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SUMMARY
Cytochrome P450 (P450) monooxygenases catalyze the epoxi-
dation of arachidonic acid to form epoxyeicosatrienoic acids,
which modulate bronchial smooth muscle tone and airway
transepithelial ion transport. We recently described a new hu-
man P450 arachidonic acid epoxygenase (CYP2J2) and the
corresponding rat homologue (CYP2J3). Northern analysis of
lung RNA using CYP2J cDNA probes demonstrated that

CYP2J2 and CYP2J3 mRNAs were expressed in the lung.
Immunoblotting of microsomal fractions prepared from human

and rat lungs using a polyclonal antibody raised against recom-
binant human CYP2J2 revealed a single 56-kDa band confirm-
ing abundant pulmonary CYP2J2 and CYP2J3 protein expres-
sion. lmmunohistochemical analysis of formalin-fixed paraffin-
embedded human and rat lung sections using the anti-human
CYP2J2 lgG and avidin/biotin/peroxidase detection showed
that CYP2J proteins were primarily expressed in ciliated epi-
thelial cells lining the airway. Prominent staining was also noted

in nonciliated airway epithelial cells, bronchial and pulmonary
vascular smooth muscle cells, pulmonary vascular endothe-
hum, and alveolar macrophages, whereas less intense staining
was noted in alveolar epithelial cells. Endogenous epoxyeico-
satrienoic acids were detected in both human and rat lung
using gas chromatography/mass spectrometry, thus providing
direct evidence for the in vivo human and rat pulmonary P450

metabolism of arachidonic acid. Based on these data, we con-
dude that CYP2J2 and CYP2J3 are abundant pulmonary ara-
chidonic acid epoxygenases and that CYP2J products, the
epoxyeicosatrienoic acids, are endogenous constituents of hu-
man and rat lung. In addition to known effects on airway
smooth muscle tone and transepithelial electrolyte transport,
the localization of CYP2J proteins to vascular smooth muscle
and endothelium suggests that epoxyeicosatrienoic acids may
also be involved in the modulation of pulmonary vascular tone.

Pulmonary P450s have been proposed to play important
roles in the biotransformation of xenobiotics and in the acti-

vation/detoxification of inhaled chemical carcinogens and

lung toxins (1-5). A number of P450 enzymes have been

shown to be constitutively expressed in the lung, including
members of the CYP1A, CYP2A, CYP2B, CYP2E, CYP2F,
and CYP4B subfamilies (6-12).’ NADPH-cytochrome P450
reductase, another component of the mixed-function oxidase
enzyme system, has also been shown to be expressed in the
lung (1, 8, 13). Immunohistochemical studies and in situ

hybridization have demonstrated that these P450 enzyme

components are primarily present within nonciliated bron-

chiolar epithelial (Clara) cells and type II pneumocytes, al-

This work was supported in part by National Institutes of Health Contract
N01-ES35356 and the Bryan Alzheimer Disease Research Center Rapid Au-
topsy Program (National Institutes of Health Grant P50-AG05128).

1 The cytochrome P450 nomenclature of Nelson et al. (58) is used through-
out the article.

though low levels of expression have been described in alve-
olar macrophages, goblet cells, ciliated epithelial cells, and

vascular endothelial cells (8, 14-16). Despite extensive stud-

ies describing the components ofthe pulmonary P450 system

and their cellular localization, little is known about the func-
tion of these enzymes with respect to normal lung physiology
or pathophysiology. Several studies have suggested a link

between lung P450 and hypoxic pulmonary vasoconstriction
(17, 18). More recently, pulmonary P450s have been shown to

catalyze the oxidation of arachidonic acid and other eico-
sanoids, thus suggesting a potential functional role of these

hemoproteins in the bioactivation of endogenous fatty acid

substrates in the lung (19-23).

Arachidonic acid can be oxidized by at least three distinct

enzymatic pathways (24-27). Prostaglandin H2 synthases
metabolize arachidonic acid to prostaglandins, thromboxane,

and prostacyclin. Lipoxygenases convert arachidonic acid to
leukotrienes and hydroxyeicosatetraenoic acids. P450 mo-
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nooxygenases catalyze the formation of EETs, hydroxyeico-

satetraenoic acids, and C19/C20 alcohols of arachidonic acid.

The cyclooxygenase and lipoxygenase metabolites of arachi-

donic acid are endogenous constituents of the lung and have
been shown to have potent effects on airway and vascular
smooth muscle tone, pulmonary vascular permeability, mu-

cus secretion, and lung cell growth and differentiation (28-

31). Much less information is available about the presence
and/or biological actions of P450-derived arachidonic acid
metabolites in the lung. Microsomal fractions prepared from

guinea pig and rabbit lungs metabolize arachidonic acid to

EETs as the principal reaction products (21, 22). Further-

more, CYP2B4 seems to be the primary constitutive pulmo-
nary arachidonic acid epoxygenase present in rabbit and

guinea pig lung (21, 22). Our group and others have demon-
strated that several of the EET regioisomers cause a dose-

dependent relaxation of guinea pig airway smooth muscle in

vitro (22, 32). More recently, we have shown that 11,12-EET
causes a dose-dependent increase in rat tracheal transepi-

thelial voltage variation and decrease in transepithelial short
circuit current variation, likely mediated through inhibition
of a conductive Cl pathway (33). The effects of EETs on

vascular smooth muscle tone in extrapulmonary tissues sug-

gest that these arachidonic acid metabolites may also possess

vasoactive properties in the lung (34-37). Importantly, lung

lavage fluid arachidonic acid epoxygenase metabolites are

increased after exposure to high levels of oxygen in both
infants and lambs, suggesting that EETs may be involved in

the pathogenesis of hyperoxic lung injury (38, 39).

Researchers in our laboratory recently cloned a new hu-

man P450 cDNA (CYP2J2) (40) and the corresponding rat
homologue (CYP2J3),2 both of which were highly expressed

in extrahepatic tissues. The recombinant rat and human

CYP2J proteins were active in the metabolism of arachidonic

acid to EETs (40)2 The purpose of this investigation was to
(a) examine the expression and immunohistochemical local-
ization of CYP2J P450s in human and rat lung and (b)

determine whether CYP2J products, the EETs, were pro-
duced in vivo in human and rat lung. Based on molecular,
immunological, and biochemical data, we conclude that (a)

human and rat lungs contain an active arachidonic acid
epoxygenase of the CYP2J subfamily that is primarily local-

ized to airway epithelial cells, bronchial and vascular smooth
muscle cells, vascular endothelium, and alveolar macro-

phages and (b) in addition to the cyclooxygenase and lipoxy-

genase pathways, the P450 epoxygenase pathway is an im-

portant member of the pulmonary arachidonic acid metabolic
cascade.

Experimental Procedures

Materials. [a-32PJdATP and [1-’4Cjarachidonic acid were pur-

chased from DuPont-New England Nuclear (Boston, MA). Esche-

richia coli polymerase I was purchased from New England Biolabs

(Beverly, MA). Triphenylphosphine, a-bromo-2,3,4,5,6-pentafluoro-
toluene, N,N-diisopropylethylamine, N,N-dimethylformamide, and

diazald were purchased from Aldrich Chemical (Milwaukee, WI). All
other chemicals and reagents were purchased from Sigma Chemical

2 S� Wu, E. Murphy, S. Gabel, K. B. Tomer, J. Foley, C. Steenbergen, J. R.

Falck, C. R. Moomaw, and D. C. Zeldin. Molecular cloning, expression, and
functional significance of a cytochrome P450 highly expressed in rat heart
myocytes. Submitted for publication.

(St. Louis, MO) unless otherwise specified. Normal human lung was

obtained through the Cooperative Human Tissue Network (National
Disease Research Interchange, Philadelphia, PA) or from local tissue

donors. Rat lung tissues were obtained from male Fischer 344 rats

that had been fed ad libitum and killed by lethal CO2 inhalation.
Isolation of mRNA and nucleic acid blot hybridization

analysis. Normal human and rat lung tissues were snap-frozen in

liquid nitrogen immediately after collection and stored at -80#{176}until

use. Total RNA was extracted using the guanidinium thiocyanate/
cesium chloride density gradient centrifugation method as described

previously (41). Poly(A)� mRNA was prepared by the oligo(dT)-

cellulose method using reagents supplied by Pharmacia (Piscataway,

NJ). For Northern blot analysis, lung mRNA (5 �tg) was denatured

and electrophoresed in 1.2% agarose gels containing 0.2 M formalde-

hyde. After capillary-pressure transfer to GeneScreen Plus nylon

membranes (New England Nuclear Research Products, Boston, MA),

the blots were hybridized with either the 1.9-kb CYP2J2 cDNA probe
(human) or the 1.8-kb CYP2J3 cDNA probe (rat), both labeled by

nick translation using E. coli polymerase I and [a-32P]dATP (40).2

Hybridizations were performed at 42#{176}in 50% formamide containing
1 M NaC1, 1% (w/v) SDS, 10% (w/v) dextran sulfate, and 0.1 mg/ml

heat-denatured salmon sperm DNA.

Protein immunoblotting and immunohistochemistry. Mi-
crosomal fractions were prepared from frozen normal human and rat

lung tissues by differential centrifugation at 4#{176}as described prey-

ously (22). For some experiments, rats were pretreated with either

phenobarbital (80 mg/kg/day intrapentoneally for 3 days followed by
the addition of 0.05% phenobarbital sodium salt to drinking water

for 10 days), f3-naphthoflavone (40 mg/kg/day intraperitoneally for 4

days), clofibrate (250 mg/kg/day intraperitoneally for 4 days), or

acetone (1% in drinking water for 7 days). Polyclonal anti-human

CYP2J2 IgG was raised in New Zealand White rabbits against the

purified, recombinant CYP2J2 protein and affinity purified as de-
scribed previously (40). For immunoblotting, lung microsomal frac-

tions were electrophoresed in SDS-10% (w/v) polyacrylamide gels

(80 x 80 x 1 mm), and the resolved proteins were transferred
electrophoretically onto nitrocellulose membranes. Membranes were

immunoblotted using rabbit anti-human CYP2J2 IgG, goat anti-
rabbit IgG conjugated to horseradish peroxidase (BioRad, Richmond,

CA) and the ECL Western Blotting Detection System (Arnersham

International, Buckinghamshire, UK) as described previously (40).
Neither preimmune IgG nor rabbit non-immune IgG (Biogenex, San

Ramon, CA) significantly cross-reacted with microsomal fractions
prepared from human or rat lung. The anti-CYP2J2 IgG recognized

a single protein band corresponding to purified recombinant human
CYP2J2 in microsomal fractions prepared from several different

human tissue samples and did not cross-react with the following
human CYP1- and CYP2-family P450s: CYP1A1, CYP1A2, CYP2A6,

CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, and CYP2E1 (40).
The anti-CYP2,J2 IgG also immunoreacted with a single protein

band corresponding to recombinant rat CYP2J3 in microsomal frac-

tions prepared from different rat tissues but did not cross-react with

the following rat P450s: CYP1A1, CYP2A1, CYP2B1, CYP2B2,

CYP2C11, CYP2C13, CYP2C23, and CYP2E1.3 Antibodies to rat
CYP1A1, CYP2B1, CYP2E1, and CYP4A1 were purchased from

GENTEST (Woburn, MA) and used according to the manufacturer’s
instructions.

For immunohistochemistry, rat and human lung tissues were
fixed in 10% neutral buffered formalin, processed routinely, and

embedded in paraffin. Localization of CYP2J2 and CYP2J3 protein
expression was investigated using the anti-CYP2J2 IgG (1:200 dilu-

tion) on serial sections (5-6 �.tm) of human and rat lung. Slides were
deparaffinized in xylene and hydrated through a graded series of

ethanol to 1 x Automation buffer (25 mr�i Tris . HC1, pH 7.5, 150 �
NaCI, plus nonhazardous proprietary reagents) (Biomeda, Burlin-

game, CA) washes. Endogenous peroxidase activity was blocked with
3% (v/v) hydrogen peroxide for 15 mm. After rinsing in 1 X automa-

tion buffer, slides were microwave treated, cooled, and blocked with
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normal goat serum, and the primary antibody was applied for 30

mm. Preimmune rabbit IgG was used as the negative control in place

ofthe primary antibody. The bound primary antibody was visualized

by avidin-biotin-peroxidase detection using the Vectastain Rabbit

Elite Kit (Vector Laboratories, Burlingame, CA) according to the

manufacturer’s instructions and using 3,3’-diaminobenzidine as the

color-developing reagent. Slides were counterstained with Harris

hematoxylin, dehydrated through a graded series of ethanol-to-xy-

lene washes, and cover-slipped with PermountM (Fisher, Springfield,

NJ). Specific CYP2J2 and CYP2J3 immunohistochemical staining

was confirmed by prestaining adsorption of the anti-CYP2J2 IgG

with a 300-fold molar excess of the purified, recombinant CYP2J2

antigen in 140 mM NaCl, 4 mM KC1, and 10 mM sodium phosphate

buffer, pH 7.4, at 4#{176}for 12 hr.

Detection of endogenous EETs in human and rat lung.
Methods used to quantify endogenous EETs present in human and

rat lung were similar to those used to quantify endogenous EETs in
rat liver (42) and human heart (40). Briefly, freshly obtained lung

tissues (-�-0.5 g each) were frozen in liquid nitrogen and immediately
homogenized in 10-15 ml of 10 m�i sodium phosphate buffer, pH 7.4,

containing 140 mM NaCl, 4 mM KC1, and 1 mg/ml triphenylphos-
phine, a hydroperoxide-reducing agent. The lung homogenate was

extracted twice, under acidic conditions, with two volumes of chlo-
roform/methanol (2:1) and once again with an equal volume of chlo-

roform, and the combined organic phases were evaporated in tubes
containing mixtures of [1-14C}8,9-EET, [1-14C]11,12-EET, and

[1-14C]14,15-EET (55-57 �.tCi/j.tmol, 80 ng each) internal standards.
Saponification to recover phospholipid-bound EETs was followed by

Si02 column purification. The eluent, containing a mixture of radio-

labeled internal standards and total endogenous lung EETs, was

resolved into individual regioisomers and enantiomers by HPLC as

described previously (42-44). For analysis, aliquots of individual
EET-PFB esters were dissolved in dodecane and analyzed by GCIMS
on a VG TRIO-i quadrupole mass spectrometer (Fisons/VG, Altrin-

cham, Manchester, UK) operating under negative-ion chemical ion-

ization conditions (source temperature, 100#{176};ionization potential, 75

eV; filament current, 500 �iA) at unit mass resolution and using
methane as a bath gas. Quantification was made through selected

ion monitoring of m/z 319 (loss of PFB from endogenous EET-PFB)

and m/z 321 (loss of PFB from [1-14C]EET-PFB internal standard).

The EET-PFB/[i-’4C]EET-PFB ratios were calculated from the inte-
grated values of the corresponding ion current intensities.

Other methods. EETs were prepared by total chemical synthesis

according to published procedures (45, 46). [i-’4C]EET internal stan-

dards were synthesized from [1-’4Clarachidonic acid (55-57 pCi!

�.tmol) by nonselective epoxidation as described previously (47). All

synthetic EETs were purified by reverse-phase HPLC. Methylations

were performed using an ethereal solution of diazomethane (48).

PFB esters were formed by reaction with PFB bromide as described
previously (42). Protein determinations were performed according to

the method of Bradford (49).

Results

Expression of CYP2J2 and CYP2J3 in the lung by
Northern blot analysis and protein immunoblotting.
High stringency blot hybridization of poly(A)� mRNA cx-

tracted from different rat and human lung tissues using the
radiolabeled CYP2J3 and CYP2J2 cDNA probes, respec-

tively, produced a 1.8-2.0-kb band in each lane, demonstrat-
ing that CYP2J message was expressed in the lung (Fig. 1).

The CYP2J3 cDNA also hybridized with a 4.4-kb band in rat
lung RNA (Fig. 1). The identity of this larger transcript

remains unknown, but it may represent an alternate splice
variant of CYP2J3 or a new rat P450 that shares nucleic acid

sequence homology with CYP2J3. Immunoblotting studies
using polyclonal antibodies raised against recombinant hu-

kb

9.49 -*

7.46 -� �4 �..

4.40 -+

2.37� .#{149}#{149}:#{248}.�
1.35-p -

Fig. 1. Northern blot analysis of mRNA extracted from rat (RL1 and
RL2) and human (HL1 and HL2) lung tissues. Poly(A)� mRNA (5 .tg)
isolated from rat and human lung was denatured, electrophoresed in a
1 .2% agarose gel containing 0.2 M formaldehyde, transferred to a nylon
membrane, and blot hybridized with radiolabeled (rat) CYP2J3 or (hu-
man) CYP2J2 cDNA probes as described in Experimental Procedures.
Top, after a 48-hr exposure time. Bottom, ethidium bromide-stained gel
before transfer.

man CYP2J2 that cross-reacted with rat CYP2J3 but not

with other human or rat P450s demonstrated an electro-

phoretically distinct band at -56 kDa in microsomal frac-
tions prepared from human and rat lung, indicating that

CYP2J2 and CYP2J3 proteins were abundantly expressed in
the pulmonary tissues (Fig. 2). There was remarkably little

interindividual or interanimal variation in the expression of

CYP2J2 or CYP2J3 mRNA or protein in different lung spec-

imens (Figs. 1 and 2). Pretreatment of animals with pheno-

barbital, f3-naphthoflavone, clofibrate, or acetone induced

CYP2B-, CYP1A-, CYP4A-, and CYP2E-subfamily P450s,
spectively, in rat liver but had no effect on the pulmonary

expression of CYP2J3 (data not shown). Based on these data,
we conclude that (a) CYP2J2 mRNA and protein are cx-

pressed in human lung, (b) CYP2J3 mRNA and protein are

expressed in rat lung, (c) there is relatively low interindi-

vidual and interanimal differences in expression of CYP2J2
and CYP2J3 in the lung, and (d) pulmonary CYP2J3 expres-

sion is not inducible with phenobarbital, f3-naphthoflavone,

clofibrate, or acetone.
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Fig. 2. Pulmonary expression of CYP2J2 and CYP2J3 by protein im-
munoblotting. Microsomal fractions prepared from four different human
lung (HL1-HL4) and two different rat lung (RL1-RL2) specimens (40 �g
of microsomal protein/lane) were electrophoresed on SDS-1 0% poly-
acrylamide gels, and the resolved proteins were transferred to nitrocel-
lulose, immunoblotted with affinity purified rabbit anti-human CYP2J2
IgG and goat anti-rabbit lgG conjugated to horseradish peroxidase, and
visualized using the ECL detection system and autoradiography as
described in Experimental Procedures.

Localization of CYP2J2 and CYP2J3 proteins in the
lung by immunohistochemistry. To determine the distri-

bution of CYP2J proteins in the lung, we stained formalin-
fixed paraffin-embedded human and rat lung tissue sections

using the anti-CYP2J2 IgG. As shown in Fig. 3, human

CYP2J2 immunoreactivity was primarily present in epithe-
hal cells lining the airway. Positive staining was present in
both ciliated and nonciliated epithelial cells but seemed to be
more prominent in the ciliated cells (Fig. 3A). Prominent
epithelial staining was present throughout the airway from

Fig. 3. Localization of CYP2J2 in human lung by immunohistochem-
istry. Adjacent sections of human lung immunostained with (A, C, and
E) rabbit anti-human CYP2J2 lgG or (B, D, and F) preimmune lgG. A,
Large airway with strongly positive luminal epithelial cells and positive
staining in vascular endothelial cells and bronchial smooth muscle
cells. B, Major pulmonary artery with strong endothelial staining and
positive staining in vascular smooth muscle cells. C, Alveolar area with
intense staining of macrophages and less-intense staining of alveolar
lining cells. Magnification: A and B, 13.2x; C-F, 26.4x.

trachea to bronchioles (data not shown). Intense staining was
also present in bronchial smooth muscle cells (Fig. 3A), pul-

monary vascular smooth muscle cells (Fig. 3C), endothelium
lining both large and small pulmonary vessels (Fig. 3, A and

C), and alveolar macrophages (Fig. 3E). Less-intense stain-
ing was present in alveolar epithelial cells (Fig. 3E), whereas

connective tissue cells did not stain (Fig. 3, A, C, and E). Both

preimmune IgG and rabbit nonimmune IgG produced nega-
tive staining throughout the human lung (Fig. 3, B, D, and

F). Furthermore, prestaining absorption of anti-CYP2J2 IgG

with excess purified, recombinant CYP2J2 abolished the pos-

itive reaction, thus demonstrating the specificity of the im-
munostaining for the CYP2J2 protein (data not shown).

The anti-CYP2J2 IgG produced a similar staining pattern

in sections of rat lung (Fig. 4). Thus, prominent staining was

present in ciliated and nonciliated epithelial cells lining the

large (data not shown) and small airways (Fig. 4, A, C, and

E). Strong positive staining was also present in alveolar
macrophages and vascular endothelial cells, whereas less-
intense staining was present in bronchial and vascular

smooth muscle cells and alveolar lining cells (Fig. 4, A, C, and

E). Both preimmune IgG and rabbit nonimmune IgG pro-

duced negative staining throughout the rat lung (Fig. 4, B, D,
and F). Furthermore, prestaining absorption of anti-CYP2J2

IgG with excess purified, recombinant CYP2J2 abolished the
positive reaction, thus demonstrating the specificity of the

immunostaining for the CYP2J3 protein (data not shown).

Detection of EETs in human and rat lung by GCIMS.
Using a combination of HPLC and GC/MS, we detected sub-

stantial amounts ofEETs in both human and rat lung tissue.

Fig. 4. Localization of CYP2J3 in rat lung by immunohistochemistry.
Photomicrographs of adjacent sections of rat lung immunostained with
(A, C, and E) rabbit anti-human CYP2J2 IgG or (B, D, and F) preimmune
lgG. Intense staining in small airway epithelial cells. Positive staining is
also present in vascular endothelial cells, vascular and bronchial
smooth muscle cells, alveolar macrophages, and alveolar lining cells.
Magnification: A and B, 6.6x; C and D, 13.2x; E and F, 26.4x.
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TABLE 1

Regiochemical and stereochemical composition of human lung
EETs

The enantiomers of human lung 1 4,1 5-EET, 1 1 ,1 2-EET, and 8,9-EET were ex-
tracted, purified, and quantified as described in Experimental Procedures. Con-
centration values shown are mean ± standard error of three determinations on
lung specimens from different patients. For enantioselectivity, the standard error
was <10% ofthe mean.

Enantioselectivity
Regioisomer Concentration Distribution

R,S S,R

14,15-EET

ng/g of lung

48 ± 10

% total

43 64 36
11,12-EET 29±5 26 62 38
8,9-EET 34 ± 8 31 47 53
5,6-EET ND

ND., not determined.

ND ND ND

As shown in Table 1, human lung contained -110 ng of total

EET/g of lung. The predominant regioisomer present was
14,15-EET (43% of the total), followed by approximately

equal amounts of 11,12-EET and 8,9-EET (26% and 31% of
the total, respectively) (Table 1). The labile 5,6-EET under-

went extensive decomposition during the extraction and pu-
rification process and therefore could not be quantified.

Chiral analysis of human lung EETs revealed that the

14(R),15(S)-EET and 11(R),12(S)-EET were the predominant
antipodes (optical purity, 64% and 62%, respectively) (Table

1). In contrast, 8,9-EET was recovered in a nearly racemic
mixture (Table 1). Importantly, the regiochemistry of endog-

enous human lung EETs was similar to that of recombinant

CYP2J2 products (40), thus suggesting that CYP2J2 was one

of the predominant enzymes responsible for epoxidation of

arachidonic acid poo1s in human lung.

Rat lung contained - 130 ng of total EET/g of lung (Table
2). As was the case in human lung, the predominant regio-
isomer present in rat lung was 14,15-EET (57% of the total),

followed by approximately equal amounts of il,i2-EET and
8,9-EET (17% and 26% ofthe total, respectively) (Table 2). As
before, the labile 5,6-EET could not be quantified. Chiral
analysis ofrat lung EETs revealed that 14(R),15(S)-EET and

11(S),12(R)-EET were the predominant antipodes (optical

purity, 64% and 60%, respectively) (Table 2). In contrast,
8,9-EET was recovered from rat lung in a nearly racemic

mixture (Table 2). Importantly, the regiochemical properties

of rat lung EETs were similar to those of the recombinant
CYP2J3 enzyme,2 suggesting that CYP2J3 was one of the

TABLE 2

Regiochemical and stereochemical composition of rat lung EETs
The enantiomers of rat lung 14,15-EET, 1 1 ,12-EET, and 8,9-EET were extracted,
purified, and quantified as described in Experimental Procedures. Concentration
values shown are mean ± standard error of six determinations on lung specimens
from different animals. For enantioselectivity, standard error was <5% of the
mean.

Enantioselectivity
Regioisomer Concentration Distribution

R,S S,R

14,15-EET

ng/g oflung

73 ± 6

% of total

57 64 36
11,12-EET 22 ± 2 17 40 60
8,9-EET 34 ± 2 26 50 50
5,6-EET ND ND ND ND

ND., not deter mined.

primary enzymes responsible for epoxidation of endogenous

arachidonic acid pools in rat lung.

Discussion

The pulmonary P450 system has long been thought to

function primarily in the metabolism of exogenous com-

pounds, including inhaled drugs and carcinogens (1-5). Oxi-

dation of these chemicals can cause either activation or de-
toxification (1-5). During the past decade, there has been an

increased awareness that this ubiquitous enzyme system

may also be involved in the bioactivation of endogenous sub-

strates such as arachidonic acid (19-23). In this report, we

provide molecular and immunological evidence to show that
CYP2J-subfamily P450s are highly expressed in both human

and rat lung and that expression is localized to specific cell

types within the airway, pulmonary vasculature, and lung

parenchyma. Furthermore, we provide biochemical data to

demonstrate that CYP2J products, the EETs, are present in

vivo in human and rat lung.

Previous work has shown constitutive expression of a num-

ber of P450 monooxygenases in the lung, including members

ofthe CYP1A, CYP2A, CYP2B, CYP2E, CYP2F, and CYP4B
subfamilies (6-12). Our data demonstrate that in addition to

these well-characterized P450s, a newly described P450 be-

longing to the CYP2J subfamily is constitutively expressed in

rat and human lung at both the mRNA and protein levels

(Figs. 1 and 2). A number of factors are known to alter the

expression oflung P450s, including induction of enzyme syn-
thesis by exogenous chemicals (4). In this regard, several

investigators have reported relatively large interindividual

variation in the pulmonary expression of CYP2B-, CYP2F-,

and CYP4B-subfamily P450s (9, 11, 50). In addition, expo-

sure to 2,3,7,8-tetrachlorodibenzo-p-dioxin has been shown to

induce CYP1A1 in rabbit lung (7, 8, 12). The remarkably

constant expression of CYP2J2 in different human lung spec-

imens, together with the fact that pretreatment of rats with

common P450 inducers does not alter the expression of

CYP2J3, suggests that the CYP2J enzymes may be less sus-

ceptible to induction by environmental factors.

Immunolocalization studies in rabbits, hamsters, rats, and

mice have demonstrated that the lung cells with the highest

levels P450 proteins are Clara cells and type II pneumocytes

(8, 14-16, 51, 52). Furthermore, P450 monooxygenase activ-

ities have been demonstrated in situ in Clara cells and in

isolated preparations ofboth Clara cells and type II pneumo-

cytes (8, 52-54). P450 proteins have also been documented,

albeit at markedly lower levels, in alveolar macrophages,

ciliated epithelial cells, goblet cells, and vascular endothelial

cells (8, 15, 16). The distribution of CYP2J2 and CYP2J3 in

human and rat lung, respectively, seems to be unique to this

subfamily ofhemoproteins (Figs. 3 and 4). Thus, high expres-

sion levels were evident throughout the airway epithelium,

in both ciliated and nonciliated epithelial cells, but with

highest expression in the ciliated cells. Prominent expression

was also present in smooth muscle cells surrounding the

bronchi and pulmonary artery branches, vascular endothe-

hum, and alveolar macrophages. To our knowledge, this is

the first report documenting the presence of a P450 enzyme

in either pulmonary artery vascular or bronchial smooth

muscle cells. Coceani et al. (55) recently showed that a P450
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belonging to the CYP3A subfamily is expressed in vascular

smooth muscle cells of the aorta and ductus arteriosus.

The cellular localization ofCYP2J proteins in the lung may

have important functional implications. For example, the

expression of CYP2J2 and CYP2J3 in airway epithelial cells

suggests a potential role for the EETs in regulating the

volume and composition of the airway surface liquids, which

affect lung mucociliary clearance. In this regard, our group
recently demonstrated that 11,12-EET causes a dose-depen-

dent increase in rat tracheal transepithelial voltage variation
and a corresponding decrease in transepithelial short circuit

current variation, likely mediated through inhibition of a

conductive Cl pathway (33). The localization ofCYP2J2 and
CYP2J3 in airway smooth muscle cells has important impli-

cations given that CYP2J products, the EETs, were recently
shown to have potent effects on bronchial smooth muscle tone

(22). The localization of CYP2J2 and CYP2J3 in pulmonary
vascular smooth muscle and endothelium suggests that the

EETs may also be involved in modulation of lung vascular

tone, especially given the well-documented effects of the

EETs in controlling vascular tone in extrapulmonary tissues

(34-37). Further work will be necessary to better define the

functional significance of CYP2J products in lung physiology
and pathophysiology.

Although in vitro studies are important for the enzymatic

characterization of metabolic pathways, they provide limited
information with respect to the in vivo production and con-

centration of the formed metabolites. The demonstration of
EETs as endogenous constituents of human and rat lung

provided further evidence to support the in vivo pulmonary

P450 metabolism of arachidonic acid. Compared with liver

and kidney cortex, lung contained -3-6-fold fewer total
EETs/g of tissue (36, 42, 56, 57). However, compared with

heart, lung contained -2-fold more total EETs/g of tissue
(40).2 The regiochemical and stereochemical profile of human

lung EETs was similar to that reported for human kidney

cortex and human liver but different from that reported for
human heart (which produced racemic mixtures of 11,12-

EET and 8,9-EET) (40, 56, 57). Although the regiochemical
profile of rat lung EETs was similar to that of both rat liver

and kidney, the stereochemistry ofrat lung EETs was unique

to this tissue (36, 42). These findings have important impli-

cations given that some of the biological actions of the EETs

in the lung are both regioselective and stereoselective. For

example, the effects on airway epithelial cell electrophysiol-
ogy were highly stereospecific for 11(R),12(S)-EET, the least

abundant rat lung enantiomer (33). Because stereoselective
formation of eicosanoids is a sufficient criterion to establish
their enzymatic origin (42), we conclude, based on the data in
Tables 1 and 2, that 14,15-EET and 11,12-EET were pro-

duced, in vivo, by the human and rat lung epoxygenase(s).

The presence of CYP2J proteins and CYP2J products (the
EETs) in human and rat lung does not prove that the EETs

detected in vivo were formed by the CYP2J enzymes. In fact,

other lung P450s (e.g., CYP2B4) have also been shown to
metabolize arachidonic acid to EETs (22, 23). However, the

fact that the regioselectivity of EETs recovered from human
and rat lung resembles the regioselectivity of recombinant

CYP2J2 and CYP2J3 products (40)2 suggests that these he-

moproteins are among the predominant enzymes responsible

for epoxidation of arachidonic acid poo1s in the lung.
The biological effects ofthe EETs on airway smooth muscle

tone and on airway epithelial cell ion transport occur at

concentrations of i0� to 10_6 M (22, 23). These physiological

actions likely depend on the local concentration of the EETs

at the site ofactivity (i.e., within the microenvironment of the

effector cells). Our measurement of EETs in rat and human

lung homogenate do not allow an accurate estimation of local

concentrations. Although we cannot rule out that the effects

of the EETs in the airway are only pharmacological, the

localization of CYP2J enzymes by immunohistochemistry to

airway epithelial cells and to bronchial smooth muscle cells,

together with the known arachidonic acid epoxygenase activ-

ity of these hemoproteins, suggests that high levels of EETs

might be attainable in the vicinity of the effector cells.

In summary, we provided molecular and immunological
data that demonstrate that CYP2J2 and CYP2J3, newly
described arachidonic acid epoxygenases, are abundantly cx-

pressed in the lung. Furthermore, we show that CYP2J pro-

tein expression is localized to specific cell types in the lung,

including ciliated and nonciliated airway epithelium, bron-

chial and pulmonary vascular smooth muscle, vascular en-

dothelium, and alveolar macrophages. We also report that

CYP2J products, the EETs, are found in vivo in human and

rat lung and that the regioselectivity of EETs recovered from

the lung matches the regioselectivity of recombinant CYP2J

products. We conclude that (a) in addition to the cyclooxy-

genase and lipoxygenase pathways, the P450 epoxygenase

pathway is an important member of the human and rat

pulmonary arachidonic acid metabolic cascade, and (b)

CYP2J enzymes are among the principal constitutive arachi-

donic acid epoxygenases expressed in the lung. We speculate

that in addition to known effects on airway smooth muscle

tone and transepithelial electrolyte transport, the localiza-

tion of CYP2J proteins to vascular smooth muscle and endo-

thelium suggests that EETs may also be involved in the
modulation of pulmonary vascular tone.
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