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ABSTRACT. A transgenic mouse line expressing the human cytochrome P450 CYP1A2 in the pancreas under
the control of the mouse elastase promoter was established. The expression of CYP1A2 was specific to the
transgenic pancreas and was not found in the control wild-type mouse pancreas. The level of CYP1A2 expressed
in pancreatic microsomes from transgenic mice was comparable to that of the endogenously expressed CYP1A2
protein in the liver, as judged by western blotting analyses. Estrone metabolism was used to determine the
activity of CYP1A2 expressed in the pancreas of the transgenic mouse. The transgenic pancreas exhibited almost
one-third to one-half of the activity of wild-type or CYP1A2 transgenic mouse liver, whereas the wild-type
pancreas demonstrated no activity. The addition of NADPH–cytochrome P450 oxidoreductase to the reaction
mixture containing pancreatic microsomes from the transgenic mice did not increase the estrone metabolism
activity significantly. This transgenic mouse line provides another useful tool to study human CYP1A2 and its
relation to chemical toxicity and carcinogenesis. BIOCHEM PHARMACOL 60;6:857–863, 2000. © 2000 Elsevier
Science Inc.
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Most chemical carcinogens and toxins require metabolic
activation by xenobiotic-metabolizing enzymes to exert
their harmful effects. This usually involves metabolism to
an unstable electrophilic derivative that reacts with nucleo-
philes in macromolecules such as DNA. Carcinogen–DNA
adducts can result in mutations in oncogenes and tumor
suppressor genes, leading to cell transformation. Xenobi-
otic-metabolizing enzymes are responsible for either medi-
ating the toxicity of chemicals or protecting the organism
by rapidly detoxifying chemicals to inert derivatives to be
eliminated. The most widely studied of these enzymes are the
P450s,‡‡ which are responsible for oxidative metabolism.

P450s are usually involved in the oxidation of a vast
array of chemicals including therapeutically used drugs and
endogenous steroids and fatty acids, and are the principal
enzymes responsible for the metabolic activation of carcin-
ogens and toxins. P450s consist of a large superfamily of
proteins [1], including four families, CYP1, CYP2, CYP3,

and CYP4, that primarily metabolize foreign compounds.
Studies of these enzymes are crucial to understanding toxic
mechanisms and chemical carcinogenesis [2]. However,
there are marked species differences in the expression and
catalytic activities of P450s that can have an impact when
using rodent models in research and in the testing of
chemicals for safety in humans [3, 4]. In particular, P450s in
the CYP2 family display considerable differences in expres-
sion, regulation, and catalytic activities between humans,
rats, and mice. Most P450s in the CYP2 family metabolize
drugs to non-electrophilic or stable derivatives. Another
rather limited group of P450s catalyze the activation of
toxins and carcinogens to electrophilic derivatives such as
quinones and epoxides. CYP1A1 and CYP1B1 metabolize
and participate in the metabolic activation of polycyclic
aromatic hydrocarbons. CYP1A2 carries out the N-hy-
droxylation of arylamine carcinogens and heterocyclic
amine food mutagens in a pathway leading to electrophilic
derivatives that can cause cell toxicity, death, or transfor-
mation [5, 6]. CYP1A2 also metabolically activates afla-
toxin B1 to its ultimate carcinogenic metabolite, the
8,9-epoxide [7].

CYP1A2 is expressed constitutively in the livers of mice,
rats, and humans and is inducible by ligands of the aryl
hydrocarbon receptor in all mammalian species analyzed. It
is well conserved between mice, rats, and humans in its
liver-specific expression [8, 9] and catalytic activities [10].
Studies in humans have revealed that interindividual dif-
ferences in levels of expression of CYP1A2 have been
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found to be associated with susceptibility to colon cancer,
especially when high dietary intake of food mutagens is
considered [11]. The association of CYP1A2 with carcino-
genesis is largely assumed, based on in vitro metabolic
studies with microsomes as well as with purified and
cDNA-expressed P450s [10]. However, it is still not clear
whether CYP1A2 is required for carcinogenesis induced by
arylamine carcinogens in an intact animal. This becomes
more complicated once species differences in the expression
and catalytic activities of CYP1A2 are taken into account.
In the present study, a transgenic mouse line expressing
human CYP1A2 in the pancreas is described. The pancreas
is one of the organs having a very low detectable level of
constitutively expressed endogenous P450s [12–16]. By
introducing human CYP1A2 into the null background, we
were able to establish a mouse system in which metabolism
by human CYP1A2 can be studied in vivo.

MATERIALS AND METHODS
Materials

Estrone and 2-hydroxyestrone were purchased from Ster-
aloids Inc. B[a]P cis-4,5-dihydrodiol was obtained from the

National Cancer Institute Chemical Carcinogen Reposi-
tory, Midwest Research Institute. Rabbit anti-rat CYP1A1
was obtained from the Gentest Corp. Purified rat OR and
rabbit anti-rat OR antibody were provided by Dr. James P.
Hardwick (Northeastern Ohio University College of Med-
icine).

Plasmid for Microinjection

The BamHI fragment containing a part of intron 1 through
the 39 flanking sequence of the human CYP1A2 gene [17]
was subcloned into pUC 18 to generate ph1A2gBam (Fig.
1). The human CYP1A2 cDNA [18] was subcloned into
the EcoRI site of pUC 18 to yield ph1A2cDNA, with
BamHI and XbaI sites of the vector located at the 59 end of
the cDNA. The XbaI–BsmI fragment from ph1A2gBam
and ph1A2cDNA was switched after digesting both plas-
mids with BamHI and BsmI; the BsmI site is unique and is
located in exon 2. This results in fusion of exons 1 and 2
with intron 1 removed. The mouse elastase I gene promoter
(mElas prom) [19] (obtained from Dr. R. J. MacDonald)
was subcloned at the BamHI and SalI site in pUC 19. The
BamHI fragment containing the entire human CYP1A2

FIG. 1. Schematic strategy used to
make the human CYP1A2 trans-
genic construct. Abbreviations
used for restriction enzymes are: B,
BamHI; RI, EcoRI; Xb, XbaI; S,
SalI; RV, EcoRV; and Xh, XhoI.
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gene except intron 1 was inserted at the BamHI site of this
plasmid. The construct thus obtained (pmElas-h1A2) was
digested partially with SalI and BamHI, and was then
inserted into the vector Spl [20] at the EcoRV site after
being made blunt-ended. The entire transgenic construct
was released from the plasmid by digesting with XbaI and
XhoI. The construct was then purified through sucrose
gradient centrifugation.

Production and Analyses of Transgenic Mice

The pmElas-h1A2 10-kb DNA fragment was microinjected
into the pronuclei of B6/SJL F1 1-cell eggs [21] at a DNA
concentration of 2.5 ng/mL. Injected eggs were transferred
into pseudopregnant CB6 F1 females [22], and offspring
were tested for the presence of the transgene by Southern
analysis. At 3 to 4 weeks of age, tail biopsies (;1.5 cm)
were incubated in 2 mL of 50 mM Tris–HCl, pH 8.0, 100
mM NaCl, 50 mM EDTA, 0.5% SDS, and 40 mL protein-
ase K (20 mg/mL) overnight at 37° with shaking. DNA was
extracted with phenol/chloroform and resuspended in Tris–
EDTA buffer. Ten micrograms of genomic DNA was
digested with PstI, run on 0.8% agarose gels, and transferred
to a GeneScreen Plus membrane (New England Nuclear).
Filters were probed with [a-32P]dCTP-labeled 2.3-kbp PstI
fragment obtained from the human CYP1A2 cDNA [18],
which contains a part of the coding and the 39 noncoding
sequences. Hybridization was performed at 42° in a solution
containing 50% formamide, 5 3 SSPE (5 3 SSPE is 0.75 M
NaCl, 5 mM EDTA, 50 mM sodium phosphate, pH 7.2),
5 3 Denhardt’s solution, 10% dextran sulfate, 200 mg
salmon sperm DNA, and 0.1% SDS. The filters were
washed in 2 3 SSC (2 3 SSC is 0.3 M sodium chloride and
30 mM sodium citrate, pH 7.0) and 0.5% SDS at 65°.

Microsomal Preparation

Microsomes were prepared from pancreata and livers of
transgenic and C57BL/6 mice as a wild-type control.
Briefly, tissues were homogenized in 0.5 M KCl, 100 mM
EDTA, 20 mM Tris–HCl, pH 7.5, containing 200 mM
phenylmethylsulfonyl fluoride, 2 mg/mL of antipain, 2
mg/mL of chymostatin, and 2 mg/mL of pepstatin. The
homogenate was centrifuged at 10,000 g, and then the
supernatant was centrifuged at 100,000 g. The microsomal
pellet was suspended in 50 mM Tris–HCl, pH 7.4, 1 mM
EDTA, 0.1 mM dithiothreitol containing 20% glycerol,
and kept frozen until used. Protein concentration was
determined by use of the bicinchoninic acid (BCA) protein
assay reagent (Pierce Chemical Co.) using bovine serum
albumin as a standard.

Western Blotting

Proteins were run on 8% SDS–polyacrylamide gels and
were transferred to nitrocellulose membranes for western
blotting (Schleicher & Schuell). The blots were developed

using rabbit anti-rat CYP1A1 or OR antibodies and sec-
ondary antibody coupled with horseradish peroxidase for
enhanced chemiluminescence detection (ECL, Amersham)
or with alkaline phosphatase for color detection using
5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetra-
zolium as substrates (KPL Laboratories). Anti-rat CYP1A1
antibody cross-reacts with mouse and human CYP1A2.
Vaccinia virus-expressed human CYP1A2 was used to
determine the amount of human CYP1A2 expressed in the
pancreata of transgenic mice. The amount (pmol/mg pro-
tein) of vaccinia virus-expressed CYP1A2 was determined
spectrophotometrically [23].

Estrone Metabolism

One milliliter of an incubation mixture containing liver or
pancreatic microsomes obtained from C57BL/6 mice as a
wild-type control or CYP1A2 transgenic mice, 50 mM
potassium phosphate buffer (pH 7.4), and 150 mM estrone
was preincubated for 2 min at 37° in a shaking water bath,
and the reaction was initiated by the addition of 1 mM
NADPH. The reaction was terminated after 25 min by the
addition of 6 vol. methylene chloride; 0.5 nmol B[a]P
cis-4,5-dihydrodiol was added as an internal standard. After
vortexing, the mixture was centrifuged for 10 min (2000 g)
to extract unreacted substrate and metabolites formed in
the organic phase. The organic phase was evaporated to
dryness at 40° under a nitrogen stream, and the residue was
dissolved in methanol and analyzed immediately by re-
versed-phase HPLC. For some of the samples, purified OR
(200 pmol) was added to the reaction mixture to see the
effect of exogenous OR on the metabolism of estrone.

HPLC

Separation of estrone metabolites was carried out as de-
scribed [24]. Briefly, metabolites formed were separated on
an Ultrasphere ODS column (5 mm, 4.6 mm 3 25 cm,
Beckman Instruments, Inc.) with a 30-min linear gradient
of water:acetonitrile (0.5% acetic acid):methanol from
85:15:0 (by vol.) to 30:45:25 (by vol.) and then in 5 min to
0:50:50 (by vol.) at a flow rate of 1 mL/min. The retention
times of 2-hydroxyestrone, internal standard, and estrone
were 22.5, 26.5, and 27.8 min, respectively. 2-Hy-
droxyestrone was identified by comparing the retention
time and UV–visible spectrum (Diode Array Detector on
HP1050 HPLC) of the HPLC chromatographic peaks with
authentic 2-hydroxyestrone. Specific activity was deter-
mined using the ratio of metabolite formed to internal
standard and was expressed as nanomoles of metabolite
formed per minute per milligram of microsomal protein.

RESULTS
Generation of Transgenic Mice

The pmElas-h1A2 fusion gene contained the mouse elas-
tase I gene promoter connected to the entire human
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CYP1A2 structural gene except intron 1 as described in
Materials and Methods (Fig. 1). This construct was micro-
injected into fertilized oocytes, and three transgenic
founder mice were obtained. In all three founder mice, the
transgene was stably integrated and propagated. Two of the
transgenic lines (No. 6938 and 6973) produced a protein in
their pancreata as judged by western blotting (see below).
One transgenic mouse line (No. 6938), especially, ex-
pressed an equivalent level of CYP1A2 in the pancreas as
compared with the endogenous mouse gene in the liver.
The copy number of the transgene in this line was approx-
imately 50, as estimated by comparing the intensity of the
hybridization signal to that obtained with known amounts
of human DNA (data not shown). Transgenic mouse line
No. 6938 was chosen for further analyses, and the other
lines of mice were not studied further.

CYP1A2 Protein Expression in the Pancreas

Western blot analysis was performed to determine whether
human CYP1A2 protein is expressed in the pancreas (Fig.
2). A standard curve was obtained by using vaccinia
virus-expressed human CYP1A2 (Fig. 2A). Based on this
analysis, the amount of CYP1A2 expressed in the trans-
genic pancreas was calculated to be 85 pmol/mg protein for
the homozygous high-expresser line (No. 6938), 42

pmol/mg protein for hemizygous No. 6938, and 33 pmol/mg
protein for the homozygous low-expresser line (No. 6973).
Microsomes obtained from the pancreas of transgenic
mouse line No. 6938 had a level of human CYP1A2
expression similar to the endogenously expressed mouse
hepatic CYP1A2 (Fig. 2B). Neither mouse nor human
CYP1A2 was detected in pancreatic microsomes from a
control mouse, as expected (Fig. 2, A and B). Further,
human CYP1A2 expression was not found in liver micro-
somes of the CYP1A2 transgenic mouse, which could
happen if the transgene is not tissue-specifically expressed
(Fig. 2B). Pancreatic microsomes were also examined for
the presence of OR (Fig. 2C). Western blotting results
clearly demonstrated that OR is present in the pancreas,
albeit at levels much lower than that of the liver. This
explains the estrone metabolism results wherein the addi-
tion of exogenous OR did not increase the activity signif-
icantly (see below).

Estrone Metabolism and CYP1A2 Activity

Metabolites formed in the reaction of estrone with liver or
pancreas microsomes were separated efficiently by reversed-
phase HPLC (data not shown). Since estrone-2-hydroxyla-
tion is specific for CYP1A2 [24], activity of CYP1A2 can be
monitored by the formation of 2-hydroxyestrone, which

FIG. 2. Western blotting analyses of transgenic
mouse pancreas. (A) Determination of the
amount of CYP1A2 expressed in pancreatic
microsomes (100 mg/lane, lanes 6–9). Lanes
1–5: various amounts of vaccinia virus-ex-
pressed recombinant human CYP1A2 were
used as a standard, the concentration of which
was determined spectrophotometrically [23],
and the amount (in picomoles) loaded per lane is
shown on the top; lane 6, wild-type (WT)
mouse pancreas; lane 7, pancreas from homozy-
gous (Ho) transgenic mouse line No. 6973; lane
8, pancreas from hemizygous (He) transgenic
mouse line No. 6938; lane 9, pancreas from
homozygous (Ho) transgenic mouse line No.
6938. The molecular weight markers are shown
on the right. The alkaline phosphatase color
detection method was used. (B) CYP1A2 ex-
pression in transgenic mouse microsomes (15
mg/lane). Lane 1, transgenic mouse liver micro-
somes; lane 2, wild-type (WT) mouse pancre-
atic microsomes; lane 3, transgenic (TG) mouse
pancreatic microsomes; lane 4, vaccinia virus-
expressed (vm1A2) recombinant mouse
CYP1A2 as a control. Note that human
CYP1A2 expressed in transgenic mouse pan-
creas (lane 3) had a slightly larger molecular
weight than mouse CYP1A2 (lanes 1 and 4).
(C) OR expression in transgenic mouse micro-
somes (30 mg/lane). Lane 1, transgenic mouse
liver microsomes; lane 2, transgenic mouse pan-
creatic microsomes. The molecular weight
marker is shown on the right. In B and C, the
enhanced chemiluminescence detection method
was used.
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was identified readily by comparing the UV–visible absorp-
tion spectrum and retention time of the HPLC peaks with
the authentic standard. The CYP1A2 activities present in
the liver and pancreas were compared between wild-type
and transgenic mice (Fig. 3). Activities of CYP1A2 in liver
microsomes from wild-type and CYP1A2 transgenic mice
were 0.172 and 0.108 nmol product formed/min/mg of
microsomal protein, respectively, suggesting that the activ-
ities of CYP1A2 present in the liver are comparable
between the two lines. In contrast, CYP1A2 activity in
pancreatic microsomes from wild-type mice was negligible
(0.0002), whereas that of the CYP1A2 transgenic mouse
was 0.0432. These results indicate that CYP1A2 is not
present at a detectable level in the pancreata of wild-type
mice, but is significant in CYP1A2 transgenic mice. The
addition of purified OR to the reaction mixture slightly
enhanced CYP1A2 activity in the pancreas of the CYP1A2
transgenic mouse (0.0432 to 0.0748), whereas the wild-type
mouse pancreas showed no increase in activity. These
estrone metabolism results are consistent with the western
blotting observations, in which wild-type pancreas showed
no CYP1A2 expression. Further, pancreata of CYP1A2
transgenic mice exhibited an OR level that supports suffi-
ciently the CYP1A2-mediated estrone 2-hydroxylation.

DISCUSSION

A transgenic mouse line that expresses human CYP1A2 in
the pancreas was generated using a construct containing
the human CYP1A2 gene connected to the mouse elastase

I promoter. The pancreas-specific promoter was chosen to
express CYP1A2 because P450 is not expressed naturally in
the pancreas. Among three founder mouse lines obtained,
one exhibited an equivalent CYP1A2 expression in the
pancreas as compared with the liver, as judged by western
blotting. By using known amounts of vaccinia virus-ex-
pressed human CYP1A2 as a standard, the amount of
CYP1A2 expressed in the pancreas was calculated to be 85
pmol/mg protein. The total amount of P450s expressed in
liver microsomes when animals were treated with pheno-
barbital was thought to be 3–4 nmol/mg protein, which
represents at least 15–20% of the protein content of these
liver microsomes [25]. It was also shown that phenobarbital
induces 2- to 3-fold the amount of P450 in liver microsomes
as compared with untreated liver. In the human case,
CYP1A2 may constitute 13% of the total liver P450s [26].
Thus, the expression level of CYP1A2 in the pancreas of
the transgenic mouse, 85 pmol/mg protein, is reasonably
high.

Estrone metabolism has been studied extensively by
using individual human P450s [24, 27], and the roles of
individual human P450s responsible for the oxidation of
estrone at several positions have been defined. Of all P450s,
CYP1A2 is the most active in catalyzing the formation of
2-hydroxyestrone. Thus, estrone-2-hydroxylation can be
used precisely as a marker for identifying CYP1A2 activity
in tissue preparations.

Estrone metabolism was used to determine the activity of
CYP1A2 expressed in the pancreas of a transgenic mouse.
The activity of CYP1A2 in liver microsomes was compa-
rable between wild-type and transgenic mice. In contrast,
the pancreas of the wild-type mouse exhibited no activity,
whereas the pancreas of the CYP1A2 transgenic mouse had
almost one-third to one-half of the activity of wild-type or
CYP1A2 transgenic mouse liver. The facts that the estrone
metabolite was detected in transgenic pancreas and that the
addition of OR did not increase CYP1A2 activity signifi-
cantly suggest that there is a sufficient amount of OR
present in the pancreas. In fact, western blotting results
demonstrated that OR is expressed in the pancreas, al-
though the expression level is considerably lower than in
the liver.

CYP1A2 is constitutively expressed in the livers of mice,
rats, and humans and is inducible by ligands of the aryl
hydrocarbon receptor in all mammalian species analyzed.
Neither CYP1A2 nor any other P450s are known to be
expressed constitutively at detectable levels in the pancreas
[12–16]. The observation that the microsomes obtained
from the pancreas of the transgenic mouse had almost as
high an estrone metabolism activity as liver microsomes
suggests that all the necessary components required for
P450 activity are present in the pancreas. These results
suggest that a microsomal mixed-function oxidoreductase
system may be present in the pancreas and be too subtle to
be detected by regular methods. In fact, its presence in the
pancreas has been suggested based on immunohistochemi-
cal analysis [28] or by activity assays after induction [14, 16].

FIG. 3. Estrone metabolism by CYP1A2. Liver microsomes
(Liver Mics), pancreatic microsomes (Panc Mics), or pancreatic
microsomes with the addition of exogenous OR (Panc Mics 1
OR) were subjected to estrone metabolism assays, which were
obtained from the wild-type mouse (open bar) or the transgenic
mouse (shaded bar). The activity is indicated as nanomoles of
2-OH-estrone formed per minute per milligram protein. This is
a representative experiment of three experiments; each was
performed in duplicate.
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Our CYP1A2 transgenic mouse provides a unique system
to explore the role of CYP1A2 in chemical toxicity and
carcinogenesis. There are an increasing number of instances
where marked species differences are noted in the expres-
sion and catalytic activities of P450s. These differences can
have a significant impact when rodent model systems are
used in research testing chemicals for safety in humans [4].
In this regard, our transgenic mouse is an ideal model in
which to study human CYP1A2 in an organ where endog-
enous mouse CYP1A2 expression is negligible. Microsomes
obtained from the transgenic mouse pancreas can be used in
vitro to study the metabolism of chemicals by human
CYP1A2. Potential differences present between mouse and
human enzymes in catalytic activities towards several
CYP1A2 substrates can be examined by comparing liver
and pancreatic microsomal activities. The CYP1A2 trans-
genic mice can also be used as an in vivo system to study
human CYP1A2-mediated chemical toxicity and carcino-
genesis, for instance by analyzing DNA adducts produced in
vivo by CYP1A2 and their possible connections to pancre-
atic carcinogenesis. Thus, the CYP1A2 transgenic mice
would provide another useful system to study human
CYP1A2 metabolism and chemical carcinogenesis.
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