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Abstract

There is increasing evidence that cytochrome P450 (CYP) enzymes are involved not only in the metabolism of xenobiotics, but also in

vascular homeostasis. Among the CYP-derived vasoactive agents, special importance is assigned to endogenous products from arachidonic

acid (AA). Specifically, the vasodilator epoxyeicosatrienoic acids (EETs), being linked to the CYP 2B, 2C, and 2J subfamilies, and the

vasoconstrictor 20-hydroxyeicosatetraenoic acid (20-HETE) connected instead to the CYP 4A subfamily and, to a lesser degree, to isoforms

of the CYP 1A and 2E subfamilies. Here, we have examined the occurrence of functional CYP isoforms in the coronary arteries of cattle by

RT-PCR with sequence verification, Western immunoblotting, and analysis of distinct catalytic activities with fluorescent substrate probes.

Liver tissue was examined comparatively. Coronary tissue expressed mRNA transcripts and immunoreactive proteins belonging to the CYP

1A, 2C, 2E, and 2J subfamilies. Appropriate catalytic activity was ascertained with all these CYP species except 2J. A broader spectrum of

CYP enzymes (CYP 1A, 2B, 2C, 2D, 2E, 2J, 3A, 4A subfamilies) was found in liver tissue with catalytic activities exceeding many fold

those of coronary tissue. We conclude that bovine coronary arteries are endowed with a full-fledged CYP system with potential for AA-

linked vasoregulation through dilator rather than constrictor agents. The same tissue and, to a much larger degree, liver tissue possess the

capability of metabolizing xenobiotics via the CYP pathway.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The cytochrome P450 (CYP) superfamily comprises a

large number of enzymes that are often critical for the

oxidative metabolism of endogenous and exogenous

compounds [1]. Although CYPs are primarily expressed
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in the liver, they also occur in diverse extrahepatic sites

including the intestine, kidney, nasal mucosa, and lung

[2–5]. Recent work has also demonstrated their presence

in the vascular system where they may play a crucial role

in tone regulation through the transformation of arach-

idonic acid (AA) to epoxygenase (epoxytrienoic acids,

EETs) and N hydroxylation (20-hydroxyeicosatetraenoic

acid, 20-HETE) products [4,6,7]. In fact, it has been

shown that the activation of a CYP epoxygenase in the

endothelium is an essential step for nitric oxide/prosta-

glandin I2 (NO/PGI2)-independent hyperpolarization of the

underlying muscle with the attendant vasodilatation, while

20-HETE is a potent constrictor being formed within the

muscle itself [4,6,7]. By using RT-PCR, selective inhib-

itors and inducers of CYPs, Western immunoblotting and

immunocytochemical techniques, CYP isoforms belonging

to the 2B, 2C and 2J subfamilies have been identified in
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different species as epoxygenases yielding vasoactive

EETs [4,6–12]. The formation of 20-HETE, on the other

hand, has been linked to the CYP4A subfamily, the

contribution from other CYPs, specifically 1A and 2E,

being minor [4,7].

Many investigations dealing with CYP-derived, vaso-

active products have been carried out in coronary vessels

[8–13]. However, they have used mainly cell cultures

rather than the freshly dissected tissue and, moreover, have

been centered on CYPs responsible for the oxidation of

AA. It follows that limited information [13] is available on

the possible metabolism of other endogenous substrates

and xenobiotic compounds. The latter, in particular, could

be drugs or procarcinogens whose transformation via

CYPs may adversely affect the structure and function of

coronary vessels.

The purpose of our investigation was to gain a better

insight into the functional organization of the CYP system

in the coronary arteries. This was achieved by assessing

the expression and catalytic activity of a broad group of

CYPs, including forms that may not be involved in the

biotransformation of AA. Liver tissue was examined

comparatively. Cattle was used as the test animal to ensure

an adequate yield of tissue and provide, at the same time,

information on a species that has been relatively neglected

in previous studies of CYP function [see Ref. [14]].
Table 1

Sequence of primers used for PCR analysis

Gene Sequence Product

size (bp)

CYP 1A Forward1 GCCNGACCTCTACAGCTT 580

Forward2 GCCAATGTCATCTGTGCC

Reverse TGGGATGGTGAAGGGGA

CYP 2B Forward1 CATCATCTGCTCCATTGT 317

Forward2 GATGCKGTYATCCACGAG

Reverse AGGATGGTGGTGAAGAAG

CYP 2C Forward1 CCCTCCTGGCCCCACTC 300

Forward2 CATGGATAYGARGCAGTGAA

Reverse GGAGCAGATCACATTGCAGG

CYP 2D14 Forward GCTGAAGGAAGAGTTTAACTTAGT 393

Reverse CTCACCTGCCCTATCACCT

CYP 2E1 Forward1 CGGTCGCCCTGCTGGTG 650

Forward2 CCATCTGGAAGCACATCTAC

Reverse CTATGGCTTCCAGGCAGGT

CYP 2J Forward CCCTCAYTTCAAGATCAACA 353

Reverse GCAGATGAGGTTTTCTTCAT

CYP 3A28 Forward TGGAACATAGCAAGAACCTC 310

Reverse TAGCCACCAAAAATAAAGATAG

CYP 4A Forward GAAGTGTGCCTTCAGCC 700

Reverse1 AAGCGNAGCAGGGTCAG

Reverse2 AAGGGTCAAACACCTCTG

Two primers (external and internal) were used upstream or downstream in

certain cases (for details, see text).
2. Materials and methods

2.1. Chemicals

7-Ethoxy-4-trifluoromethyl coumarin, 7-methoxy-4-tri-

fluoromethyl coumarin, 7-hydroxy-4-trifluoromethylcouma-

rin, resorufin, coumarin, ethoxyresorufin, pentoxyresorufin,

and benzyloxyresorufin were supplied from Sigma Chemical

(St. Louis, USA). Rabbit polyclonal antibodies against rat

CYP 1A1, 2B1, 2E1, 2C11, 3A2, 4A1, human CYP 2D6,

7-benzyloxyquinoline and 7-hydroxyquinoline were pur-

chased from Gentest (Woburn, USA). The rabbit polyclonal

antibody against recombinant CYP 2J2 was a gift of Dr. D.

Zeldin (National Institute of Environmental Health Sciences,

Research Triangle Park, NC, USA). All chemicals and

reagents were of analytical grade.

2.2. Preparation of microsomes

Not castrated, male cattle (n=9; Limousine breed, 15–

20 months of age) were supplied by a municipal abattoir

(San Miniato-Pisa district). The animals were healthy and

had not received any medication for at least 15 days prior

to killing. Coronary arteries (epicardial tract) and liver

(pooled tissue from all lobes) were collected within 20–40

min of killing and were frozen in liquid nitrogen to be

subsequently stored at �80 8C for further work-up. Blood

vessels, each sample consisting of pooled tissue from three
animals, and individual liver specimens were used to

prepare microsomes according to a published procedure

[15]. Microsomal protein concentration was measured by

the method of Lowry et al. [16] with bovine serum

albumin as standard. Reference microsomal proteins from

Sprague–Dawley rats were used in certain experiments

(Western immunoblotting; see below). Surgical procedures

and experimental protocols were approved by the Animal

Care Committee of the Ministry of Health.

2.3. Preparation of RNA and cDNA

Total RNA was isolated from coronary arteries and liver

with the TriPure Isolation Reagent (Roche Molecular

Biochemicals, Indianapolis, USA), as recommended by

the manufacturer. Briefly, frozen coronary tissue, each

sample being from three animals, and liver (80–100 mg;

n=2; same for both tissues) were ground to powder in a

chilled mortar before being homogenized in TriPure

solution (1 ml). The resulting mixture was centrifuged

(12,000�g; 10 min at 4 8C), the aqueous phase was

separated and was added 0.2 ml of chloroform. It was then

centrifuged again, and the liquid phase was centrifuged a

third time after adding 0.5 ml of isopropanol to precipitate

the RNA. The ensuing pellet was washed with 1 ml of

ethanol–water (7.5:2.5, by volume) before being dissolved

into sterile Rnase-free water (20 Al). RNA (2 Ag) was

reverse transcribed with 1 U of ThermoScript RT (Invi-

trogen Life Technologies, Carlsbad, USA) in the presence of

random hexanucleotide primers according to the manufac-

turer’s instructions.
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Fig. 1. Gel electrophoresis of RT-PCR-amplified CYPs mRNA from bovine

coronary (C) and liver (L) tissues. First line contains the DNA molecular

weight markers (100 pb increments). Size of the PCR products was as

follows: CYP 1A, 0.52 Kpb; CYP 2B, 0.36 Kbp; CYP 2C, 0.30 Kbp; CYP

2D, 0.39 Kbp; CYP 2E, 0.65 Kbp; CYP 2J, 0.35 Kbp; CYP 3A, 0.35 Kbp;

CYP 4A, 0.7 Kbp.
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2.4. RT-PCR and sequence analysis

Primers for CYP 1A, 2B, 2C, 4A subfamilies were

constructed through the identification of conserved regions

of homologous isoforms being retrieved from GenBank.

The CRUSTAL program for multiple sequence alignment

was used for this purpose. The following comparisons were

made: CYP 1A subfamily (murine CYP 1A1, GenBank

accession no.KO2246; rabbit CYP 1A1, GenBank acces-

sion no.DOO212; ovine CYP 1A1, GenBank accession

no.579795), CYP 2B subfamily (murine CYP 2B1, Gen-

Bank accession no.J00719; rabbit CYP 2B5, GenBank

accession no.M18820; canine CYP 2B11, GenBank acces-

sion no.M92447), CYP 2C subfamily (rabbit CYP 2C5,

GenBank accession no.M55664; human CYP 2C8, Gen-
Cor.2C   1  gaaaaagttagtaagggacttggaatcgct
            ||||||||||||||||||||||||||||||
Rabbit 831  gaaaaagttagtaagggacttggaatcgct
2C5 
                                          
Cor.2C  61  cgacgcttctcgctcatgaccctgcggaat
            ||||||||||||||||||||||||||||||
Rabbit 891  cgacgcttctcgctcatgaccctgcggaat
2C5 

Cor.2C 121  cgaattcaagaggaggcccgcagcctggtg
            ||||||||||||||||||||| ||||||||
Rabbit 951  cgaattcaagaggaggcccgctgcctggtg
2C5 

Cor.2C 181  tgtgatcccacctttatcctgggctgtgct
            ||||||||||||||||||||||||||||||
Rabbit 1011 tgtgatcccacctttatcctgggctgtgct
2C5 

Cor.2C 6   SVPILEKVSKGLGIAFSNAKTWKEMRRFSLM
           SVPILEKVSKGLGIAFSNAKTWKEMRRFSLM
Rabbit 99  SVPILEKVSKGLGIAFSNAKTWKEMRRFSLM
2C5 
Cor.2C 66  TNASPCDPTFILGCAPCNVICS  
           TNASPCDPTFILGCAPCNVICS 
Rabbit 159 TNASPCDPTFILGCAPCNVICS  
2C5 

Fig. 2. Nucleotide and aminoacid sequences of the bovine c
Bank accession no.M17397; human CYP 2C9, GenBank

accession no.D00173), and CYP 4A subfamily (human

CYP 4A11, GenBank accession no.L04751; rabbit CYP

4A7, GenBank accession no.J05150). As reported in Table 1,

three oligonucleotides were chosen for each of these

subfamilies to perform SEMI-NESTED PCR. In the case

of the CYP 2J subfamily, primers corresponded to those used

previously for the identification of the porcine and human

isoforms [8] (Table 1). The remaining primers were derived

from known bovine sequences (CYP 2D14, GenBank

accession no.X68481; CYP 2E1, GenBank accession

no.AJ001715; CYP 3A28, GenBank accession no.Y10214)

(Table 1). Only one pair of primers was used for the PCR

analysis of CYP 2D, 2E, 2J, and 3A isoforms.

cDNA (2 Ag) was used for the amplification reactions (35

cycles) after being denaturated at 95 8C for 2 min, and

products were separated on agarose gel (1.5% 95 8C w v�1)

and subsequently stained with ethidium bromide. The

expected amplified DNA fragments were: 580 bp for CYP

1A, 317 bp for 2B, 300 bp for 2C, 393 bp for 2D14, 650 bp

for 2E1, 353 bp for 2J, 310 bp for 3A28, and 700 bp for 4A.

For further verification, PCR products were purified by a

Qiaquick Kit (QUIAGEN, Mi, Italy), as indicated by the

manufacturer, and were sequenced by automated fluorescent

cycle sequencing (AGI, PD, Italy).

2.5. Western immunoblotting

Microsomal proteins from both coronary arteries (30 Ag)
and liver (5 Ag) were separated according to Laemmli [17] on
ttcagcaatgcaaagacatggaaggagatg 60 
|||||||||||||||||||||||||||||| 
ttcagcaatgcaaagacatggaaggagatg 890 

                               
ttcggcatggggaagaggagcattgaggac 120 
|||||||||||||||||||||||||||||| 
ttcggcatggggaagaggagcattgaggac 950 

gaggagctgagaaaaaccaacgcctcaccc 180 
|||||||||||||||||||||||||||||| 
gaggagctgagaaaaaccaacgcctcaccc 1010 

ccctgcaatgtgatctgctcc 231 
||||||||||||||||||||| 
ccctgcaatgtgatctgctcc 1061 

TLRNFGMGKRSIEDRIQEEARSLVEELRK  
TLRNFGMGKRSIEDRIQEEAR LVEELRK 
TLRNFGMGKRSIEDRIQEEARCLVEELRK  

oronary artery CYP 2C fragment vs. rabbit CYP 2C5.
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SDS–7.5% (w v�1) polyacrylamide gel and then transferred

electrophoretically onto nitrocellulose membranes. Mem-

branes were incubated with polyclonal antibodies against rat

CYP 1A1, 2B1, 2E1, 2C11, 3A2, 4A1 (dilution, 1:500),

human CYP 2D6 (dilution,1:500), and recombinant CYP 2J2

(dilution, 1:1000) for 2–4 h. Immunoreactive proteins were

visualized with a chemiluminescence reaction kit (Amer-

sham, Mi, Italy) and bands were electronically scanned.

Microsomal proteins from h-naphtoflavone-treated (CYP1A
analysis) or control male rat liver (5 Ag) served as a Ref. [3].

2.6. Analytical procedures

The CYP content and NADPH-cytochrome P450

reductase activity were measured according to Omura

and Sato [18] and Masters et al. [19], respectively.

Ethoxyresorufin O-deethylase (EROD), pentoxyresorufin
Cor.1A 16   tacctgcccaaccctgctctggaaaggttc
            |||||||||||| |||| |||||    |||
Sheep  850  tacctgcccaacactgccctggacctcttc
1A1 

Cor.1A 76   tctgtgcagaaaacggtccaggaacactat
            | ||| ||||| |  ||| |||||||||||
Sheep  908  t-tgtacagaagatagtcaaggaacactat
1A1 

Cor.1A 136  atcataggcgccctgttcaagcactgtgag
            |||| || |  |||| |  |||||||| ||
Sheep  967  atcacagacagcctgattgagcactgtcag
1A1 

Cor.1A 196  atcctcattcccagtgagaagattgttaac
            ||||   |  |   |||||||||  |||| 
Sheep  1024 atccagctgtcggatgagaagatcattaat
1A1 

Cor.1A 256  gacacaatcacaacag-ccatttcctggag
            |||||| ||||||| | |||||||||||||
Sheep  1084 gacacagtcacaactgcccatttcctggag
1A1 

Cor.1A 315  tgcagaagaaaagattcaggaggagctgga
            |||  || ||||||||||||||||||||||
Sheep 1143  tgc--aaaaaaagattcaggaggagctgga
1A1 

Cor.1A 374  ggctctctgacagaccccagctgccctatt
             ||||||||||||||| |||||||||||||
Sheep  1200 agctctctgacagacctcagctgccctatt
1A1 

Coronary 1A PILKYLPNPALERFKNLNSEVPAASVQKTV
            P+L+YLPN AL+ FK+LN       VQK V
Sheep 1A1   PVLRYLPNTALDLFKDLNRRF-YVFVQKIV

Coronary 1A ETANILIPSEKIVNVVIDLFGAGFDTITTA
            E ANI +  EKI+NVV+DLFGAGFDT+TTA
Sheep 1A1   ENANIQLSDEKIINVVMDLFGAGFDTVTTA

Coronary 1A AAARLSDRPQLPYLECF  
            +LSDRPQLPYLE F 
Sheep 1A1   RWPQLSDRPQLPYLEAF  

Fig. 3. Nucleotide and aminoacid sequences of the bovine c
O-depentylase (PROD) and benzyloxyresorufin O-deben-

zylase (BROD) activities were determined, as previously

reported [20], with a Perkin-Elmer spectrofluorimeter

(mod. LS 45). The dealkylation activities of 7-methoxy-

4-(trifluoromethyl) coumarin (MF3C-D), 7-ethoxy-4-(tri-

fluoromethyl) coumarin (EF3C-D) and 7-benzyloxyquino-

line (BQ-D) were also measured, as reported [21–23], by

monitoring fluorimetrically the formation of the corre-

sponding hydroxy products.
3. Results

3.1. mRNA analysis

Cattle coronary arteries expressed mRNA for CYP

isoforms belonging to the 1A, 2C, 2E, and 2J subfamilies
aagaacttgaactcagaggttcctgcagct 75 
||| || |||| || ||||||| | |  || 
aaggacctgaa-tcggaggttc-tacgtct 907 

caagactttgacaagggcaacatccaggac 135 
 ||   ||||| |||||  |||||| |||| 
aaaacgtttgagaagggtcacatccgggac 966 

gataacaggaggattcccgagacagccaat 195 
|||||   |||| |   |||||  |||||| 
gataa---gaggctggacgagaatgccaat 1023 

gttgtcatagacctctttggggctgggttt 255 
|| || || |||||||||||||| |||||| 
gtcgtgatggacctctttggggccgggttt 1083 

ccttatgtaccttgtgagaaatccccagga 314 
|||  ||||||| ||||  || |||||||  
cctcctgtacctggtga-caagccccaggg 1142 

cagcagtggttggcagggggccgcgg-ccc 373 
|| ||||| ||||||||| || | || ||| 
ca-cagtgattggcagggcgcggtggcccc 1199 

tggagtgcttca 415 
|||||  ||||| 
tggaggccttca 1241 

QEHYQDFDKGNIQDIIGALFKHCEDNRRIP  
+EHY+ F+KG+I+DI  +L +HC+D +R+  
KEHYKTFEKGHIRDITDSLIEHCQD-KRLD  

ISWSLMYLVRNPQDAEEKIQEELDSSGWQG  
ISWSL+YLV +P+  ++KIQEELD+   +  
ISWSLLYLVTSPR-VQKKIQEELDTVIGRA  

oronary artery CYP 1A fragment vs. ovine CYP 1A1.
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(Fig. 1). No signal was detected instead for CYP 2B, 2D,

3A, and 4A isoforms (Fig. 1). However, all CYPs isoforms

being investigated, whether occurring or not in the

vascular tissue, were found in the liver (Fig. 1).

The identity of PCR products from coronary arteries was

confirmed through sequence analysis. CYP 2E fragment

proved to be identical to the bovine CYP 2E1 being reported

in the GenBank. Nucleotide and amino acid sequences of the

CYP 2C fragment coincided (98%) with those of rabbit CYP

2C5 (Fig. 2) and were highly concordant with those of human

CYP 2C8 and 2C9 (data not shown). The same sequences for

CYP 1Awere, respectively, 79% and 58% homologous to the

ovine CYP 1A1 (Fig. 3), while in the case of the CYP 2J

fragment there was a 79% and 69% homology with rabbit

CYP 2J1 (Fig. 4).

3.2. Western immunoblotting

Protein expression for CYP subfamilies, as evidenced by

Western immunoblotting with a host of antibodies (anti-rat,
2J cor.  3 gatcaacaatgctgtttccaatattatttg
           |||||||||||| |||||||| || |||||
2J1    574 gatcaacaatgcagtttccaacatcatttg

2J cor.63  caaggatgatcagttccaggagctgctgag
           | | |||| |||||| ||||||||| ||| 
2J1    634 ccacgatggtcagtttcaggagctgttgaa

2J cor.123 atcagtgtgctgccagctctacaatgcctt
            ||  ||   |||||||||||||||  |||
2J1    694 ttcgatgctgtgccagctctacaatatctt

2J cor.183 ccaccacactctctttcgtaaatgggagaa
            ||||| ||||||||  | || ||| | ||
2J1    754 tcaccaaactctcttcagcaactggaaaaa

2J cor.243 aaaccacaggaaagactggaatcctgctga
           |||||||| |||||| ||||||||||||||
2J1    814 aaaccacaagaaagattggaatcctgctga

2J cor.303 ggagatagagaagcacaaaggcaatgctac
           ||| ||    ||| ||   |||| ||||||
2J1    874 ggaaatgtcaaagtacccgggcagtgctac

2J cor.363 ca 364 
           || 
2J1    934 ca 935 

2J cor. 1   RINNAVSNIICSITLGERFDYKDDQFQEL
            +INNAVSNIICSIT GERF+Y D QFQEL
2J1     183 KINNAVSNIICSITFGERFEYHDGQFQEL

2J cor. 61  SHHTLFRKWEKLKMFVANVIENHRKDWNP
            +H TLF  W+KL++FV+ ++ENH+KDWNP
2J1    243  AHQTLFSNWKKLELFVSRMLENHKKDWNP

Fig. 4. Nucleotide and aminoacid sequences of the bovine c
1A1, 2B1, 2C11, 2E1, 3A2, 4A1; anti-human, 2D6; anti-

recombinant isoform, 2J2), accorded with data from mRNA

analysis.

Results are exemplified in Fig. 5. Anti CYP 1A1

recognized two proteins bands, conceivably CYP 1A1 and

CYP 1A2, in bovine and rat liver microsomes. A similar

pattern has been reported by others in cattle but not rat

[14]. Conversely, only the band of higher molecular

weight, i.e. CYP 1A1, was clearly visible in the coronary

sample. When microsomes were probed with the antibody

against CYP 2C11, an equally strong signal was detected

in all tissues. On the other hand, in accord with earlier data

[24], anti CYP 2B1 recognized in the bovine liver a

protein band of similar molecular weight to that of the rat,

while a band of higher molecular weight was seen in the

coronary microsomes. The latter finding likely denotes the

presence of a crossreacting protein other than CYP 2B.

When the antibody to CYP 2E1 was used, a single band of

comparable molecular weight was noted in all specimens,

whether from cattle or rat. On the other hand, with the
ctccatcaccttgggggagcggtttgacta 62 
||| |||||||| |||||||| ||||| || 
ctctatcacctttggggagcgctttgagta 633 

gctgctggatgagatcttgtgtattcaggc 122 
| |  | |||||  || ||| | |  | || 
gttattcgatgaagtcatgtatttggaagc 693 

tccaagaataatgaatttccttccgggatc 182 
|||| | || ||||| |||||||| ||| | 
tccatggattatgaaattccttcctggagc 753 

actgaaaatgtttgttgctaatgtgattga 242 
|||| || | |||||  ||  | || |||| 
actggaattatttgtctctcgtatgcttga 813 

agcaagagacttcattgatgcttacctaca 302 
| |||||||||| ||||||||||||||  | 
aacaagagactttattgatgcttacctcaa 873 

ttcgagtttcgatgaagaaaacctcatctg 362 
||| |||||| ||||||||||||||||||| 
ttcaagtttcaatgaagaaaacctcatctg 933 

LRLLDEILCIQASVCCQLYNAFPRIMNFLPG 60 
L+L DE++ ++AS+ CQLYN FP IM FLPG 
LKLFDEVMYLEASMLCQLYNIFPWIMKFLPG 242 

AEARDFIDAYLQEIEKHKGNATSSFDEENLI 120 
AE RDFIDAYL+E+ K+ G+ATSSF+EENLI 
AETRDFIDAYLKEMSKYPGSATSSFNEENLI 302 

oronary artery CYP 2J fragment vs. rabbit CYP 2J1.
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Fig. 5. Immunoblot analysis of CYP expression in bovine liver (lane 2) and coronary arteries (lane 3). Reactive proteins belonged to CYP 1A, 2B, 2C, 2E, 2J,

3A, and 4A subfamilies. Microsomes from control rat liver (lane 1) served as a reference. Note that, in the case of CYP 1A, lane 1 used liver miocrosomens

from h-naphtoflavone-treated rat as reference.
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CYP 2J2 antibody two protein bands were recognized in

the coronary microsomes, unlike liver ones, possibly due

to the presence in this extrahepatic tissue of two CYP2J

isoforms. Immunoblotting with antibodies to CYP 4A1 and

2D6 (not shown) could not detect any signal in the

coronary microsomes, while these reactive proteins were

found in the liver of both species. Equally absent was a

response when coronary microsomes were challenged with

the CYP 3A2 antibody, and this negative result was also

evident in cattle, but not rat, liver microsomes.

3.3. Monooxygenase activities

As reported in Table 2, coronary artery microsomes

showed NADPH-cytochrome P450 reductase activity,

although its value was considerably lower than in the liver.
Table 2

CYP content and monooxygenase activity in microsomes from coronary

artery and liver of cattle

Coronary artery Liver

CYP content nd 0.46F0.09

CYP reductase 3.8F0.9 53F6

EROD (CYP 1A) 4.1F2.2 113F25

PROD (CYP 2B) 0.8F0.3 2.8F0.8

EF3C-D (CYP 2B/2E) 9.9F1.8 207F33

BROD (CYP 2B/3A) 1.1F0.5 79F19

MF3C-D (CYP 2C) 8.2F2.1 83F18

BQ-D (CYP 3A) nd 246F54

Values are meansFS.D. (n=3 or 4) and are expressed as nmol mg�1 protein

(CYP content), nmol mg�1 protein min�1 (CYP reductase), or pmol mg�1

protein min�1 (CYP marker activity). Individual marker activities are listed

with their related CYP subfamily in parenthesis. nd=not detectable.
CYP content, on the other hand, was measurable in liver but

not coronary tissue.

Monooxygenase activities were assessed with fluorescent

CYP substrates to enhance the selectivity and sensitivity of

the assays (Table 2). Under these conditions, coronary

microsomes exhibited consistent levels of activity for

EROD, PROD, EF3C-D, BROD, and MF3C-D that are

known markers, respectively, for members of the CYP 1A,

2B, 2B/2E, 2B/3A, and 2C subfamilies in the rat or other

mammals [21,22,25]. Conversely, no activity was found for

BQ-D which identifies the CYP 3A subfamily. Liver tissue,

as expected, gave a positive reaction with all markers, with

values exceeding many fold those of coronary tissue.
4. Discussion

Although the formation of various CYP-based AA

metabolites (EETs and HETEs) has been reported in

cultured cells from bovine coronary artery [12,26], no

information is available on the actual occurrence of CYPs in

the same tissue. Our study demonstrates the presence of

members of the CYP 1A, 2C, 2E, 2J subfamilies in the

bovine coronary tissue. This finding, which is based on the

concerted use of diverse investigational tools (RT-PCR,

Western immunoblotting, assay of catalytic activity for all

CYP species except 2J), accord with the data in literature.

Since substrate probes used in the present study had been

established for rat and human CYPs and immunoblottings

were also performed with antibodies raised against rat and

human antigens, a note of caution must be introduced when

applying these tools to bovine proteins. However, the

isoforms found in the bovine coronary tissue have also
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been detected in cultured endothelial cells from pig [10] and

human [13] coronary arteries. The only inconsistency in

comparing our data with those of others concerns CYP 2B

and CYP 3A whose presence has previously been reported

in human, although not porcine, cells [10,13]. Regarding

CYP 2B, however, our results are also not univocal since the

absence of an appropriate transcript (see Fig. 1) was

associated with a positive response in marker enzyme

reactions (PROD, BROD; see Table 2), while Western

immunoblotting showed a reactive band not precisely

coincident with the reference (see Fig. 5). Perhaps, there

is in the tissue a, hitherto unidentified, protein not belonging

to the CYP 2B subfamily, but yet closely allied to it, that

may sustain a marginal enzymic reaction. Liver tissue, on

the other hand, is endowed with a broader spectrum of

CYPs, each exhibiting much higher catalytic activity

compared to the enzyme complement in coronary tissue.

Similar findings have been reported by others in the same

species [14]. However, although expected, the limited CYP

expression in coronary arteries vis-à-vis the liver is possibly

an underestimate of the actual situation since some minor

isoform might have been missed due to the lack of specific

bovine probes.

Bovine coronary tissue did not show any isoform

belonging to the CYP 4A subfamily. The result might be

expected since the vasoconstrictor 20-HETE, mainly formed

through CYP 4A, had not been detected in cultured bovine

coronary artery cells [12,26]. In this respect, the coronary

artery differs from other blood vessels, including those of

brain and kidney, in which 20-HETE is assigned a role in the

maintenance of muscle tone [4,6,7]. Hence, in considering

the possible biotransformation of AA, one may conclude that

bovine coronary arteries generate primarily epoxygenase-

linked vasodilator products being identified with the endo-

thelium-derived hyperpolarizing factor (EDHF) [4,6,7]. The

implications of such a finding for normal vascular homeo-

stasis remain to be elucidated. Nevertheless, one may already

surmise that the AA/CYP complex has an uneven functional

arrangement through the vascular tree with vasodilator and

vasoconstrictor actions being mutually balanced, or unbal-

anced, in their expression depending on the particular site.

A similar non-uniform organization may occur with any

other CYP-based, vasoregulatory agent originating from

endogenous sources [7,27]. CYP1A and 2E isoforms, in

particular, may promote AA hydroxylation at the C19 carbon

atom position [7]. A similar AA hydroxylation and vascular

regulation may occur also in the rabbit pulmonary artery

where the CYP 1A and 2E along with CYP 2B and 2C have

been immunodetected. On the contrary, other vessels in the

same species such as the carotid artery and aorta, do not

exhibit CYP-based AA metabolism, thus implying that

vascular homeostasis relies on other agents [28].

The presence of CYP isoforms in coronary artery tissue

has also some bearing on pathological processes, specifi-

cally the development of atherosclerotic lesions. The CYP

2J is abundant in the endothelium and is thought to protect
against hypoxia-reoxygenation injury [29]. On the other

hand, considering the facile induction of certain isoforms,

such as CYP 1A, by environmental pollutants and drugs

[30], an excess amount of reactive oxygen species could be

formed within the vessel wall and exert a damaging effect

particularly on the endothelium. In fact, a vicious cycle

could be envisaged whereby endothelial dysfunction, with

the attendant lesser formation of NO, leads to the removal of

an inhibitory influence on CYP function [4] and, ultimately,

promotes a self-sustained pathogenetic sequence. The

presence of CYP 2E1 in coronary tissue is also noteworthy

in this connection. This enzyme, which has been detected in

various extrahepatic tissues including lung [2,3], catalyses

the oxidation of several substances of low molecular weight

including many polar and lipophilic solvents [31]. Although

it is unlikely that coronary arterial cells play a major role in

xenobiotic biotransformation, a tissue-specific metabolism

can be important as local noxa. Thus, as the exposure to

volatile solvents is common as well as their presence in

blood, their bioactivation to toxic intermediates in the

coronary arteries may be expected. Furthermore, CYP 2E1,

unlike CYP 2J2 [29], is prone to generate ROS from CYP

uncoupling cycle with the attendant possibility of a

cytotoxic action and apoptosis [32]. It is, in fact becoming

increasingly evident that uncontrolled formation of ROS is a

key factor for cell damage and the aging process [33].

A final comment relates to the expression of CYPs in the

liver. The breed of cattle used has a CYP complement

comparable to that of the non-induced cattle breed studied

earlier [14]. Coincidentally, the same finding confirms that

this domestic animal, of paramount importance for the food

chain, is equipped with adequate systems for the degrada-

tion of foreign chemicals.

In conclusion, our study proves that the bovine coronary

artery is endowed with a functional CYP system comprising

several isoforms. The character of these isoforms implies the

operation in the tissue of an epoxygenase pathway with

vasodilator properties. This system as a whole is also liable

to excess activation by xenobiotics with implications for the

pathogenesis of coronary vascular disease.
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