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1 There are a substantial number of drugs acting either directly or indirectly on the heart, but
surprisingly, little is known about the metabolic capacity of heart muscle cells.

2 We therefore investigated the gene expression and protein activity of cytochrome P450 isozymes
in cultures of adult cardiomyocytes of the rat.

3 Semi-quantitative CYP gene expression pattern suggests CYP1A1 and CYP2B1/2 to be key
players in cardiomyocytes and upon treatment with Aroclor 1254 approximate 4 fold inductions
could be observed for both gene families, when compared with appropriate controls.

4 The mRNA expression of most genes was sustained for prolonged periods of time, e.g. up to
120 h in culture and in the case of the CYP3A1 gene an approximate 10 fold induction was observed
at the higher Aroclor 1254 dose level (10 mM) in 24 h old cultures.

5 The constitutively expressed genes, e.g. CYP2C11 and CYP2E1 are expressed throughout the
entire culture period (5 days) and did not respond to Aroclor 1254 treatment.

6 CYP4A1 was mainly expressed in freshly isolated cardiomyocytes of control animals and its
expression declined rapidly in culture.

7 There was good agreement between gene expression and translated protein activity using 7-
ethoxyresoru®n and testosterone as substrates.

8 The data reported herein should foster the routine use of freshly isolated and cultivated
cardiomyocytes for drug pro®ling and toxicity studies.
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Introduction

Cytochrome P450 genes encode a super-family of mixed
function mono-oxygenases who are responsible for the
oxidation of drugs and a wide range of structurally diverse

chemicals (Smith et al., 1998). Cytochrome P450 genes are
predominantly expressed in the liver, although speci®c
isozymes are also expressed in extra hepatic tissue including

lung, kidney and gastrointestinal tract (Kivisto et al., 1996a,b).
The expression of individual P450 isozymes is often restricted
to a particular cell type and can be responsible for tissue- and
cell-speci®c toxicity as a consequence of P450-mediated

metabolism of drugs and other chemicals (Smith et al., 1998).
There are a substantial number of drugs acting either

directly or indirectly on the cardiovascular system, and the

range of therapeutic agents which are available include
medicines for the treatment of hypertension, acute and chronic
heart failure, and other forms of chronic heart disease. The

classes of drugs which are available for the treatment of heart
disease include nitrates, beta-blockers, ACE inhibitors, ACE
receptor blockers, antiarrhythmics and various cocktails of the
latter, but there are also drugs with high cardiotoxicity such as

anthracyclines (Pouna et al., 1996) or fen¯uramines (Rajamani
et al., 2000).

Many of the above named drugs are subject to cytochrome
P450-mediated drug oxidation (Jurima-Romet et al., 1993,
Stearns et al., 1995, Oldham et al., 1997, Tracy et al., 1999),

but surprisingly, little is known about the metabolic capacity
of the heart. Indeed, there is very limited information on the
expression of P450 isozymes in heart tissue of laboratory

animals (Stegeman et al., 1982, Geetha et al., 1991, Yamada et
al., 1992, McCallum et al., 1993, Fulton et al., 1995, Xiao et
al., 1998) despite their importance in the metabolism of drugs.

Cultures of primary cardiomyocytes are a valuable tool for

studying the pharmacological and toxicological properties of
drugs and chemicals. For instance, the proarrhythmogenic
potential of new chemical entities can be studied in cultures of

primary cardiomyocytes of adult rats as reported for the K-
channel blocker amiodarone (Kessler-Icekson et al., 1996,
Nuss et al., 1999). Next to evaluating the arrhythmogenic

potential, investigation of drug ± drug interactions or meta-
bolic processes leading to adverse drug e�ects can also be
studied with cultured cardiomyocytes but, once again, there is
very limited information on the drug oxidation capacity of

cardiomyocytes.
We investigated the gene expression and protein activity of

cytochrome P450-dependent mono-oxygenases in cultures of

adult cardiomyocytes of the rat, and for comparison in
hepatocyte cultures to provide basic information on the*Author for correspondence; E-mail: Borlak@ita.fhg.de
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metabolic capacity and gene regulation of drug metabolizing
enzymes in heart tissue. We also treated cardiomyocyte
cultures with Aroclor 1254, a complex mixture of individual

polychlorinated biphenyl isomers and congeners, which are
commonly used in genotoxicity studies and are well known for
their ability to induce a wide range of drug metabolizing
enzymes (Borlak et al., 1993; 1996).

Methods

Animals

All animal procedures described in this report were approved
by the ethical committee of the local government of Hannover,
Germany. Male Sprague Dawley rats weighing 199+17 g were

obtained from Charles River (Sulzfeld, Germany). Food and
water was given ad libitum.

Anaesthesia Rats were anaesthetized with ketamin (anaes-

thetic) and xylazin-hydrochloride (muscle relaxant) with
0.1 ml of ketamin per 100 g body weight and 0.05 ml of
xylazin-hydrochloride per 100 g body weight. In addition,

2000 international units of heparin were given intraperitone-
ally prior to surgery. All experimental results are obtained
from n=3 individual animals.

Isolation and cultivation of adult cardiomyocytes

The thorax was opened by surgical procedures and the aorta
ascendens was anatomically prepared. The heart was perfused
in situ with the washing solution for 1 min (Joklik medium
(mg l71): NaCl 6500, KCL 400, MgCl2 200, NaH2PO4 1327,

NaHCO3 2000, glucose 2000, arginine 105, cystine 24,
glutamine 294, histidine 31, isoleucine 52, leucine 52, lysine
58, methionine 15, phenylalanine 32, threonine 48, trypto-

phane 10, tyrosine 36, valine 48, cholinchloride 1, folic acid 1,
myo-inositol 2, nicotinamide 1, calcium pantothenate 1,
pyridoxal 1, ribo¯avine 0.1, thiamine 1, streptomycin 50 and

penicillin 75,000 u ml71; Biochrom, Berlin, Germany), 500 mM
EDTA and 15 mM butanedione monoxime (BDM) (Fluka,
Deisenhofen, Germany). After the initial wash, the heart was
swiftly removed and mounted onto the perfusion apparatus.

Then, the washing solution was pumped for 5 min through the
heart and immediately thereafter the enzyme solution for the
isolation of cardiomyocytes (Joklik medium with 15 mM

BDM, 1% bovine serum albumin, 20 mM calcium chloride,
1 mg ml71 collagenase II; Worthington, Freehold, U.S.A.)
was pumped through the heart (Ismatec MCP pump, ¯ow rate

4 ml min71) for 25 min at 378C. The heart tissue became
tender at the end of the perfusion period and was transferred
into a petri dish containing 20 ml of the mincing solution

(Joklik medium with 5% foetal calf serum). The heart was
dissected with surgical scissors to obtain small pieces
(51 mm3). Then, a cell suspension was prepared and ®ltered
through a nylon mesh (Becton Dickinson, Heidelberg,

Germany) of the size of 100 mm. For 3 min the ®ltrate was
centrifuged at 566g at room temperature. The resultant
supernatant was discarded and a further 30 ml mincing

solution was added to the cell pellet. Then, the cell suspension
was transferred into a culture ¯ask (75 cm2, Corning Costar,
Bodenheim, Germany) and put into the CO2 incubator. After

15 min, a 2 mM calcium solution was cautiously added to the
medium. The calcium concentration was then increased over
2 h in a total of eight steps to obtain a ®nal 1 mM

concentration. Cells were also examined and photographed

under phase contrast microscopy (Zeiss, Jena, Germany) to
assess qualitatively and quantitatively the number of spherical
and rod-shaped cells.

The cells were counted with the Neubauer's counting
chamber (Hecht, Germany). Cells were cultured at 378C at
5% CO2 for 5 days. Purity of culture was 495% and further
improved by preplating cell suspension on plastic ¯asks for 2 h

as previously reported (Chajek et al., 1977). Myocytes were
cultured in the presence of Aroclor 1254 (0.1, 1.0 and 10.0 mM;
dissolved in dimethylsulphoxide) and controls received the

vehicle only, e.g. dimethylsulphoxide only.

Isolation and cultivation of hepatocytes

For isolation of hepatocytes a modi®ed method described by
Seglen et al. (1979) was used. In brief, after midline incision the

portal vein was cannulated and the liver was ®rst perfused in
situ with 100 ml calcium-free Krebs Ringer bu�er (KRB) for
10 min, then with 100 ml KRB and EDTA (1 mmol l71). After
that the liver was perfused for 8 ± 10 min with KRB

supplemented with Collagenase type IV (Worthington, Free-
hold, U.S.A.) and 0.5 mM calcium chloride (Sigma, Deisenho-
fen, Germany). Following perfusion, the liver capsule was

gently removed and the dissolved liver tissue was ®ltrated
through a nylon mesh (pore size, 100 mm) and washed twice
with the washing bu�er (1000 ml Hanks balanced salt solution

(PAA, Germany) supplemented with 2.4 g HEPES (Sigma)
and 2 g bovine serum albumin (Sigma). The cell pellet was
resuspended in William's E medium (Biochrom, Berlin,

Germany) supplemented with 5% FCS (Biochrom, Germany),
9.6 mg ml71 prednisolone, 0.014 mg ml71 glucagon (Novo,
Germany), 0.16 u ml71 insulin (Hoechst, Germany),
200 u ml71 penicillin and 200 u ml71 streptomycin (Karls-

ruhe, Germany).
Hepatocytes were counted in a haemocytometer in the

presence of 0.04% trypan-blue solution. Two million

hepatocytes per dish were cultured between two layers of
collagen in a modi®cation of the method of Dunn et al. (1989)
and were used for further experiments.

RNA and cDNA

RNA was isolated from cells shortly after isolation and also

after 1, 2, 3 and 5 days of culture using the SV total RNA
Isolation System (Promega, Mannheim, Germany) according
to the manufacturer's recommendation. Quality of isolated

RNA was checked using a 1.0% agarose gel. Four mg total
RNA from each sample were used for reverse transcription.
RNA and random-primer (Roche, Mannheim, Germany) were

preheated for 10 min at 708C. Then 16RT±AMV-bu�er,
dNTPs (1.0 nM, Roche, Germany), 40 u RNAse inhibitor
(Stratagene, Amsterdam, Netherlands), 20 u AMV±RT

(Promega), were added and diethyl pyrocarbonate (Sigma)
treated water was added to a ®nal volume of 20 ml. Then,
reverse transcription was carried out for 60 min at 428C and
was stopped by heating to 958C for 5 min. The resulting

cDNA was frozen at 7208C until further experimentation.

Thermocycler RT ±PCR

For the PCR ampli®cation of cDNA, a 25 ml reaction mixture
was prepared containing 106 polymerase reaction bu�er,

1.5 mM MgCl2, 0.4 nM dNTPs (Roche), 400 nM concentration
of the 3' and 5'-speci®c primers as shown in Table 1
(synthesized by Gibco), 1 u Taq-polymerase (Roche), and 1 ml
of cDNA.
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PCR reactions were carried out in a thermal cycler (T3,
Biometra, Germany) using the following melting, annealing
and extension cycling conditions: denaturation for 30 s at

948C, annealing for 60 s at 578C and extension for 60 s at 728C
(29 cycles) for CYP isoforms and GAPDH. DNA contamina-
tion was checked for by direct ampli®cation of RNA extracts
prior to conversion of RNA to cDNA and any possible

contamination could be excluded. PCR-reactions were done
within the linear range of ampli®cation and were separated
using a 1.8% agarose gel and were stained with ethidium

bromide and photographed on a transilluminator (see Figure
1). A semiquantitative measurement was done using the
program NIH Image V.1.62.

EROD assay

This assay was done essentially as described by Grant et al.
(1987). Control cells and cells treated with Aroclor 1254 were
incubated with 10 mM of 7-ethoxyresoru®n and 10 mM
dicumarol (Sigma) and aliquots of media were removed from

the cultures at time points 0, 1, 2 and 4 h. Five hundred ml of

glycine bu�er (pH 10.3) was added to 500 ml of the samples
and subsequent ¯uorometric analysis was carried out on a
spectro¯uoro-photometer (RF-1501, Schimadzu). Addition-

ally, aliquots of culture media were incubated at 378C with
100 u ml71 of b-glucuronidase (Sigma) overnight to assess the
product release of b-glucuronide conjugates. The ¯uorometric
analysis of the resultant product resoru®n was done at an

excitation wave length of 530 nm and an emission wave length
at 585 nm. Calibration of the system was done with
appropriate standards at a concentration range of up to

100 nM.

Testosterone assay

To estimate the activity of individual CYP isozymes
cardiomyocyte cultures are exposed to culture medium

containing 170 mM testosterone. Finasteride (25 mM) is added
as a 5a-reductase inhibitor because of its contribution to the
formation of certain testosterone metabolites. Testosterone
and its metabolites are analysed by HPLC according to

Arlotto et al. (1991), with slight modi®cations as described
below. 11a-Hydroxyprogesterone was used as an internal
standard for the quantitative determination of testosterone

and its metabolites using the following procedures: 1 mg 11-a-
hydroxyprogesterone is added to 1 ml of cell culture super-
natant. Following addition of 100 ml isopropanol the samples

are extracted with 5 ml ethyl acetate by gentle shaking for
20 min. Extracts are evaporated to dryness and the residues
are reconstituted in 100 ml of the mobile phase (water/

methanol/acetonitrile/, 60/25/15, v/v/v) and 80 ml of the
sample are injected onto the HPLC system (Hewlett Packard
HP1100). The mobile phase is delivered at a ¯ow rate of
1 ml min71 using the HP 1100 Quaternary Pump. Chromato-

graphic separation of cytochrome P450 produced testosterone
metabolites is achieved on a C18 Nucleosil column,
25064 mM and a particle size of 5 mm (Macherey-Nagel,

Germany). Chromatographic separation is done at a
temperature of 308C and testosterone and metabolites are
detected by UV-absorption at 238 nm using synthetic reference

standards.
The mobile phase consisted of water (solvent A), methanol

(solvent B) and acetonitrile (solvent C) and analysis is initiated
with an isocratic elution of 60% A, 25% B and 15% C for

12 min, followed by 45% A, 40% B and 15% C for 3 min and
®nally 45% A, 45% B and 10% C thereafter. The total run
time is 30 min per sample.

Figure 1 mRNA expression of cytochrome P450 isozymes and
GAPDH. (M=molecular weight marker, G=GAPDH).

Table 1 Used oligonucleotide primers in the RT±PCR

Gene (accession number) Forward primer (5' ± 3') Reverse primer (5' ± 3') Product length (bp)

CYP 1A1
(X00469)

CTGGTTCTGGAT
ACCCAGCTG

CCTAGGGTTGGT
TACCAGG

331

CYP 1A2
(X01031)

GTCACCTCAGGG
AATGCTGTG

GTTGACAATCTT
CTCCTGAGG

236

CYP 2B1/2
(L00316)

GAGTTCTTCTCT
GGGTTCCTG

ACTGTGGGTCAT
GGAGAGCTG

549

CYP 2C11
(U33173)

CTGCTGCTGCTG
AAACACGTG

GGATGACAGCGA
TACTATCAC

248

CYP 2E1
(M20131)

CTCCTCGTCATA
TCCATCTG

GCAGCCAATCAG
AAATGTGG

473

CYP 3A1
(X64401)

ATCCGATATGGA
GATCAC

GAAGAAGTCCTT
GCTTGC

579

CYP 3A2
(M13646)

CGACTTGGAA
CCCATAGAC

CATGTCAAA
TCTCCCTAAGCC

116

CYP 4A1
(M57718)

GGTGACAAAGA
ACTACAGC

AGAGGAGTCTTG
ACCTGCCAG

344

GAPDH
(X02231)

GGCCAAGGTCAT
CCATGA

TCAGTGTAGCCC
AGGATG

353
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Control cells and cells treated with Aroclor 1254 (10.0 mM,
24 h) were incubated with 170 mM testosterone and 25 mM
®nasteride and were analysed at time points 0, 1, 2, 4 and 24 h.

Statistical analysis

Data represents mean+standard deviation. The Wilcoxon

signed rank test was used and di�erences were considered
signi®cant at P50.05 compared with the appropriate controls.

Results

Morphological examination

The purity of cardiomyocyte cultures was on average 495%

using standard procedures including phase contrast light
microscopy. Cardiomyocytes were rod shaped and their
morphological appearance did not indicate cytoskeletal
damage. With the trypan-blue exclusion test an average cell

vitality was determined to be 92+4.9%.

Gene expression data (qualitative analysis)

Figure 1 depicts ethidium bromide stained ampli®cation

products of 8 CYP mono-oxygenase genes and the house
keeping gene GAPDH from freshly isolated cardiomyocytes,
cultures of control and Aroclor 1254 treated cardiomyocytes

and hepatocytes, 24 h post isolation.
With freshly isolated cardiomyocytes, ampli®cation of

CYP2B1/2 and CYP2E1 resulted in clearly visible bands (see

Figure 1) and in the case of CYP2C11 transcripts were also
detected, albeit, at much lower levels. mRNA transcripts of
CYP4A1 were additionally detected in freshly isolated
cardiomyocytes.

The CYP gene expression pattern in 24 h-old cultures shows
additional signals for CYP1A1 and CYP3A1 and treatment

with Aroclor 1254 resulted in transcriptional activation of the
CYP1A1, CYP2B1/2 and CYP3A1 gene with expression levels
being similar to that of GAPDH. For comparison, results with

rat hepatocyte cultures from control and treated (10 mM
Aroclor 1254) cells are additionally shown in Figure 1 and 4.
Based on our RT±PCR assay an array of CYP genes were
detected and this included CYP1A1, CYP1A2, CYP2B1/2,

CYP2C11, CYP2E1, CYP3A1, CYP3A2 and CYP4A1.
Furthermore, treatment of rat hepatocyte cultures with
Aroclor 1254 (10 mM) resulted in transcriptional activation on

the following genes: CYP1A1, CYP1A2, CYP2B1/2, CYP3A1,
CYP3A2 and CYP4A1. Noticeably, the mRNA transcripts for
CYP4A1 were undetectable in 24 h-old cardiomyocyte

cultures, which may indicate di�erences in the half lives of
individual CYP gene mRNA transcripts in cultures of
cardiomyocytes.

CYP gene expression relative to GAPDH (semi-
quantitative analysis)

The gene expression of individual CYP isozymes in freshly
isolated and in cultured cardiomyocytes is shown in Figures 2
and 3. CYP1A1 mRNA transcripts could not be detected in

freshly isolated cardiomyocytes, but its expression was evident
in 24, 48 and 72 h-old cultures. Treatment with Aroclor 1254
resulted at the higher dose level in a 4 fold mRNA induction

when compared to the 24 h control. This induction of CYP1A1
mRNA transcripts declined rapidly after 48 and 72 h and the
gene expression was close to zero at day 5 in culture.

With CYP2B1/2 a dose-dependent induction of mRNA
transcripts could be observed in 24 and 72 h old cultures, but
this was not seen with 48 h-old cultures. Overall, the induction
was marginal and on average less than 3 fold.

The gene expression of CYP2C11 in freshly isolated and in
cultured cardiomyocytes showed some variation which on
average was close to 50% of the densitometric signal obtained

for GAPDH.

Figure 2 mRNA expression of cytochrome P450 1A1, 2B1/2 and 2C11 relative to GAPDH in cardiomyocyte cultures. The
GAPDH signal was set to 100%. Data represent mean+standard deviation for n=3 individual cell culture experiments with
approximately 2 million cells per culture dish (*, P=50.05 compared with controls). (C=control, 1 mM and 10 mM=concentration
of Aroclor 1254).
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CYP2E1 mRNA expression was detected throughout the
culture. With freshly isolated cardiomyocytes, CYP2E1
mRNA expression was similar to that of GAPDH but declined

in 24 h-old cultures to about 50%. Treatment with Aroclor
1254 at both dose levels had no e�ect on the gene expression of
CYP2E1, and in 72 h and 120 h-old cultures expression levels
were approximately 50% of freshly isolated cardiomyocytes.

In the case of CYP3A1, highly signi®cant e�ects are
observed upon treatment with Aroclor 1254 with mRNA
transcripts being induced after 24, 48, 72 and 120 h of culture.

The densitometric quanti®cation of CYP3A1 mRNA is
di�cult, because of its low expression in untreated animals
(controls) but its expression relative to GAPDH was in the

order of 4 fold and 3 fold within 24 h and 48 h of
cardiomyocyte cultivation (see Figure 3).

Finally, CYP4A1 mRNA transcripts were only detected in
freshly isolated and up to 48 h cultivated cardiomyocytes, the

level being 20 and 5% of the densitometric signals obtained for
GAPDH. When compared within the 24 h group, treatment
with Aroclor 1254 (10 mM) resulted in a small, but signi®cant

induction (see Figure 3).

The gene expression in hepatocyte cultures was clearly more
abundant when compared with cardiomyocyte cultures and
overall treatment with Aroclor 1254 (10 mM) resulted in higher

expression levels as evidenced by the ratio of CYP gene/
GAPDH shown in Figure 4.

Enzyme activities with CYP marker substrates

The protein activity of individual CYP isoforms were studied
in control and Aroclor 1254 treated cardiomyocyte and

hepatocyte cultures. Ethoxyresoru®n is a substrate for
CYP1A1 and a dose- and time-dependent increase in CYP1A1
activity was observed as re¯ected by the cumulative release of

resoru®n (see Figure 5a). The approximately 5 fold increase in
CYP1A1 activity at the 10.0 mM dose of Aroclor 1254 agrees
well with the induction estimated for CYP1A1 mRNA. When
aliquots of cardiomyocyte culture media were digested with b-
glucuronidase no di�erence in the amount of resoru®n
(product release) was seen, thus indicating that cardiomyocytes
have neglectable glucuronidase activity towards this substrate

(see Figure 5b).

Figure 3 mRNA expression of cytochrome P450 2E1, 3A1 and 4A1 relative to GAPDH in cardiomyocyte cultures. The GAPDH
signal was set to 100%. Data represent mean+standard deviation for n=3 individual cell culture experiments with approximately 2
million cells per culture dish (*, P=50.05 compared with controls). (C=control, 1 mM and 10 mM=concentration of Aroclor 1254).

Figure 4 mRNA expression of cytochrome P450 isoforms relative to GAPDH in hepatocyte cultures. The GAPDH signal was set
to 100%. Data represent mean+standard deviation for n=3 individual cell culture experiments with approximately 2 million cells
per culture dish (*, P=50.05 compared with controls).
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In strong contrast, with hepatocyte cultures the amount of

resoru®n produced declined steadily over time and was close to
control values after 4 h of incubation (see Figure 5c). When,
however, these samples were treated with the enzyme b-
glucuronidase a linear and dose-dependent increase in EROD-
activity could be observed with an approximate 12 fold
increase in activity at the highest dose level (see Figure 5d).

When compared with cardiomyocytes the EROD activity of
hepatocyte cultures was up to 40 fold and 25 fold higher in
controls and treated cells, respectively.

No di�erence in the metabolism of testosterone among the
various treatment groups was obvious and thus, the
metabolism of testosterone for control cardiomyocytes
exposed to Aroclor 1254 have been combined (Figure 6a).

There is a time-dependent increase in the release of 6-b-

Hydroxy-testosterone (HT) and androstendione, but no other

metabolites could be identi®ed and the levels of product release
were similar, e.g. 30 and 50 pmol per 26106 cells ml71 h71

culture medium for 6b- HT and androstendione, respectively

(see Figure 6a). In hepatocyte cultures the product release was
much higher, the level being 550 and 5000 pmol per
26106 cells ml71 h71 culture medium for 6-b-HT and

androstendione, respectively. Additional metabolites were
observed in hepatocyte cultures and contain 16-a-testosterone,
2-a-testosterone, 16-b-testosterone and 7-a-testosterone.

When the metabolism of testosterone was assessed (after 4 h
incubation) in up to 5-day-old cultures a decline in the
production of 6-b-hydroxy-testosterone and androstendione
was observed in cardiomyocyte cultures, the level being 40%

and 10%, respectively 120 h post-isolation (Figure 7). Again,

Figure 5 Metabolism of 7-ethoxyresoru®n in control and Aroclor 1254 (10 mM) treated cardiomyocytes before (a) and after (b)
treatment with 100 u ml71 b-glucuronidase 24 h post isolation and cultivation. Metabolism of 7-ethoxyresoru®n in control and
Aroclor 1254 (10 mM) treated hepatocytes before (c) and after (d) treatment with 100 u ml71 b-glucuronidase 24 h post isolation and
cultivation. Data represent mean+standard deviation for n=3 individual cell culture experiments with approximately 2 million cells
per culture dish. *, P=50.05 compared with controls.

Figure 6 Testosterone metabolism in cardiomyocytes (a) and hepatocytes (b) 24 h post isolation and cultivation. The release of 6-
b-hydroxy-testosterone and androstendione is shown. Data represent mean+standard deviation for n=3 individual cell culture
experiments with approximately 2 million cells per culture dish.
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this decline in metabolic capacity correlates well with the gene
expression data for the various CYP isoforms described above.

Discussion

We investigated the gene expression and enzyme activity of

cytochrome P450 isozymes in cultures of adult cardiomyo-
cytes and hepatocytes of the rat. Unequivocal evidence is
presented to show the expression of a number of important

drug oxidizing enzymes in cultures of adult rat cardiomyo-
cytes at the gene and enzyme activity level. With the RT±
PCR assay, transcripts for CYP1A1, CYP2B1/2, CYP2C11,
CYP2E1, CYP3A1 and CYP4A1 could be ampli®ed in

cultures of cardiomyocytes, albeit at di�erent expression
levels. CYP1A1 and CYP2B1/2 were key players with regard
to expression and mRNA induction and the mRNA

expression of most genes was sustained for prolonged
periods of time, e.g. up to 120 h in culture. In the case of
the CYP3A1 gene an approximate 10 fold induction was

noticeable in 24 h-old cultures at the higher Aroclor 1254
dose (10 mM) when compared with freshly isolated cells. The
expression of constitutive genes CYP2C11 and CYP2E1

remained stable along the entire culture period, e.g. 5 days,
and the latter genes did not respond to Aroclor 1254
treatment with the exception of CYP2C11 in 24 h-old
cultures. Interestingly CYP4A1 was mainly expressed in

freshly isolated cardiomyocytes of control animals but its
expression declined thereafter to levels below detection. In
view of its role in fatty acid metabolism (Simpson, 1997)

future studies should focus on CYP4A1 gene regulation with
regard to arachidonic acid metabolism. Arachidonic acid
and some of its metabolic derivatives are important

messengers in signal transduction cascades and may impact
gene regulation in cardiomyocytes.

There was also good agreement between the gene expression

and enzyme activity data, as shown by the EROD and
testosterone metabolism reported in Figures 5, 6a,b and 7, and
our ®ndings with rat hepatocytes con®rm previous results of
several investigators, which show cytochrome P450 protein

expression to be predominant in the liver (Smith et al., 1998;
Clarke, 1998; Hansen et al., 2000).

To the best of our knowledge the concomitant gene

expression and enzyme activity of cytochrome P450 isozymes
in cultures of cardiomyocytes of adult rats has not been
reported, as yet, and thus no comparison to reported literature

®ndings can be made. Nevertheless, Stegemann et al. (1982)

have reported high levels of P450 in ®sh cardiac microsomes of
Stenotomus chrysops. These authors could show that
treatment of Stenotomus chrysops (scup) with b-naphthophla-
vone produced a strong, approximately 10 fold, induction of
spectrally measured P450 in cardiac microsomes with speci®c
P450 content reaching levels similar to those induced in scup
liver. In our study a mere 4 fold induction was observed in

cultures of cardiomyocytes, but a similar 12 fold increase in
EROD activity was recorded in assays with Aroclor 1254
treated hepatocytes.

One of the ®rst reports on cytochrome P450 mRNA
expression in human heart tissue was published by Price and
coworkers (Price et al. 1992). These authors reported the

relative expression of aromatase cytochrome P450 in human
foetal tissue as determined by competitive polymerase chain
reaction and cytochrome P450 aromatase mRNA was

identi®ed in all foetal tissues including liver, lung, brain, skin
and testine, kidney, spleen and the heart. Nonetheless, foetal
liver contained far more P450 aromatase mRNA when
compared to any of the other tissues studied and again, this

is in accordance with the ®ndings of this study where high
levels of P450 mRNA were detected in hepatocytes.

Also, in a study of Fulton et al. (1995), the cytochrome

P450-dependent e�ects of bradykinin in the rat heart was
investigated. The authors report that vasodilator responses
were reduced when the CYP P450 inhibitory drug

clotrimazole at a 1 mM concentration was used, and although
NO and prostaglandins do not mediate vasodilator response
to bradykinin in the rat heart, the investigations of Fulton et

al. clearly suggest a major role for a P450-dependent
mechanism via arachidonic acids metabolism. The molecular
cloning, expression and functional signi®cance of a speci®c
cytochrome P450 in rat heart cardiomyocytes was reported

by Wu and coworkers (Wu et al. 1997). In the latter study,
metabolism of arachidonic acid and 11,12-epoxyeicosatrie-
noic was governed by P450 2J2, and this particular enzyme

may play an important role in heart ischaemia. We show
P450 4A1 mRNA expression in freshly isolated and 24 h-old
cardiomyocytes and in view of its role in fatty acid

metabolism future studies should focus on the relative
contribution of this enzyme in the metabolism of arachidonic
acid. In view of the very low CYP activities in heart we
suggest that cardiomyocytes are unlikely to be an important

quantitative contributer to CYP-mediated arachidonic acid
metabolism. Nevertheless, a small amount of locally formed
arachidonic acid products may have critical roles as

biomediators. There is also evidence that cytochrome P450
modulates contractility of rat cardiomyocytes through
metabolism of arachidonic acid (Xiao et al., 1998). The

discovery of P450 in cardiomyocytes is intriguing and it is
surprising that so little is known about the metabolic capacity
of the heart. Several cardioselective drugs, such as b-blockers,
calcium antagonists, inhibitors of angiotensin converting
enzymes and angiotensin converting enzyme receptor
antagonists are all metabolized by cytochrome P450-
dependent pathways (Jurima-Romet et al., 1993; Stearns et

al., 1995; Tracy et al., 1999; Oldham & Clarke, 1997). The
discovery of cytochrome P450 in cardiomyocytes have
implications for pharmacotherapy from both a safety and

e�cacy perspective, and it is tempting to speculate that the
level of expression of cytochrome P450 enzymes might
provide an explanation for drug therapy failure or cardiac

toxicity upon drug treatment. The ®nding of steroid
(testosterone) metabolism in cardiomyocytes provides further
evidence for the metabolic competence of this tissue and its
importance in the metabolism of endogenous compounds.

Figure 7 Testosterone metabolism in freshly isolated and cultivated
(24, 48, 72 and 120 h) cardiomyocytes. The release of 6-b-hydroxy-
testosterone and androstendione is shown. Data represent mean+
standard deviation for n=3 individual cell culture experiments with
approximately 2 million cells per culture dish.
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