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SUMMARY

Our laboratory recently described a new human cytochrome
P450 arachidonic acid epoxygenase (CYP2J2) and the corre-
sponding rat homologue (CYP2J3), both of which were ex-
pressed in extrahepatic tissues. Northern analysis of RNA pre-
pared from the human and rat intestine demonstrated that
CYP2J2 and CYP2J3 mRNAs were expressed primarily in the
small intestine and colon. In contrast, immunoblotting studies
using a polyclonal antibody raised against recombinant
CYP2J2 showed that CYP2J proteins were expressed through-
out the gastrointestinal tract. Immunohistochemical staining of
formalin-fixed, paraffin-embedded intestinal sections using
anti-CYP2J2 IgG and avidin-biotin-peroxidase detection re-
vealed that CYP2J proteins were present at high levels in nerve
cells of autonomic ganglia, epithelial cells, intestinal smooth
muscle cells, and vascular endothelium. The distribution of this
immunoreactivity was confirmed by in situ hybridization using a

CYP2J2-specific antisense RNA probe. Microsomal fractions
prepared from human jejunum catalyzed the NADPH-depen-
dent metabolism of arachidonic acid to epoxyeicosatrienoic
acids as the principal reaction products. Direct evidence for the
in vivo epoxidation of arachidonic acid by intestinal cytochrome
P450 was provided by documenting, for the first time, the
presence of epoxyeicosatrienoic acids in human jejunum by
gas chromatography/mass spectrometry. We conclude that
human and rat intestine contain an arachidonic acid epoxyge-
nase belonging to the CYP2J subfamily that is localized to
autonomic ganglion cells, epithelial cells, smooth muscle cells,
and vascular endothelium. In addition to the known effects on
intestinal vascular tone, we speculate that CYP2J products
may be involved in the release of intestinal neuropeptides,
control of intestinal motility, and/or modulation of intestinal
fluid/electrolyte transport.

Intestinal P450s have been proposed to play important
roles in the biotransformation of ingested xenobiotics and
activation/detoxification of chemical carcinogens in this tis-
sue (Refs. 1 and 2 and references therein). Reports that the
intestinal P450 system is also capable of w/w-1 hydroxylation
of arachidonic acid and prostaglandins has led to speculation
that these enzymes may be involved in the generation of
biologically active eicosanoids (3, 4). A number of P450 en-
zymes have been shown to be constitutively expressed in the
gastrointestinal tract of humans, including members of the
CYP1A, CYP2C, CYP2D, CYP2E, and CYP3A subfamilies
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(5-8).! In addition, CYP1A, CYP2B, CYP2E, and CYP3A
subfamily P450s have been described in rat intestine (5,
8-11). These P450s occur at the highest concentrations in the
duodenum, near the pylorus, and at decreasing concentra-
tions distally, being low-undetectable in the colon (1, 5, 6, 11).
Furthermore, immunohistochemical studies have demon-
strated that enzyme expression is limited to the columnar
epithelial cells of the villus with little or no expression in the
crypts of Lieberkiihn and in nonepithelial cells (7, 10, 11).
Recently, Kikuta et al. described a new rabbit P450 (CYP2J1)
that was exclusively expressed in the small intestine, but the
function of that intestinal hemoprotein remains unknown
(12).

AA can be oxidized by at least three distinct enzymatic
pathways (13 and references therein). In the intestine, the

1 The P450 nomenclature detailed in Ref. 40 is used throughout this report.

ABBREVIATIONS: P450, cytochrome P450; EET, cis-epoxyeicosatrienoic acid; DHET, vic-dihydroxyeicosatrienoic acid; AA, arachidonic acid;
20-OH-AA, 20-hydroxyeicosatetraenoic acid; HPLC, high performance liquid chromatography; GC/MS, gas chromatography/mass spectrometry;
PFB, pentafluorobenzyl; SDS, sodium dodecyl sulfate; SSC, standard saline citrate.
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cyclooxygenase (e.g., prostaglandins, thromboxane, and pros-
tacyclin) and lipoxygenase (e.g., leukotrienes and hydroxyei-
cosatetraenoic acids) products are differentially distributed
and have been shown to have effects on intestinal motility,
secretion, and blood flow (14). Although multiple P450 mo-
nooxygenases have been shown to catalyze the formation of
EETs, mid-chain HETEs, and C19/C20 alcohols of AA (19-
hydroxyeicosatetraenoic acid and 20-OH-AA) in extraintesti-
nal tissues (13, 15, 16), little information is available about
the metabolism of arachidonic acid by intestinal P450s or the
biological actions of the resulting products. Macica et al. (3)
reported that rabbit intestinal microsomal fractions metabo-
lized AA to several regioisomeric HETEs and that 20-OH-AA
caused dilation of isolated perfused mesenteric arteries. Proctor
et al. (17) showed that several of the EET regioisomers caused
a dose-dependent vasodilation of the rat intestinal microcircu-
lation. The effects of EETs on peptide hormone release and
fluid/electrolyte transport in extraintestinal tissues (13, 18, 19
and references therein) suggest that these AA metabolites may
have similar functions in the gut. It is not known whether
intestinal microsomal fractions can metabolize AA to EETSs or
these fatty acid epoxides are present in vivo in the intestine.
Furthermore, the P450 enzyme or enzymes responsible for pro-
duction of these bioactive eicosanoids in the gastrointestinal
tract remain unknown.

Our laboratory has recently cloned a new human P450
cDNA (CYP2J2) (20) and a corresponding rat homologue
(CYP2J3),2 both of which were highly expressed in extrahe-
patic tissues. The recombinant rat and human CYP2J pro-
teins were active in the metabolism of AA to EETs (20, 20a).
The purpose of the current study was to (a) examine the
expression and localization of CYP2J P450s in the gastroin-
testinal tract, (b) evaluate the metabolism of AA by human
intestinal microsomal fractions, and (¢) determine whether
CYP2J products, the EETs, were produced in vivo in the
intestine. Based on molecular, immunologic, and biochemical
data, we show that (a) human and rat intestine contain an
active AA epoxygenase belonging to the CYP2J subfamily
that is localized to specific cell types throughout the gastro-
intestinal tract and (b) in addition to the cyclooxygenase and
lipoxygenase pathways, the P450 epoxygenase pathway is an
important member of the intestinal AA metabolic cascade.

Experimental Procedures

Materials. [a->?P]dATP and [1-1*C]AA were purchased from Du
Pont-New England Nuclear (Boston, MA). Escherichia coli polymer-
ase I was purchased from New England Biolabs (Beverly, MA).
Triphenylphosphine, a-bromo-2,3,4,5,6-pentafluorotoluene, N,N-di-
isopropylethylamine, N,N-dimethylformamide, and diazald were
purchased from Aldrich Chemical (Milwaukee, WI). All other chem-
icals and reagents were purchased from Sigma Chemical (St. Louis,
MO) unless otherwise specified. Pathologically normal human esoph-
agus, stomach, duodenum, ileum, jejunum, and colon were obtained
through the Cooperative Human Tissue Network (National Disease
Research Interchange, Philadelphia, PA) or from local tissue donors.
Rat intestinal tissues were obtained from male Fischer 344 rats fed
NIH 31 rodent chow (Agway, St. Mary, OH) ad libitum and killed by
lethal CO, inhalation.

Isolation of total RNA and Northern analysis. Normal human
and rat intestinal tissues were snap-frozen in liquid nitrogen imme-
diately after collection and stored at —80° until use. Total RNA was
extracted using the guanidinium thiocyanate/cesium chloride den-
sity gradient centrifugation method as previously described (21). For

Northern analysis, total RNA (30 wug) was denatured and electropho-
resed in 1.2% agarose gels containing 0.2 M formaldehyde. After
capillary-pressure transfer to GeneScreen Plus nylon membranes
(New England Nuclear), the blots were hybridized with either the
1.9-kb CYP2J2 ¢cDNA probe (human) or the 1.8-kb CYP2J3 ¢cDNA
probe (rat), both of which were labeled by nick translation using E.
coli polymerase I and [«-*2P]dATP (20, 20a). Hybridizations were
performed at 42° in 50% formamide containing 1 M NaCl, 1% (w/v)
SDS, 10% (w/v) dextran sulfate, and 0.1 mg/ml heat-denatured
salmon sperm DNA. After exposure, the radiolabeled probes were
removed by boiling, and the blots were hybridized to a cDNA probe
encoding human y-actin. RNA loading was also assessed by compar-
ing the densities of the 28S and 18S rRNA bands on ethidium
bromide-stained gels by scanning densitometry.

Protein immunoblotting and immunohistochemistry. Mi-
crosomal fractions were prepared from frozen normal human and rat
intestinal tissues by differential centrifugation at 4° as previously
described (16). For some experiments, rats were pretreated with
either phenobarbital (80 mg/kg/day intraperitoneally for 3 days fol-
lowed by the addition of 0.05% phenobarbital sodium salt to drinking
water for 10 days), B-naphthoflavone (40 mg/kg/day intraperitone-
ally for 4 days), clofibrate (250 mg/kg/day intraperitoneally for 4
days), or acetone (1% in drinking water for 7 days). Microsomal
fractions prepared from human lymphoblastic cells transfected with
c¢DNAs to human CYP1A1l, CYP2A6, CYP2E1, CYP2B6, CYP2DS6,
CYP2C9, and CYP2C19 were purchased from Gentest (Woburn,
MA). Cell lysates prepared from Sf9 cells infected with recombinant
CYP2C8 baculovirus were used as a source of human CYP2C8 (22).
Polyclonal anti-human CYP2J2 IgG was raised in New Zealand
White rabbits against the purified, recombinant CYP2J2 protein and
affinity purified as previously described (20). For immunoblotting,
microsomal fractions, cell lysates, or partially purified, recombinant
CYP2J2 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 (Amersham
Life Sciences, Buckinghamshire, UK) as previously described (20).
Neither preimmune IgG nor rabbit nonimmune IgG (Biogenex Lab-
oratories, San Ramon, CA) significantly cross-reacted with microso-
mal fractions prepared from human or rat tissues. Antibodies to rat
CYP1A1, CYP2B1, CYP2E1, and CYP4A1 were purchased from Gen-
test and used according to manufacturer’s instructions.

For immunohistochemistry and in situ hybridization, rat and hu-
man intestinal tissues were fixed in 10% neutral buffered formalin,
processed routinely, and embedded in paraffin. Localization of
CYP2J protein expression was investigated using the anti-CYP2J2
IgG (1:100 dilution) on serial sections (5—6 wm) of human and rat
esophagus, stomach, small intestine, and colon. Slides were depar-
affinized in xylene and hydrated through a graded series of ethanol
to 1X Automation buffer (Biomeda, Burlingame, CA) washes. En-
dogenous peroxidase activity was blocked with 3% (v/v) hydrogen
peroxide for 15 min. After rinsing in 1X Automation buffer, slides
were microwave-treated, cooled, and blocked with normal goat se-
rum, and the primary antibody was applied for 30 min. Both preim-
mune IgG and rabbit nonimmune IgG were used as the negative
controls in place of the primary antibody. The bound primary anti-
body was visualized by avidin-biotin-peroxidase detection using the
Vectastain Rabbit Elite Kit (Vector Laboratories, Burlingame, CA)
according to the manufacturer’s instructions and with 3,3'-diamino-
benzidine as the color-developing reagent. Slides were counter-
stained with Harris hematoxylin, dehydrated through a graded se-
ries of ethanol to xylene washes, and cover-slipped with Permount
(Fisher, Springfield, NJ). Specific CYP2J2 immunohistochemical
staining of the human intestinal sections was confirmed by adsorp-
tion of the anti-CYP2J2 IgG with a 100-fold molar excess of the
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purified, recombinant CYP2J2 antigen in 140 mm NaCl, 4 mm KCl,
and 10 mM sodium phosphate buffer, pH 7.4, at 4° for 18 hr.

Preparation of RNA probes and in situ hybridization. To
generate RNA probes, two separate 150-160-bp CYP2J2 fragments
(corresponding to nucleotides 992-1150 and nucleotides 1449-1600
of the published CYP2J2 ¢cDNA sequence) (20) were amplified by
PCR using gene-specific primers, the CYP2J2 cDNA template, and
AmpliTaq DNA polymerase (Perkin-Elmer Cetus, Norwalk, CT) and
cloned into the pCR II vector using reagents supplied in the Original
TA Cloning Kit (InVitrogen, Carlsbad, CA). The identities and ori-
entation of the inserts were corroborated by restriction enzyme di-
gestion and sequence analysis on an Applied Biosystems (Norwalk,
CT) Model 373 Automated Sequencer using the Dye Terminator
Cycle Sequencing Ready Reaction Kit (Perkin-Elmer Cetus). The
recombinant plasmids were linearized, and the antisense (sequence
complementary to the CYP2J2 mRNA) and sense (sequence identical
to the CYP2J2 mRNA) digoxigenin-labeled RNA probes were tran-
scribed using the T7 or SP6 RNA polymerases, respectively. In vitro
transcriptions were performed using a MEGAscript kit (Ambion,
Austin, TX) following the manufacturer’s recommendations for in-
corporation of digoxigenin. Transcript sizes were confirmed by gel
electrophoresis, and probe concentrations were determined using a
dot blot technique by comparing serial dilutions of probe with a
control of known concentration.

Tissues were sectioned under RNase-free conditions and mounted
onto positively charged slides. The sections were deparaffinized,
rehydrated to 1X phosphate-buffered saline (1X = 10 mm KH,PO,,
100 mm Na,HPO,, 1.37 M NaCl, 270 mMm KCIl), and then treated
sequentially with 0.2 M HCI, 0.3% (v/v) Triton X-100, and 10 pg/ml
Proteinase K for 15 min at 37°. The enzyme was inactivated with
glycine, and the tissues were acetylated. After equilibration in 2X
SSC (1x SSC = 0.15 M NaCl, 0.015 M sodium citrate, pH 7.4), a
hybridization solution containing 50% formamide, 10% (w/v) dextran
sulfate, 1X Denhardt’s solution, 4X SSC, 10 mmM dithiothreitol, 1
mg/ml yeast tRNA, 1 mg/ml denatured salmon sperm DNA, and 2
ng/ul concentration of the 992-1150 nucleotide digoxigenin-11-UTP-
labeled antisense RNA probe was applied to each section. The slides
were warmed to 75° for 15 min and then hybridized overnight at 42°.
After hybridization, the slides were rinsed with 2X SSC and then
washed with 2X SSC containing 50% formamide at 42°. Unbound
RNA probe was degraded with RNase A and removed through sev-
eral washes in 2X SSC and a single wash in 2X SSC containing 50%
formamide at 42°. The hybridized probe was detected by incubating
the sections overnight with an alkaline phosphatase-conjugated
anti-digoxigenin antibody (Boehringer-Mannheim Biochemicals, In-
dianapolis, IN) used at a 1:500 dilution. The colorimetric reaction
was performed at room temperature using nitroblue tetrazolium
salt, 5-bromo-4-chloro-3-indolyl phosphate (Boehringer-Mannheim),
10% polyvinyl alcohol, and 1 mM levamisole. After the chromogen
reaction reached the desired intensity, slides were placed in a buffer
containing 1 mM EDTA and 10 mMm Tris'HCI, pH 8.1, and counter-
stained in Nuclear Fast Red (Vector Laboratories, Burlingame, CA).
Controls for the specificity of the in situ hybridization reaction in-
cluded (a) hybridization of tissue sections under identical conditions
using the 1449-1600-nucleotide digoxigenin-labeled antisense RNA
probe, (b) hybridization of tissue sections under identical condi-
tions using the 992-1150-nucleotide and the 1449-1600-nucleotide
digoxigenin-labeled sense RNA probes, (¢) cohybridization of tissue
sections with the 992-1150-nucleotide digoxigenin-labeled antisense
RNA probe and 10-fold excess of unlabeled antisense probe, (d)
omission of the antisense probe from the hybridization solution, and
(e) omission of the anti-digoxigenin antibody from the detection step.

Microsomal incubations with AA. Microsomal fractions used
for incubations with AA were prepared from fresh, pathologically
normal human jejunum obtained from local tissue donors. Reaction
mixtures containing 0.05 M Tris-Cl buffer, pH 7.5, 0.15 M KC1, 0.01 m
MgCl,, 8 mM sodium isocitrate, 0.5 IU/ml isocitrate dehydrogenase,
2.0—4.0 mg/ml microsomal protein, and [1-1*C]AA (25-55 uCi/umol;
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50-75 uM, final concentration) were constantly stirred at 30°. After
temperature equilibration, NADPH (1 mM, final concentration) was
added to initiate the reaction. At 30-min intervals, aliquots were
withdrawn, and the reaction products were extracted into ethyl
ether, dried under a nitrogen stream, and separated by reverse-
phase HPLC on a 5-um Microsorb C18 column (4.6 X 250 mm,
Rainin Instruments, Woburn, MA) using the following solvent pro-
gram: CH;CO,H/H,0/CH;CN (0.1:49.95:49.95) isocratic conditions
for 30 min, then a linear solvent gradient from CH;CO,H/H,0O/
CH3CN (0.1:49.95:49.95) to CH;CO,H/H,O/CHCN (0.1:24.95:74.95)
over 70 min, and then a linear solvent gradient from CH;CO,H/H,0/
CH,CN (0.1:24.95:74.95) to CH;CO,H/CHCN (0.1:99.9) over 25 min
at 1 ml/min. Reaction products were quantified by on-line liquid
scintillation using a Radiomatic Flo-One B-detector (Radiomatic In-
struments, Tampa, FL) as previously described (23). In some exper-
iments 0.2 mM 1,2-epoxy-3,3,3-trichloropropane (ETCP), a microso-
mal epoxide hydrolase inhibitor, was added to the incubation
mixture just before initiation with NADPH.

Quantification of endogenous EETs in human jejunum.
Methods used to quantify endogenous EETs present in human jeju-
num were similar to those used to quantify endogenous EETSs in
human heart (20). Briefly, freshly obtained tissues (0.5-1.0 g) were
frozen in liquid nitrogen and immediately homogenized in 10-15 ml
of 10 mM sodium phosphate buffer, pH 7.4, containing 140 mm NaCl,
4 mM KCl, and 1 mg/ml triphenylphosphine, a hydroperoxide-reduc-
ing agent. The homogenate was extracted twice, under acidic condi-
tions, with two volumes of chloroform/methanol (2:1) and once more
with an equal volume of chloroform, and the combined organic
phases were evaporated in tubes containing mixtures of [1-14C]8,9-,
11,12-, and 14,15-EET (55-57 uCi/umol, 80 ng each) internal stan-
dards. Saponification to recover phospholipid-bound EETs was fol-
lowed by SiO, column purification. The eluent, containing a mixture
of radiolabeled internal standards and total endogenous EETSs, was
resolved into individual regioisomers and enantiomers by HPLC as
previously described (24). For analysis, aliquots of individual EET-
PFBs were dissolved in dodecane and analyzed by GC/MS on a
Kratos Concept ISQ mass spectrometer (Kratos Analytical, Ramsey,
NJ) operating under negative-ion chemical ionization conditions, at
5.3 keV accelerating potential, at a mass resolution of 1200, and
using methane as a bath gas. Quantifications were made by selected
ion monitoring of m/z 319 (loss of PFB from endogenous EET-PFB)
and m/z 321 (loss of PFB from [1-'“C]EET-PFB internal standard).
The EET-PFB/[1-'*C]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 (25). [1-**C]EET internal stan-
dards were synthesized from [1-1*C]AA (55-57 uCi/umol) by nonse-
lective epoxidation as previously described (26). DHET and [1-'*C]-
DHET internal standards were prepared by chemical hydration of
EETs and [1-'*C]EETSs as previously described (27). All synthetic
EETs and DHETSs were purified by reverse-phase HPLC (23). Methy-
lations were performed using an ethereal solution of diazomethane.
PFB esters were formed by reaction with pentafluorobenzyl bromide
as described (24). Protein determinations were performed according
to the method of Bradford (28).

Results

Expression and distribution of CYP2J mRNA and
protein in the gastrointestinal tract by Northern anal-
ysis and protein immunoblotting. Blot hybridization of
total RNA extracted from human intestinal tissues under
high stringency conditions using the radiolabeled CYP2J2
c¢DNA probe produced a single strong 1.9-kb band in ileum
and a weaker band in jejunum and colon, demonstrating that
CYP2J2 message was primarily expressed in the distal small
intestine and at lower levels in the mid small intestine and
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colon (Fig. 1). Transcripts were not detectable in stomach or
duodenum, indicating that CYP2J2 mRNA expression was
below the limits of detection of Northern analysis in these
portions of the human intestinal tract (Fig. 1). Northern
analysis of total RNA extracted from rat intestinal tissues
using the radiolabeled CYP2J3 cDNA probe produced a
strong 1.8-kb band in jejunum, demonstrating that CYP2J3
message was primarily expressed in the mid small intestine
(Fig. 2). The 1.8-kb transcript was also present, albeit at
markedly lower levels, in the duodenum, ileum, and colon but
was not detectable in the esophagus or stomach, indicating
that CYP2J3 mRNA expression was low in these portions of
the rat intestinal tract (Fig. 2). The CYP2J3 cDNA also
hybridized with a 2.4-kb transcript in rat jejunum and a
3.6-kb transcript in rat duodenum, jejunum, ileum, and colon
(Fig. 2). The identity of these larger transcripts remain un-
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Fig. 1. Northern blot analysis of total RNA extracted from human
intestinal tissues. Total RNA (30 ug) isolated from human stomach,
duodenum, jejunum, ileum, and colon was denatured, electrophoresed
in a 1.2% agarose gel containing 0.2 m formaldehyde, transferred to a
nylon membrane, and blot hybridized with a radiolabeled CYP2J2
cDNA probe as described in Experimental Procedures. Top, autoradio-
graph of blot after 48-hr exposure time. Bottom, ethidium bromide-
stained gel before transfer.
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Fig. 2. Northern blot analysis of total RNA extracted from rat intestinal
tissues. Total RNA (30 ng) isolated from rat esophagus, stomach,
duodenum, jejunum, ileum, and colon was denatured, electrophoresed
in a 1.2% agarose gel containing 0.2 m formaldehyde, transferred to a
nylon membrane, and blot hybridized with a radiolabeled CYP2J3
cDNA probe as described in Experimental Procedures. Top, autoradio-
graph of blot after 48-hr exposure time. Bottom, ethidium bromide-
stained gel before transfer.

known, but they may represent alternate splice variants of
CYP2J3 or new rat P450s that share nucleic acid sequence
homology with CYP2J3.

In contrast to the Northern analysis results, immunoblot-
ting studies using polyclonal antibodies raised against re-
combinant CYP2J2 demonstrated that CYP2J proteins were
abundantly expressed throughout the entire human and rat
gastrointestinal tract. As illustrated in Fig. 3, bottom, anti-
CYP2J2 IgG immunoreacted with an electrophoretically dis-
tinct band at ~56 kDa in microsomal fractions prepared from
human esophagus, stomach, duodenum, jejunum, ileum, and
colon. Unlike other human intestinal P450s (1, 5, 6), the
expression levels for the anti-CYP2J2 immunoreactive pro-
tein were highest in the esophagus and slightly lower but
relatively constant throughout the remainder of the human
gastrointestinal tract (Fig. 3, bottom). Control experiments
demonstrated that the anti-CYP2J2 IgG immunoreacted
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Fig. 3. Intestinal distribution of human CYP2J protein by immunoblot-
ting. Top, purified recombinant CYP2J2; microsomal fractions pre-
pared from human lymphoblastic cells transfected with the cDNAs to
human CYP1A1, CYP2A6, CYP2B6, CYP2C9, CYP2C19, CYP2D6, or
CYP2E1; or microsomal fractions prepared from Sf9 cells infected with
CYP2C8 baculovirus (1 pmol of P450/lane) were electrophoresed on
SDS-10% polyacrylamide gels, transferred to nitrocellulose, and im-
munoblotted with the anti-CYP2J2 IgG as described in Experimental
Procedures. Bottom, uppermost lanes, recombinant CYP2J2 (0.25
pmol/lane) or microsomal fractions prepared from human esophagus,
stomach, duodenum, jejunum, ileum, and colon (40 ug of microsomal
protein/lane) were electrophoresed on SDS-10% polyacrylamide gels,
and the resolved proteins were transferred to nitrocellulose, immuno-
blotted with affinity purified rabbit anti-human CYP2J2 IgG and goat
anti-rabbit IgG conjugated to horseradish peroxidase, and visualized
using the ECL detection system and autoradiography as described in
Experimental Procedures. C7-C7, microsomal fractions prepared from
seven different human colons were electrophoresed, transferred to
nitrocellulose, and immunoblotted with the anti-CYP2J2 IgG as de-
scribed in Experimental Procedures. J7-J4, microsomal fractions pre-
pared from four different human jejunums were electrophoresed, trans-
ferred to nitrocellulose, and immunoblotted with the anti-CYP2J2 IgG
as described in Experimental Procedures.

with recombinant CYP2J2 but did not cross-react with other
previously described human CYP1 and CYP2 family P450s,
including CYP1A1, CYP1A2, CYP2A6, CYP2B6, CYP2CS,
CYP2C9, CYP2C19, CYP2D6, and CYP2E1 (Fig. 3, top). As
shown in Fig. 4, anti-CYP2J2 IgG immunoreacted with a
single 58-kDa protein band in microsomal fractions prepared
from rat esophagus, stomach, duodenum, jejunum, ileum,
and colon. Pretreatment of animals with phenobarbital,
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Fig. 4. Intestinal distribution of rat CYP2J protein by immunoblotting.
Recombinant CYP2J2 (0.25 pmol/lane) or microsomal fractions pre-
pared from rat esophagus, stomach, duodenum, jejunum, ileum, and
colon (40 ug of microsomal protein/lane) were electrophoresed on
SDS-10% polyacrylamide gels, and the resolved proteins were trans-
ferred to nitrocellulose, immunoblotted with affinity purified rabbit anti-
human CYP2J2 IgG and goat anti-rabbit IgG conjugated to horseradish
peroxidase, and visualized using the ECL detection system and auto-
radiography as described in Experimental Procedures.

B-naphthoflavone, clofibrate, or acetone induced CYP2B,
CYP1A, CYP4A, and CYP2E subfamily P450s, respectively,
in rat liver but had no effect on the rat intestinal expression
of CYP2J protein (data not shown). Control experiments
demonstrated that the anti-CYP2J2 IgG immunoreacted
with recombinant rat CYP2J3 but did not cross-react with
other previously described rat CYP1 and CYP2 family P450s,
including CYP1A1, CYP2A1, CYP2B1, CYP2B2, CYP2C11,
CYP2C13, CYP2C23, and CYP2E1 (20a).

To evaluate interindividual differences in expression of
CYP2J protein in the human intestine, we performed immu-
noblotting on microsomal fractions prepared from an addi-
tional four human jejunum and an additional seven human
colon specimens. As shown in Fig. 3, bottom, although there
was some interindividual variation in the expression of
CYP2J protein in human colon tissues, there was remarkably
little interindividual variation in the expression of CYP2J
protein in human jejunum specimens. There was little inter-
animal variability in expression of CYP2J protein in rat
intestinal tissues (data not shown). Based on these data, we
conclude that (a) CYP2J proteins are abundantly expressed
throughout the entire human and rat gastrointestinal tract,
(b) there is relatively low interindividual or interanimal dif-
ferences in expression of CYP2J proteins in the intestine, and
(¢) CYP2J2 and CYP2J3 mRNA levels do not correlate well
with CYP2J protein levels in these intestinal tissues.

Localization of intestinal CYP2dJ proteins by immu-
nohistochemistry. To determine the distribution of CYP2J
proteins within the intestine, we stained formalin-fixed, par-
affin-embedded human and rat intestinal sections with the
anti-CYP2J2 antibody. In both humans and rats, anti-
CYP2J2 immunostaining was present throughout the entire
gastrointestinal tract and localized to autonomic ganglion
cells, epithelial cells, smooth muscle cells of the muscularis
layer, and endothelium lining the blood vessels (Figs. 5-8).

In the rat esophagus, strong positive staining was noted in
the squamous epithelium and in autonomic ganglion cells,
less intense staining was present in esophageal smooth mus-
cle cells and in vascular endothelium, and submucosal con-
nective tissue did not stain (Fig. 5, A and C). Both preim-
mune IgG (Fig. 5, B and D) and rabbit nonimmune IgG (data
not shown) produced negative staining throughout the rat

2102 ‘T Jaquiadag uo 1sanb Aq 6o sjeusnofiadse wieydjow wol) papeojumoq


http://molpharm.aspetjournals.org/

ARM

aspet

936  Zeldin et al.

esophagus. A similar staining pattern was observed in hu-
man esophagus (Fig. 5, E and F). Furthermore, adsorption of
anti-CYP2J2 IgG with excess purified recombinant CYP2J2
abolished the positive reaction, thus demonstrating the spec-
ificity of the esophageal immunostaining for the CYP2J2
protein (data not shown).

In the human stomach, CYP2J2 immunostaining was most
prominent in the nerve cells of the autonomic ganglion and in
chief cells lining the lower third of the gastric glands (Fig. 6,
A, C, and E). Less intense staining was noted in the surface
columnar epithelial cells, epithelium lining the gastric pits,
parietal cells of the gastric glands, endothelium lining the
small blood vessels, and muscularis smooth muscle cells (Fig.
6, A, C, and E). Connective tissue cells and inflammatory
cells of the lamina propria did not stain (Fig. 6, A, C, and E).
Both preimmune IgG (Fig. 6, B, D, and F) and rabbit nonim-
mune IgG (data not shown) produced negative staining
throughout the human stomach. Furthermore, adsorption of
anti-CYP2J2 IgG with excess purified recombinant CYP2J2
abolished the positive reaction, thus demonstrating the spec-
ificity of the gastric immunostaining for the CYP2J2 protein
(Fig. 6J). A similar staining pattern was observed in rat
glandular stomach (Fig. 6, G, H, and I).

In the rat small intestine, positive staining was most prom-
inent in the autonomic ganglion cells and in the absorptive
epithelial cells covering the villi and lining the crypts of
Lieberkiihn (Fig. 7, A and C). Less intense staining was

Fig. 5. Immunohistochemical local-
ization of CYP2J protein in esophagus.
Adjacent sections of rat (A-D) or hu-
man (E and F) esophagus immuno-
stained with either rabbit anti-human
CYP2J2 IgG (A, C, and E) or preim-
mune IgG (B, D, and F). Arrow, strong
positive staining in a nerve cell of the
autonomic ganglion. Magnification:
50% (A and B), 100x (C and D), and
25X (E and F).

present in the mucus-producing goblet cells, muscularis
smooth muscle cells, and vascular endothelium (Fig. 7, A and
C). Connective tissue cells and inflammatory cells of the
lamina propria did not stain (Fig. 7, A and C). Both preim-
mune IgG (Fig. 7, B and D) and rabbit nonimmune IgG (data
not shown) produced negative staining throughout the rat
small intestine. A similar staining pattern was observed in
human small intestine (Fig. 7, E and F). Furthermore, ad-
sorption of anti-CYP2J2 IgG with excess purified recombi-
nant CYP2J2 abolished the positive reaction, thus demon-
strating the specificity of the small intestinal
immunostaining for the CYP2J2 protein (data not shown).

In the human colon, strong positive staining was noted in
the surface columnar epithelium and autonomic ganglion
cells (Fig. 8, A, C, and E). Less intense staining was noted in
the muscularis smooth muscle cells, goblet cells lining the
crypts of Lieberkiihn, and vascular endothelium (Fig. 8, A, C,
and E). Connective tissue cells and inflammatory cells of the
lamina propria did not stain (Fig. 8, A and C). Both preim-
mune IgG (Fig. 8, B, D, and F) and rabbit nonimmune IgG
(data not shown) produced negative staining throughout the
human colon. A similar staining pattern was observed in rat
colon (Fig. 8, G and H).

Localization of intestinal CYP2J2 mRNA expression
by in situ hybridization. In situ hybridization of formalin-
fixed, paraffin-embedded human intestinal sections with the
992-1150-nucleotide digoxigenin-labeled antisense RNA
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Fig. 6. Immunohistochemical local-
ization of CYP2J protein in stomach.
Adjacent sections of human (A-F, J)
or rat (G-l) stomach immunostained
with  either rabbit anti-human
CYP2J2 IgG (A, C, E, and G), preim-
mune IgG (B, D, F, and H), hematox-
ylin and eosin (l), or anti-human
CYP2J2 IgG preincubated with a
100-fold molar excess of purified re-
combinant human CYP2J2 (J).
Closed arrows, strong positive stain-
ing in nerve cells of the autonomic
ganglion; open arrow, staining in vas-
cular endothelial cells; arrowheads,
positive staining in chief cells. Mag-
nification: 25X (A, B, and J), 50X (C
and D), and 100X (E-I).
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probe revealed that CYP2J2 mRNA expression was primarily
localized to intestinal epithelial cells and nerve cells of the
autonomic ganglion (Fig. 9, A, C, E, G, and I). CYP2J2 mRNA
was also expressed, albeit at lower levels, in smooth muscle
cells of the muscularis layer and endothelium lining small
and large blood vessels but not in connective tissue cells (Fig.
9,A, C,E, G, and I). Hybridization of intestinal sections with
the 992-1150-nucleotide digoxigenin-labeled sense RNA
probe yielded no appreciable staining (Fig. 9, B, D, F, H, and
J). Cohybridization of the digoxigenin-labeled antisense RNA
probe with a 10-fold excess of unlabeled antisense RNA probe
abolished all positive staining, thus demonstrating the spec-
ificity of the hybridization for the CYP2J2 mRNA. Omission
of the probe or of the anti-digoxigenin antibody also abolished
the positive staining. Identical results were obtained with
the 1449-1600-nucleotide digoxigenin-labeled antisense and
sense RNA probes (data not shown).

In vitro metabolism of AA by human intestinal mi-
crosomal fractions. Incubations of human jejunum micro-
somal fractions with [1-'*C]AA in the presence of NADPH
resulted in the formation of EETs, DHETSs, mid-chain
HETES, and C19/C20 alcohols of AA (rate of metabolism, 10
pmol of product formed/mg of microsomal protein/min at 30°)
(Fig. 10). We identified these metabolites by comparing their
HPLC properties with those of authentic standards and by
GC/MS (23). None of these metabolites were formed in the

Fig. 7. Immunohistochemical local-
ization of CYP2J protein in small in-
testine. Adjacent sections of rat (A-D)
or human (E and F) small intestine
immunostained with either rabbit an-
ti-human CYP2J2 IgG (A, C, and E) or
preimmune IgG (B, D, and F). Arrows,
strong positive staining in nerve cells
of the autonomic ganglion. Magnifi-
cation: 25X (A and B), 100X (C and
D), and 10X (E and F).

absence of NADPH, suggesting that the reaction was P450
mediated (data not shown). The predominant metabolites
formed, accounting for~53% of the total products, were EETs
and their hydration products, the DHETSs (Fig. 10). The C19/
C20 alcohols and mid-chain HETEs accounted for ~34% and
~13% of the total products, respectively (Fig. 10). No signif-
icant formation of prostaglandins or leukotrienes was ob-
served under the incubation conditions described in Experi-
mental Procedures. Incubations performed in the presence of
the microsomal epoxide hydrolase inhibitor 1,2-epoxy-3,3,3-
trichloropropane yielded significantly more EETSs relative to
DHETSs; however, the overall metabolism of AA was reduced
by >50% (data not shown). Insofar as DHET formation must
be preceded by EET formation (27), the chromatogram in Fig.
10 demonstrates that human jejunum microsomes contain an
active AA epoxygenase or epoxygenases. Regiochemical anal-
ysis of the epoxygenase metabolites formed revealed that
epoxidation occurred most often at the 14,15-olefin (45% of
the total) and less often at the 11,12- and 8,9-olefin (25% and
30% of the total, respectively). No detectable epoxidation
occurred at the 5,6-olefin. Regiochemical analysis of the al-
cohols formed revealed that hydroxylation occurred most of-
ten at the C20 position (55% of the total) and less often at the
C19 position (21% of the total).

Detection of EETSs in human jejunum by GC/MS. Us-
ing a combination of HPLC and GC/MS, we detected substan-

2102 ‘T Jaquiadag uo 1sanb Aq 6o sjeusnofiadse wieydjow wol) papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

tial amounts of EETs in human jejunum. As shown in Table
1, human jejunum contained ~40 ng of total EET/g of tissue.
The 14,15-, 11,12-, and 8,9-EETs were each present in
roughly equal amounts (31%, 36%, and 33% of the total,
respectively) (Table 1). The labile 5,6-EET underwent exten-
sive decomposition during the extraction and purification
process used and therefore could not be quantified. Chiral
analysis of human jejunum EETs revealed that the
14(R),15(S)-, 11(R),12(S)-, and 8(S),9(R)-EETs were the pre-
dominant antipodes (optical purity, 69%, 65%, and 63%, re-
spectively) (Table 1). Because stereoselective formation of
eicosanoids is a sufficient criterion to establish their enzy-
matic origin (24), we conclude, on the basis of the data in
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Fig. 8. Immunohistochemical local-
ization of CYP2J protein in colon. Ad-
jacent sections of human (A-F) or rat
(G and H) colon immunostained with
either rabbit anti-human CYP2J2 IgG
(A, C, E, and G) or preimmune IgG (B,
D, F, and H). Closed arrows, strong
positive staining in nerve cells of the
autonomic ganglion; open arrows,
staining in vascular endothelial cells.
Magnification: 25X (A and B), 50X
(C, D, G, and H), and 100X (E and F).

Table 1, that 14,15-, 11,12-, and 8,9-EET were produced in
vivo by the human jejunum epoxygenase or epoxygenases.

Discussion

The intestinal P450 system has long been thought to func-
tion primarily in the metabolism of exogenous compounds,
including drugs and carcinogens (1, 2). Oxidation of these
ingested chemicals can cause either activation or detoxifica-
tion (1, 2). Over the past decade, there has been an increased
awareness that this ubiquitous enzyme system may also be
involved in the bioactivation of endogenous substrates such
as AA (3, 4). In this report, we provide molecular and immu-
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Fig. 9. Distribution of CYP2J2
mRNA in human intestine by in situ
hybridization. In situ hybridization
analysis of adjacent sections of hu-
man esophagus (A and B), stomach
(C and D), small intestine (E-H), and
colon (I and J) using an antisense (A,

C,E, G,andl)orasense (B, D, F, H,
and J) digoxigenin-labeled CYP2J2
RNA probe. Closed arrows, strong
positive staining in nerve cells of the
autonomic ganglion. Magnification:
25X (A-D), 50X (E, F, I, and J), and
100X (G and H).
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Fig. 10. Metabolism of AA by human jejunum microsomal fractions.
Human jejunum microsomal fractions (2.0 mg/ml of microsomal protein)
were incubated with [1-"*C]JAA, NADPH, and an NADPH-regenerating
system. After 30 min at 30°, the ethyl ether-soluble products were
resolved by reverse-phase HPLC, and the eluent radioactivity was
monitored with an on-line radioactive flow detector as described in
Experimental Procedures. Metabolites were identified by comparing
their HPLC retention time with those of authentic standards and by
GC/MS. HETE, hydroxyeicosatetraenoic acid.

TABLE 1

Regiochemical and stereochemical composition of human
jejunum EETs

The enantiomers of human jejunum 14,15-, 11,12-, and 8,9-EET were extracted,
purified, and quantified as described in the text. Concentration values are aver-
ages of five determinations on different intestinal tissues with standard error of
<15% of the mean.

Enantioselectivity

Regioisomer Concentration Distribution
RS SR

ng/g of jejunum % of total
14,15-EET 12 31 69 31
11,12-EET 14 36 65 35
8,9-EET 13 33 37 63
5,6-EET N.D. N.D. N.D. N.D.

N.D. = not determined.

nological evidence to show that CYP2J P450s are highly
expressed throughout the entire gastrointestinal tract and
that expression is localized to specific cell types within the
intestine. Furthermore, we provide biochemical data to dem-
onstrate that CYP2J products, the EETSs, are produced in
vitro by human intestinal microsomal fractions and are
present in vivo in human intestine.

Previous studies have demonstrated the constitutive ex-
pression of a number of P450 monooxygenases in the rat and
human gastrointestinal tract, including members of the
CYP1A, CYP2B, CYP2C, CYP2D, CYP2E, and CYP3A sub-
families (5—11). Without exception, in both rats and humans,
P450 expression levels were highest in the proximal small
intestine and occurred at decreasing concentrations distally,
being lowest in the ileum and undetectable in the colon (1, 5,
6, 11). In contrast, CYP2J protein expression is relatively
constant throughout the entire gastrointestinal tract from
esophagus to colon. In fact, CYP3A4 is the only other P450
that has been shown to be constitutively expressed, albeit at
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extremely low levels, in esophagus, stomach, or colon (5). A
number of factors are known to alter the levels of expression
of intestinal P450 genes, including enzyme induction by in-
gested xenobiotics and dietary factors (1, 8). In this regard,
several investigators have reported relatively large interin-
dividual variation in the expression of intestinal P450s (5, 6).
The remarkably constant expression of human CYP2J pro-
tein in several different jejunum and colon specimens to-
gether with the fact that pretreatment with common P450
inducers does not alter the expression of rat CYP2J protein
suggests that the CYP2J enzymes may be less susceptible to
induction by these factors.

Our data suggest that there is a discordance between in-
testinal CYP2J2 mRNA and protein levels. We previously
reported that CYP2J2 mRNA levels do not correlate well
with CYP2J2 protein levels in the kidney (20). Other inves-
tigators have noted the lack of correlation between human
P450 protein and mRNA levels and have proposed that dif-
ferences in protein translation rate and/or protein turnover
may be important in determining human P450 hemoprotein
levels (29). Alternatively, the yield of microsomes may be
significantly greater from intestinal cells that express
CYP2J2 (e.g., epithelial cells, smooth muscle cells), whereas
RNA is likely to represent all intestinal cell types. It is
notable that the anti-CYP2J2 antibody recognizes an electro-
phoretically distinct protein band in microsomal fractions
prepared from human intestinal tissues but that the mobility
of this protein differs slightly from that of the purified, re-
combinant CYP2J2 protein. These differences in the electro-
phoretic mobility, although minor, suggest that either the
endogenous human hemoprotein is produced in a truncated
form, the endogenous human protein is post-translationally
modified, or CYP2J2 shares antigenic determinants with a
related, slightly lower-molecular-weight protein that is more
abundant in human intestinal tissues. The discordance be-
tween CYP2J2 mRNA and protein expression in human in-
testinal tissues, together with very recent evidence that both
rat and mouse contain more than one CYP2J isoform,??
suggest additional complexity of the human CYP2J subfam-
ily. However, the following pieces of evidence support the
contention that the immunoreactive protein observed in
Western blots and by immunohistochemical staining of hu-
man intestinal tissue is CYP2J2: (a) the anti-CYP2J2 anti-
body strongly immunoreacts with CYP2J2 but does not cross-
react with other known human CYP1 and CYP2 family
P450s, (b) prestaining adsorption of anti-CYP2J2 IgG with
excess purified recombinant CYP2J2 abolishes the positive
immunohistochemical staining reaction, (c) in situ hybridiza-
tion using two different CYP2J2-specific RNA probes local-
izes expression of CYP2J2 mRNA to the same intestinal cell
types that express large amounts of CYP2J2 immunoreactive
protein by immunohistochemistry, and (d) despite vigorous
attempts by our research group and others to identify poten-
tially related human CYP2J or CYP2J-like P450 isoforms,
only a single human CYP2J enzyme (CYP2J2) has been
described to date (20). In fact, we recently screened a human
intestinal ¢cDNA library with the full-length CYP2J2 cDNA
probe, and all seven duplicate positive clones that were iso-

2J. Ma and D. C. Zeldin. Cloning, expression, and function of mouse
CYP2J5 and CYP2J6. Manuscript in preparation.
3 L. S. Kaminsky, personal communication.
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lated and partially characterized contained sequences that
were identical to human CYP2J2.* This suggests that if
human intestine contains multiple CYP2J isoforms, then
CYP2J2 is the most abundant one. Further investigation is
necessary to determine whether human intestine also con-
tains other antigenically related, previously uncharacterized
P450s.

Several studies have been conducted to localize expression
of P450s within the intestine by immunohistochemistry.
Murray et al. (7) have shown that human CYP3A4 expression
was confined to columnar epithelial cells of small intestinal
villi and to mast cells within the lamina propria, with no
staining in goblet cells, epithelial cells of the crypts of
Lieberkiihn, connective tissue, intestinal smooth muscle, or
blood vessels. Rich et al. (10) reported that rat CYP2B1 and
CYP2B2 were constitutively present only in intestinal epi-
thelial cells, graded in quantity from the crypt to maximally
at the tips of villi. Similarly, Shimizu et al. (11) detected rat
CYP2EL1 in intestinal villus epithelial cells. Pretreatment of
rats with phenobarbital, B-naphthoflavone, or ethanol, re-
spectively, induced CYP2B1/2, CYP1A1, and CYP2EL1 in ep-
ithelial cells, in both the villi and crypts, but not in nonepi-
thelial cells (10, 11, 30). In the current study, CYP2J2
immunoreactivity was present in intestinal epithelial cells as
well as in nonepithelial cells, including, most prominently,
nerve cells of the autonomic ganglia and, to a lesser extent,
smooth muscle cells and vascular endothelium. The localiza-
tion of CYP2J2 expression within the human intestine was
confirmed by in situ hybridization using two CYP2J2-specific
RNA probes. To our knowledge, this is the first demonstra-
tion of a P450 mRNA or protein in nonepithelial intestinal
cells.

The cellular localization of CYP2J proteins may have im-
portant functional implications. For example, the localization
of CYP2dJ proteins to the vascular endothelium has impor-
tant implications given the well-documented effects of the
EETs in controlling vascular tone in the intestine and ex-
traintestinal tissues (17, 31, 32). The expression of CYP2J
proteins in the absorptive epithelial cells of the small intes-
tine and colon suggests a role for the EETs in fluid/electrolyte
transport in the gut, especially given the known potent ef-
fects of epoxygenase products in controlling fluid and elec-
trolyte transport in extraintestinal tissues (19). The expres-
sion of CYP2J proteins in chief cells lining the gastric glands
together with the known potent effects of the EETSs in stim-
ulating peptide hormone secretion in extraintestinal tissues
(33) suggests that the EETs may be involved in the release of
pepsinogen in the stomach. The expression of CYP2J pro-
teins in nerve cells of autonomic ganglia, in conjunction with
the known effects of EETSs in stimulating the release of so-
matostatin and other neuropeptides (18), suggests a role of
these eicosanoids in mediating the effects of intestinal neu-
rotransmitters and controlling gut motility. Further work
will be necessary to better define the importance and func-
tional significance of epoxygenase products in gastrointesti-
nal physiology and pathophysiology.

Microsomal fractions prepared from human jejunum cata-
lyzed the NADPH-dependent metabolism of AA to EETs and
DHETSs as the principle reaction products. The mid-chain
HETEs and C19/C20 alcohols of AA were produced in lower

4J. Ma and D. C. Zeldin, unpublished observations.

amounts. The profile of epoxygenase metabolites formed dur-
ing incubations of human jejunum microsomal fractions with
AA was qualitatively similar to that previously reported for
human liver and human kidney microsomal fractions (34—
37). In contrast, the product profile of human intestinal mi-
crosomes was different from that reported for rabbit intes-
tine, in which mid-chain HETEs and C19/C20 alcohols were
the major products (3). Importantly, recombinant human
CYP2J2 produces neither 19-hydroxyeicosatetraenoic acid
nor 20-OH-AA (20), suggesting that human intestine proba-
bly contains more than one P450 enzyme that metabolizes
AA. The identity of these other intestinal monooxygenases
remains unknown; however, several of the P450s known to be
expressed in the small intestine have been shown to metab-
olize AA to EETs and HETEs, including members of the
CYP1A, CYP2B, CYP2C, and CYP2E subfamilies (15, 16, 35,
36).

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 jejunum pro-
vided further evidence to support the in vivo intestinal cyto-
chrome P450 metabolism of AA. To our knowledge, this is the
first report documenting the presence of EETs in intestinal
tissue. Compared with human liver, human kidney cortex,
and human heart, human jejunum contained less total EET/g
of tissue (~10%, ~12%, and ~66% of the total EET present in
each of these tissues, respectively) (20, 34, 38). The regio-
chemical profile of human jejunum EETSs was similar to that
previously reported for human heart (20) but different from
that reported for human liver and kidney cortex (34, 38).
Stereoselective formation of eicosanoids is a sufficient crite-
rion to establish their enzymatic origin (24). To confirm that
the recovered EETs were, in fact, biosynthesized by the in-
testinal epoxygenase or epoxygenases, we performed chiral
analysis and showed that the 14(R),15(S)-, 11(R),12(S)- and
8(8S),9(R)-EETs were the predominant antipodes. The stere-
ochemical profile of human jejunum EETs was quite similar
to that previously reported for human liver (34). In contrast,
the chirality of human jejunum EETs was different from that
of human kidney cortex (38), in which racemic 8,9-EET was
recovered, and human heart (20), which produces racemic
8,9- and 11,12-EETSs. These findings have important impli-
cations given that some of the biological actions of the EETs
are stereoselective (32, 39).

In summary, we provided molecular and immunological
data that demonstrate that CYP2J mRNAs and proteins are
abundantly expressed throughout the entire human and rat
gastrointestinal tract from esophagus to colon. Furthermore,
we use immunohistochemical staining and in situ hybridiza-
tion to show that CYP2J2 mRNA and protein expression is
localized to nerve cells of autonomic ganglia, intestinal epi-
thelial cells, intestinal smooth muscle cells, and vascular
endothelium. We report that CYP2J2 products, the EETSs,
are produced in vitro during incubations of human intestinal
microsomal fractions with AA and are found in vivo in human
intestine. We conclude that (a) in addition to the cyclooxy-
genase and lipoxygenase pathways, the P450 epoxygenase
pathway is an important member of the human intestinal AA
metabolic cascade, and (b) CYP2J enzymes are among the
P450 epoxygenases that form the EETSs in the gut. We spec-
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ulate that in addition to known effects on intestinal vascular
tone, these fatty acid epoxides may have important physio-
logical roles in the release of intestinal neuropeptides, control
of intestinal motility, and/or modulation of intestinal fluid/
electrolyte transport.
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