYP2B10 cDNAs, we considered that the
amounts of RT-PCR products reflect the initial ratio of respective
mRNA species. The gel was dried and exposed to an X-ray film. To
normalize the RNA quantity applied, portions of the cDNA samples
were simultaneously amplified by PCR using primers for GAPDH
cDNA. The nucleotide sequence of the sense primer was 5'-
TCCACTCACGGCAAATTCAACG-3' and that of the antisense
primer was 5'-TAGACTCCACGACATACTCAGC-3'. The PCR prod-
uct, 145 bases-in-length, was resolved by 10% PAGE and stained
with ethidium bromide (10). The number of PCR cycles was deter-
mined within a linear amplification.
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FIG. 1. Induction of hepatic CYP2B9 and CYP2B10 mRNA ex-
pression by P450 inducers in C57BL/6 mice. Adult C57BL/6 mice
were daily subcutaneously treated with 1,1,1-trichloro-2,2-bis(p-
chlorophenyl) ethane (DDT) at 100 mg/kg/day for 3 days, or
B-estradiol benzoate (ES) at 0.5 mg/kg/day for 7 days, as well as
phenobarbital sodium (PB) intraperitoneally at 100 mg/kg/day for 3
days. The animals were killed 24 h after the last injection to prepare
total RNA. (A) Twenty micrograms of total RNA from untreated or
ES-treated mice and two micrograms from PB- or DDT-treated mice
were Northern-blotted using a cDNA probe for CYP2B10. (B) Dis-
crimination of expressed CYP2B9 and CYP2B10 mRNA by RT-PCR.
NT, no treatment; DDT, 1,1,1-trichloro-2,2-bis(p-chlorophenyl)
ethane; ES, B-estradiol benzoate; PB, phenobarbital sodium; H,
Hhal; B, Bglll; PCR 28 cycles; 1 and 2 indicate individual animals.

RESULTS AND DISCUSSION

Induction of hepatic CYP2B9 and CYP2B10 mRNA
expression by P450 inducers in C57BL/6 male mice.
The expression of hepatic CYP2B mRNAs was mark-
edly induced by PB and DDT in both sexes of B6 mice,
while it was also increased by ES in male, but not
prominently in female (Fig. 1A). Since the mRNA de-
tected on the Northern blots is referred to CYP2B as
described above, we ascertained whether CYP2B9 or
CYP2B10, or both were augmented by these inducers
in the male mouse liver. We found that both CYP2B9
and CYP2B10 mRNAs were induced by these inducers
(Fig. 1B). Consistent with our previous findings, PB
induced the expression of both CYP2B9 and CYP2B10
MRNAs, with CYP2B10 more inducible than CYP2B9
(10, 14). CYP2B10 mRNA was also markedly induced
by DDT, while interestingly, ES chiefly increased
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FIG. 2. Induction of CYP2B expression by p-estradiol in male C57BL/6 and DBA/2 mice. Adult male C57BL/6 and DBA/2 mice were daily
subcutaneously administered with ES or PB as described in the legend to Fig. 1. The animals were killed 24 h after the last injection to
prepare total RNA. (A) Twenty micrograms of total RNA was Northern-blotted using a cDNA probe for CYP2B10. (B) Discrimination of
expressed CYP2B9 and CYP2B10 mRNA by RT-PCR. NT, no treatment; ES, p-estradiol benzoate; PB, phenobarbital sodium; H, Hhal; B,
Bglll; PCR 28 cycles; 1, 2, and 3 indicate individual animals.

CYP2B9. Regarding the discrepancy in the level of it might be that the cDNA probe used in the present
CYP2B mRNA expression in the presence of PB and experiment is more specific to CYP2B10 than other
PB-type inducers, DDT, and ES in the Northern blots, CYP2B subfamilies, whereas the expression of both

TABLE 1
Inducible Expression of Hepatic CYP2B9 and CYP2B10 mRNAs by Estradiol and Phenobarbital in Male Mice

Expression®

Strain Inducer CYP2B9 CYP2B10 Ratio of CYP2B9/CYP2B10

C57BL/6 No treatment 3.7*+0.6 (100) 5.9 +2.8 (100) 0.91 = 0.61 (100)
Estradiol 190.7 * 41.1°* (5139) 89+24 (152) 21.83 * 2.49% (2399)
Phenobarbital 52.8 = 29.2% (1424) 361.9 + 63.6" (6176) 0.14 + 0.05* (15)

DBA/2 No treatment 21*+16 (100) 1.8+1.1 (100) 1.48 = 0.84 (100)
Estradiol 3.4+20 (163) 3.6 +22 (195) 0.93 + 0.08 (63)
Phenobarbital 58.3 = 15.2% (2775) 155.8 + 49.0% (8512) 0.39 = 0.09* (26)

B6D2F1 No treatment 0.4 +0.0 (100) 0.8 +0.1 (100) 0.49 = 0.02 (100)
Estradiol 20.2 + 14.6* (5305) 2.3 0.7 (292) 8.05 + 3.71% (1642)
Phenobarbital 13.1 = 7.3%  (3439) 285.9 + 26.6" (36190) 0.04 + 0.02% (8)

Note. Results are expressed as the mean = SD (% Induction) for 3—4 individual mice per group.
# Expression level was quantified by BAS2000 Image Analyzer after the gel-exposed imaging plate was scanned by BAS2000 Scanner.
® Significantly different from the same strain and P450 isoform of the untreated group by the Student t test: *P < 0.01, “P < 0.001.
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Induction of CYP2B9 and CYP2B10 mRNA expression by B-estradiol in male B6D2F1 mice. Adult male B6D2F1 mice were daily

subcutaneously administered with ES or PB as described in the legend to Fig. 1. The animals were killed 24 h after the last injection to
prepare total RNA. (A) Twenty micrograms of total RNA was Northern-blotted using a cDNA probe for CYP2B10. (B) Discrimination of
expressed CYP2B9 and CYP2B10 mRNA by RT-PCR. NT, no treatment; ES, estradiol benzoate; PB, phenobarbital sodium; H, Hhal; B, Bglll;

PCR 28 cycles; 1, 2, 3, and 4 indicate individual animals.

CYP2B9 and CYP2B10 can be determined by RT-PCR
analysis. Alternatively, the Northern blots might con-
tain not only CYP2B9 and CYP2B10 mRNA, but other
unknown species. Since CYP2B9 mRNA is constitu-
tively expressed at high level in the untreated female
mouse liver, we could not observe a clear induction by
ES in this experiment.

Although we detected an induction of CYP2B9 spe-
cies by ES, one report has shown that PB, a classical
CYP2B inducer, has a negligible effect on mRNA ex-
pression (3) and another the existence of strain depen-
dency in PB-inducible CYP2B9 mRNA expression (5).
However, different strains or animal suppliers were
used in the present study. We, therefore, further inves-
tigated how the mRNA expression of CYP2B9 and
CYP2B10 induced by ES in the D2 male mice, classi-
fied as a separate PB-responsive strain (13), differs
from that induced in B6.

The induction of hepatic CYP2B9 and CYP2B10
MRNA expression by B-estradiol and phenobarbital in
C57BL/6 and DBA/2 male mice. ES did not clearly
induce the expression of CYP2B mRNA in D2 as in B6
mice, while PB markedly increased the expression in
both strains to nearly the same extent (Fig. 2A). After
discrimination by RT-PCR, CYP2B10 was constitu-
tively expressed in both B6 and D2 mice, although the
level in D2 was very low in the autoradiograph (Fig.
2B). ES dominantly induced CYP2B9 mRNA expres-
sion in B6, but not in D2, whereas PB induced both
species regardless of the mouse strain, with the expres-
sion of CYP2B10 mRNA induced to a greater extent
than that of CYP2B9 consistent with our previous
studies (10, 14). Our observations did not agree with a
previous report (5) that PB reduced CYP2B9 mRNA
expression in D2 male mice. However, our procedure
for differentiating mRNA species differs from that of
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Damon et al. (5), who conducted RT-PCR reactions
with either CYP2B9 or CYP2B10 separately, and dis-
tinguished between these mMRNAs. We, however, coam-
plified the CYP2B9 and CYP2B10 mRNAs during the
PCR reaction and discriminated between them by a
specific restriction endonuclease digestion as described
under Materials and Methods. Moreover, using differ-
ent animal sources, there may be strain dependency in
CYP2B expression.

As evidence of a strain-specific induction by ES of
CYP2B9 expression, we have estimated the ratio of
CYP2B9 to CYP2B10 (Table 1) and in untreated ani-
mals, found it not to differ significantly between these
two inbred mouse strains. ES significantly raised the
ratio in B6 (P > 0.001), but not in D2 mice. PB,
although it increased the expression overall, markedly
reduced the ratio of CYP2B9/CYP2B10 in both B6 and
D2 mice. These observations affirmed the strain-
dependency of the increase in CYP2B9 mRNA expres-
sion induced by ES in male mice.

The induction of hepatic CYP2B9 and CYP2B10
MRNA expression by B-estradiol and phenobarbital in
B6D2F1 male mice. To obtain information on the ge-
netic basis of the ES induction of CYP2B9 mRNA, we
carried out an experiment in cross-inbred B6D2F1
male offspring. Since northern-blot analysis did not
show a perceptible induction by ES of CYP2B mRNA
(Fig. 3A), RT-PCR analysis with RNA of F1 was per-
formed (Fig. 3B). The ratio of CYP2B9 to CYP2B10
MRNA expression in F1 hybrids after treatment with
ES was significantly increased (1642% induction) com-
pared to in the untreated group, as it was between B6
and D2 (Table 1). PB also decreased the ratio of
CYP2B9/CYP2B10 in F1 hybrid mice. This evidence
revealed that the inducibility of CYP2B9 by ES was
semidominantly succeeded to F1 hybrid male mice.

The regulatory mechanism behind the expression of
CYP2B9 mRNA, a female-specific species inducibly ex-
pressed in the mouse liver, has yet to be elucidated. A
potent inducer is needed to investigate the regulatory
pathway of CYP2B9 expression. This study hints at the
existence of sex hormones and of a genetic basis to the
regulatory pathway.

ACKNOWLEDGMENTS

This work was partly supported by Grants-in-Aid from the Japanese
Ministry of Education, Culture, Sport, and Science, as well as the
Smoking Research Foundation. The authors express special thanks to
Dr. M. Negishi, NIEHS (Research Triangle Park, NC), for kindly sup-
plying the plasmid containing cDNA for the mouse Cyp2b10 gene.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

REFERENCES

1. Nebert, D. W., Nelson, D. R., Coon, M. J., Estabrook, R. W.,
Feyereisen, R., Fujii-Kuriyama, Y., Gonzalez, F. J., Guengerich,
F. P., Gunsalus, I. C., Johnson, E. F., Loper, J. C., Sato, R.,
Waterman, M. R., and Waxman, D. J. (1991) DNA Cell Biol. 10,
1-14.

2. Dannan, G. A., Guengerich, F. P., and Waxman, D. J. (1986)
J. Biol. Chem. 261, 10728-10735.

3. Honkakoski, P., Kojo, A., and Lang, M. (1992) Biochem. J. 285,
979-983.

4. Ahir, S., and Mohla, S. (1989) Cancer Res. 49, 3737-3741.

5. Damon, M., Fautrel, A., Guillouzo, A., and Corcos, L. (1996)
Biochem. J. 317, 481-486.

6. Sharma, M. C., Agrawal, A. K., Sharma, M. R., and Shapiro,
B. H. (1998) Biochem. Pharmacol. 56, 1251-1258.

7. Larsen, M. C., Brake, P. B., Parmar, D., and Jefcoate, C. R.
(1994) Arch. Biochem. Biophysics. 315, 24-34.

8. Nemoto, N., and Sakurai, J. (1995) Arch. Biochem. Biophysics.
319, 286-292.

9. Chang, T. K. H., Anderson, M. D., Bandiera, S. M., and Bellward,
G. D. (1997) Drug Metab. Dispos. 25, 994-1000.

10. Jarukamjorn, K., Sakuma, T., Miyaura, J-l1., and Nemoto, N.
(1999) Arch. Biochem. Biophys. 369, 89-99.

11. Schuetz, E. G., Schmid, W., Schutz G., Brimer, C., Yasuda, K.,
Kamataki, T., Bornheim, L., Myles, K., and Cole, T. J. (2000)
Drug Metab. Dispos. 28, 268-278.

12. Guengerich, F. P., and Shimada, T. (1991) Chem. Res. Toxicol. 4,
391-407.

13. Corcos, L. (1992) Drug Metab. Dispos. 20, 797—801.

14. Jarukamjorn, K., Sakuma, T., Yamamoto, M., Ohara, A., and
Nemoto, N. (2000) Biochem. Pharmacol., in press.

15. Meehan, R. R., Forrester, L. M., Stevenson, K., Hastie, N. D.,
Buchmann, A., Kunz, H. W., and Wolf, C. R. (1988) Biochem. J.
254, 789-797.

16. Sakuma, T., Ohtake, M., Katsurayama, Y., Jarukamjorn, K., and
Nemoto, N. (1999) Drug Metab. Dispos. 27, 379-384.

17. Peraino, C., Mickael, F., Staffeld, E., and Christopher, J. P.
(1975) Cancer Res. 35, 2884-2890.

18. Nim, R. W, Lubet, R. A, Fox, S. D., Jones, C. R, Thomas, P. E.,
Reddy, A. B., and Kocarek, T. A. (1998) J. Toxicol. Environ.
Health 53, 455-477.

19. Honkakoski, P., and Negishi, M. (1998) J. Biochem. Mol. Toxicol.
12, 3-9.

20. Honkakoski, P., Moore, R., Gynther, J., and Negishi, M. (1996)
J. Biol. Chem. 271, 9746-9753.

21. Honkakoski, P., and Negishi, M. (1997) J. Biol. Chem. 272,
14943-14949.

22. Honkakoski, P., Zelko, 1., Sueyoshi, T. and Negishi, M. (1998)
Mol. Cell Biol. 18, 5652-5658.

23. Noshiro, M., Lasko, M., Kawajiri, K., and Negishi, M. (1988)
Biochemistry 27, 6434—-6443.

24. Sakurai, J., Funae, Y., Nemoto, N. (1996) Biochem. Biophys.
Acta 1313, 35-40.

292



	MATERIALS AND METHODS
	RESULTS AND DISCUSSION
	FIG. 1
	FIG.2
	TABLE 1
	FIG. 3

	ACKNOWLEDGMENTS
	REFERENCES

