
Introduction
The rat kidney microsomal cytochrome P-450 (P-450)
arachidonic acid (AA) epoxygenase catalyzes the asym-
metric epoxidation of AA to 8(R),9(S)-EET, 11(R),12(S)-
EET, and 14(S),15(R)-EET (1). Antibody inhibition
experiments indicated that AA epoxidation by these
microsomal fractions was catalyzed predominantly by P-
450 2C gene subfamily isoforms (1–5). The potent bio-
logical activities associated with the several metabolites
of the AA epoxygenase and the demonstration that P-
450 participates in the in vivo metabolism of AA pools
established the epoxygenase as a member of the AA cas-
cade and suggested functional roles for this enzyme in
the generation of bioactive eicosanoids (6–11).

The EETs and/or their hydration products, the vic-
dihydroxyeicosatrienoic acids (DHETs), have been
implicated in a variety of physiologically important
processes, including the regulation of renal tubular Na+

and K+ fluxes and water permeability (6–11), and have
been shown to be potent systemic vasodilators and
enantioselective intrarenal vasoconstrictors (6–11).
Studies with the spontaneously hypertensive rat mod-
els (6, 10), as well as marked changes in the urinary
excretion of epoxygenase metabolites during pregnan-
cy-induced hypertension (12), suggested that this
pathway may be of importance to the pathophysiology
of hypertension (6–12). The regulatory control of the
renal epoxygenase by dietary salt intake (1), as well as
the inhibitory effect of the EETs on tubular Na+ reab-
sorption provided further support for a role of this

pathway in kidney physiology (6–11). Importantly,
clotrimazole inhibition of the rat kidney epoxygenase
activity leads to the development of salt-sensitive,
clotrimazole-dependent hypertension (13). In previous
studies it was established that excess dietary salt
increased the kidney concentration of a P-450 iso-
form(s) recognized by polyclonal antibodies raised
against human liver P-450 2C9 or rat liver P-450 2C11
(1) and that, although it is different from P-450 2C11,
the salt-induced protein was a member of the P-450 2C
gene subfamily. P-450 2C23, the predominant P-450 2C
isoform in the rat kidney, was cloned, expressed, and
shown to be an active AA epoxygenase (2, 3). However,
nucleic acid hybridization studies failed to demon-
strate a dietary salt-dependent transcriptional regula-
tion of this P-450 isoform (1, 2).

Salt sensitivity is the causative agent for an important
subgroup of humans with essential hypertension. How-
ever, in spite of extensive studies, the molecular and/or
genetic basis of salt sensitivity remains to be defined.
Whereas salt sensitivity is likely to be a multigenetic
trait, a paucity in the identification of novel candidate
genes has limited progress in this clinically important
area of research. We report here (a) the structural and
catalytic characterization of the predominant rat kid-
ney AA epoxygenases; (b) the identification of P-450
2C23, a P-450 2C gene subfamily isoform, as a salt-sen-
sitive renal epoxygenase; and (c) the characterization of
a P-450 2C23 product, the 11(R),12(S)-EET, as the
major rat kidney epoxygenase metabolite.
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Methods
Animals, microsomal fractions. Adult male Sprague Dawley
rats (300–350 g; Harlan Sprague-Dawley Inc., Indi-
anapolis, Indiana, USA) or male Dahl salt-resistant (DR)
and Dahl salt-sensitive (DS) rats (280–320 g)(outbred,
Brookhaven National Laboratories, Upton, New York,
USA) were used for these studies. Salt loading was done
either by providing 2% NaCl as drinking water for 10
days or by feeding rats a modified lab chow containing
8% NaCl (Special Mix 5001-2; Purina Mills Inc., St. Louis,
Missouri, USA) for 30–40 days (Sprague-Dawley) or
12–18 days (Dahl) and allowing free access to drinking
water. Kidney and liver microsomal fractions were iso-
lated as described (14), maintained at 2–4°C, and dis-
carded after 48 hours. P-450 and protein concentrations
were determined as in ref. 14.

Enzymatic studies. Microsomal incubations were done
exactly as in ref. 14. Briefly, reaction mixtures contain-
ing 50 mM Tris-Cl buffer (pH 7.5), 150 mM KCl, 10 mM
MgCl2, 8 mM sodium isocitrate, 0.5 IU of isocitrate
dehydrogenase, microsomal protein (0.5–2.0 mg/mL),
[1-14C]AA (2–8 µCi/µmol; 70–100 µM final concentra-
tion), and 1 mM NADPH were incubated at 35°C. At
different time points the reaction products were extract-
ed into acidified ethyl ether, resolved by reverse-phase
HPLC as in refs. 14 and 15, and quantified by on-line
liquid scintillation (Flow-One β Counter; Radiomatic
Instruments, Tampa, Florida, USA). Initial rates of
metabolism were calculated from plots of product con-
centrations vs. incubation times.

Purified recombinant P-450s 2C11, 2C23, or 2C24
(50–200 pmol) were sequentially mixed with dilau-
roylphosphatidylcholine (5–50 µL of a 1 mg/mL sus-
pension), NADPH cytochrome P-450 reductase (to
obtain P-450/NADPH P-450 reductase molar ratios
between 1:1 and 1:15), and, when needed, cytochrome
b5 (to obtain P-450/cytochrome b5 molar ratios
between 0.5:1 and 1:5). After 10 minutes at 25°C, the
mixture was diluted 10-fold with Tris-Cl buffer (pH
7.5) containing 0.15 M KCl, 10 mM MgCl2, 8 mM sodi-
um isocitrate, and isocitrate dehydrogenase (0.5
I./mL), then was preincubated for 1 minute at 35°C
before the addition of [1-14C]AA (20–50 µCi/µmol;
50–70 µM, final concentration) and NADPH (1 mM,
final concentration). The AA metabolites were extract-
ed and analyzed as above (14). For chiral analysis, EETs
were purified by a combination of reverse-phase and
normal-phase HPLC (14, 15), derived, and character-
ized by chiral-phase HPLC as in (15). Absolute config-
urations were assigned using published data (15).

Nucleic acid hybridizations, cDNA cloning, and characteri-
zation. Liver and kidney total RNAs were isolated by the
guanidinium isothiocyanate/CsCl method (16). Poly(A)+

RNA was isolated using a mRNA extraction kit (Amer-
sham Pharmacia Biotech, Piscataway, New Jersey, USA).
The mRNA samples (2–5 µg each) were electrophoresed
in agarose gels (1.2%) containing 0.2 M formaldehyde as
described (2, 16). After capillary pressure transfer to
nitrocellulose membranes, the blots were hybridized to
the following 32P-labeled P-450 isoform–specific probes:
(a) P-450 2C6, 48-mer 5′-TGGATGATAGAGGGAAGGGACTG-
GATAAAAACCTGAAGGGGATT GCAG-3′; (b) P-450 2C7, 35-mer

5′-AAGTGGATTTGTGCTATA ACTCCAGAAACTGCATG-3´; 
P-450 2C11, 48-mer 5′-ACTGGATCCGAAGGAAATGGGGATAT-
GTGAGTTAAAGCTACT ATAGTA-3′ ; P-450 2C13, 48-mer 
5 ′ -GGATGATAGAGGGAAGGGACTGGATAAAAACCTGA
AGGGGATTGCAG-3′ ; P-450 2C22, 47-mer 5′-AATGCCTAACC-
CTTGGCTGACTTTACTGAG CATTGACGAATGCATT-3′; P-450
2C23, 48-mer 5′-TCTGGTGTCAGTTGTGCTTGGGGCCT
GGTTTCTAGAGCAGTTGAGGGA-3′ ; P-450 2C24, 48 mer 
5′-GTTATAGACTGTGGGAGAC AAAGGATAGATTTGCGA-
GATAACTCTGG-3′ . End labeling of oligonucleotides was
done using [γ-32P]ATP and T4 polynucleotide kinase.
Hybridizations were performed at 42°C in Hybrisol
(Oncor Inc., Gaithersburg, Maryland, USA). After 3 con-
secutive 15-minute washes — the first in 2×SSC, 0.1% SDS
(wt/vol) at 42°C; the second in 2× SSC, 0.1% SDS (wt/vol)
at 25°C; and the last in 0.5× SSC, 0.1% SDS (wt/vol) at
25°C — the membranes were exposed to x-ray film.

P-450 2C11 was cloned from a Uni-Zap λgt11 male rat
liver cDNA library (Stratagene, La Jolla, California, USA).
The library was plated in XL1-Blue Escherichia coli as host
(105 plaque-forming units per plate), and approximate-
ly 106 clones were screened using a 1-kb probe coding for
the published 3′-end sequence of P-450 2C11 (17). A
1,896-bp clone, containing the entire P-450 2C11 coding
sequence and 396 bp of the 3′-end untranslated
sequence, was isolated, purified, rescued into pBluescript
SR(+) (Stratagene), and characterized. A 1,693-bp cDNA
coding for P-450 2C24 was cloned by RT-PCR amplifi-
cation of total rat kidney RNA using the following PCR
primers: forward, 5′-CTTCTTGAGAAGAGAAGGCT-
GTCATGGATC-3′ ; reverse, 5′-TAGACTGTGGGA
GACAAAGGATAGATTTGC-3′ . The resulting cDNA
was cloned into the PCR 2.1 vector (Invitrogen, Carlsbad,
California, USA) and characterized. The cDNA coding
for P-450 2C23 was cloned and characterized as
described (2). The P-450 2C11 and 2C24 cDNAs were
sequenced using a Thermo Sequenase Kit (Amersham
Pharmacia Biotech, Piscataway, New Jersey, USA).
Between 25 and 30 oligonucleotides (20–25 mer each),
spanning the length of each cDNA, were used as
sequencing primers for the corresponding sense or anti-
sense cDNA strands.

Heterologous expression and purification of recombinant P-
450s. The cDNAs coding for P-450s 2C11, 2C23, and
2C24 were expressed using a MAXBAC Baculovirus
Expression System (Invitrogen), following the manufac-
turer’s instructions. Recombinant P-450 baculoviruses
were used to infect sf9 insect cell cultures in the presence
of 0.2 µM hemin. P-450 expression levels were deter-
mined in Emulgen 911 (Kao Chemical Co., Tokyo,
Japan) cell lysates by CO-difference spectroscopy (18).

Recombinant P-450s 2C11, 2C23, and 2C24 were puri-
fied from insect cell lysates as described (19). Briefly,
insect cell microsomes were collected by centrifugation
and solubilized in 0.1 M sodium phosphate buffer (pH
7.4) containing 20% (vol/vol) glycerol, 0.1 mM EDTA, 0.1
mM DTT, and 1% (wt/vol) sodium cholate. After 1 hour
at 4ºC, insoluble proteins were removed by centrifuga-
tion (1 hour, 140,000 g), and the solubilized enzymes
were purified by octyl-Sepharose 4B (Pharmacia Biotech
AB, Uppsala, Sweden), hydroxylapatite (Bio-Rad Labo-
ratories Inc., Richmond, California, USA), and Bio-Gel A
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DEAE (Bio-Rad Laboratories Inc.) column chromatog-
raphy, exactly as in ref. 19. Residual Emulgen 911 was
removed from purified proteins by hydroxylapatite chro-
matography, as in ref. 19. Before use, proteins were dia-
lyzed vs. 100 vol of 20 mM Tris-Cl buffer (pH 7.4) con-
taining 20% glycerol (vol/vol), 0.1% sodium cholate
(wt/vol), and 0.1 M mM EDTA.

Other methods. Polyclonal antibodies against purified
recombinant P-450s 2C11 and 2C23 were raised in
female New Zealand white rabbits and purified by affin-
ity chromatography on a protein G Superose HR 10/2
column (Pharmacia Biotech AB, Uppsala, Sweden) as
published (19). Cytochrome b5 and rat liver NADPH–P-
450 reductase were purified to electrophoretic homo-
geneity (20). Discontinuous SDS-PAGE (10% wt/vol
acrylamide, 100 × 60 × 1 mm slabs) were as described in
refs. 1 and 19. Resolved proteins were transferred onto
PVDF membranes and immunoblotted as described
(21). Antigen-antibody reactions were detected using
either a SuperSignal Substrate Western Blotting kit
(Pierce Chemical Co., Rockford, Illinois, USA) according
to the manufacturer’s instructions or alkaline phos-
phatase detection methods per refs. 1, 4, and 19. For
NH2-terminal amino acid analyses, purified P-450s were
submitted to SDS-PAGE in 200 × 120 × 1.5–mm slabs
using a 7–12% (wt/vol) polyacrylamide gradient as sepa-
rating gel. Proteins were electroblotted onto PVDF mem-
branes and sequenced (21). Cycle yields were calculated
by comparison with internal standards.

Results
The P-450 supergene family is characterized by an
increasing complexity of isoforms that, despite extensive
sequence homology, display substantial degrees of cat-
alytic heterogeneity (22–25). Under basal conditions,
most of the AA epoxygenase activity present in rat or rab-
bit liver and kidney microsomes is catalyzed by P-450 2C
gene subfamily isoforms (1–5). In rats the P-450 2C gene
subfamily is composed of 8 members (23), 2 of which are

sex-specific (P-450s 2C11 and 2C12, ref. 23) and a third,
P-450 2C22, that is expressed only in cultured hepato-
cytes (26). To compare the isoform heterogeneity, the rel-
ative abundance of transcripts coding for P-450 2C iso-
forms, and their transcriptional regulation by dietary
salt intake, mRNAs isolated from the livers and kidneys
of control and salt-treated rats (2% NaCl as their drink-
ing water for 2 weeks) were electrophoresed and
hybridized to 2C isoform–specific oligonucleotides
(35–48 mer each, coding for the 3′-end untranslated
sequences of each cDNA; ref. 23). As reported (22, 23, 27,
28), the mRNAs coding for P-450s 2C6, 2C7, 2C11,
2C13, 2C23, and 2C24 are all expressed in the male rat
liver, with P-450 2C11 as the most abundant 2C isoform
(27, 28) followed, in decreasing order of relative abun-
dance, by P-450s 2C6, 2C13, 2C23, 2C7, 2C24, and near-
ly undetectable levels of P-450 2C22 (data not shown).
On the other hand, the limited 2C isoform heterogene-
ity of the rat kidney is illustrated by the expression, at
levels detectable by nucleic acid hybridization tech-
niques, of only P-450s 2C23, 2C24, and 2C11 (Figure 1)
(2). Based on these studies, we concluded that P-450
2C23 was the predominant 2C isoform expressed in the
rat kidney (1–3), followed by P-450 2C24 and by notice-
ably lower levels of P-450 2C11, and excess dietary salt
did not significantly alter the transcriptional regulation
of liver (not shown) or kidney P-450 2C genes (Figure 1).

To probe for early time-dependent and dietary
salt–dependent changes in the transcription of kidney P-
450s 2C11, 2C23, or 2C24, kidney poly(A)+RNAs were iso-
lated from control rats and from rats exposed to a 2%
NaCl solution for the indicated time periods, then were
analyzed using gene-specific probes. Within the first 24
hours of salt loading, the levels of P-450 2C23 mRNA
transcripts remained more or less constant, whereas P-
450s 2C11 and 2C24 appeared to be slightly downregu-
lated (Figure 1). Nucleic acid hybridization data also
showed that whereas excess dietary salt caused small
decreases in the kidney concentration of P-450 2C11 tran-
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Figure 1
Nucleic acid hybridization analysis of male rat kidney RNAs. Samples of
poly(A)+ RNA (5 µg each) isolated from the kidneys of control rats (C)
and rats fed a 2% NaCl solution as drinking water for either 10 days (S)
(a) or for the indicated times (2, 4, 8, 12, 14, or 24 hours) (b) were elec-
trophoresed and blot-hybridized to P-450 isoform–specific oligonu-
cleotide probes coding for portions of the 3′-end untranslated sequences
of P-450s 2C11, 2C23, and 2C24. After exposure to x-ray film, the blots
were stripped by boiling and probed with a β-tubulin to confirm equal
loading. To optimize the analysis of mRNA abundance, the P-450 blots
were exposed to the x-ray film for 4, 18, or 120 hours. See Methods for
further details.



scripts (1, 2), the levels of mRNAs coding for P-450s 2C6,
2C7, 2C13, 2C22, 2C23, or 2C24 were not significantly
altered by excess salt (1, 2, 13). Based on these and previ-
ous studies (1, 2, 13), it was concluded that the salt-
dependent upregulation of the renal AA epoxygenase
occurred in the absence of measurable changes in the tran-
scriptional activities of known P-450 2C gene subfamily
isoforms. Furthermore, using similar approaches, we
demonstrated that the salt loading had no effect in the
transcriptional regulation of P-450s: 1A1, 1A2, 2B1, 2B2,
2A1, 2A2, 2D1, 2D2, 2D3, 2D4, 2E1, 2E2, 2G1, 2J1, 3A4,
4A1, 4A2, and 4A3. Transcriptional and/or translational
events are known to play important and, in some cases,
isoform-specific roles in the regulation of many P-450 pro-
teins (22). Additionally, the transcription-independent
regulation of P-450 isoforms has been demonstrated (22,
28, 29). The absence of demonstrable salt-dependent tran-
scriptional upregulation of a particular P-450 isoform
made the characterization of the salt-responsive epoxyge-
nase(s) at the nucleic acid level impractical. As an alterna-
tive, we chose to clone and express the cDNAs coding for
kidney 2C P-450s and to use the recombinant proteins for
enzymatic characterization and the generation of
immunospecific probes.

Cloning of cDNA, characterization, and heterologous expres-
sion. Among the rat kidney P-450 2C isoforms, P-450s
2C11 and 2C23 have been shown to catalyze AA epoxi-
dation (2–4). However, low rates of catalysis and limited
regioselectivity and stereoselectivity suggested the pres-
ence of contaminant P-450 proteins in the purified
preparations of liver P-4502C11 (4). To generate recom-
binant P-450s 2C11 and 2C24 suitable for unequivocal
catalytic characterization we screened a rat liver cDNA
library using either a 1-kb fragment coding for the 3′-end
sequence of P-450 2C11 (17) and an oligonucleotide
complementary to a portion of the 5′-end of P-450 2C11
(25-mer, 5′-CTGCCATGGATCCAGTCCTAGTCCT-3′)
(17) or a 200-bp cDNA probe coding for a portion of the
3′-untranslated end of P-450 2C24 (starting at
nucleotide 1,600 from the ATG initiation) (30). Approx-
imately 40 duplicated positive clones were isolated, one
of which, containing an insert with a 5′-end sequence
identical to that reported for P-450 2C11 (17), was select-
ed for further characterization. Sequence analysis
showed that this clone contained an insert of 1,896
nucleotides with a 99.8% sequence identity to the pub-
lished rat liver P-450 2C11 (17, 23). An open reading
frame coding for a polypeptide of 500 amino acids (mol
wt = 57,159) was flanked by initiation and termination

codons (ATG and TAA, respectively) between nucleotides
2 and 1,500, respectively. Compared with the published
cDNA (17), our clone was 141 nucleotides longer, con-
tained a 3′-end poly(A) tail, and showed the following
base substitutions: G→A, C→T, and C→A at
nucleotides 1,006, 1,594, and 1,822 of the published
sequence (17, 23), respectively. With the exception of a
conserved histidine→arginine substitution at residue
329, the sequence of the 2C11 translated protein was
identical to that published previously (17), including the
invariant cysteine at position 435. It is of interest that a
similar strategy, i.e., screening of liver or kidney cDNA
libraries with gene-specific oligonucleotide probes, failed
to yield a single clone containing a full-length P-450
2C24 coding insert. The abnormal processing of P-450
2C24 transcripts, including the existence of circular
mRNA transcripts, has been reported (31).

A cDNA coding for rat kidney P-450 2C24 was obtained
by RT-PCR of total rat kidney RNA and cloned into the
PCR 2.1 vector. The P-450 2C24 cDNA was 1,693 bp long
and contained the open reading frame coding for P-450
2C24 (ATG and TAA initiation and termination codons
were at bp 5 and 1,499 of the published sequence, respec-
tively) (30). With the exception of a single base substitu-
tion (G→C at bp 1,162, from the initiation ATG), this
cDNA was identical to the published P-450 2C24 cDNA
(30). The cloned cDNA coded for a protein of 490 amino
acids (55,997 Da), with a conserved heme-binding pep-
tide (FSTGKRMCVG) and a distal cysteine heme iron lig-
and at position 435. The molecular properties of the P-
450 2C23 cDNA clone are published (2, 3). The cDNA
and protein sequence homology analysis showed that
whereas P-450 2C11 and 2C24 share a 76% sequence iden-
tity, their similarities to P-450 2C23 were more limited
(61.6 and 60.5% sequence identity for P-450s 2C11 and
2C23, respectively; ref. 23). The sequence differences
between P-450 2C23 and either 2C11 or 2C24 are more
or less randomly distributed along the entire polypep-
tides, suggesting that the 2C23 gene diverged from the
other 2C genes at an early evolutionary stage.

Heterologous expression and protein purification. Among the
heterologous expression systems for P-450 cDNA expres-
sion, we chose the baculovirus/insect cell system because
(a) its use for the expression of cloned P-450 cDNAs was
well documented (32); (b) all reagents, including the vec-
tors, viruses, and cells are commercially available; (c) it
requires minimal manipulations of the cloned cDNA, dif-
ferent than bacterial expression systems; (d) the primary
structure of the recombinant protein is preserved (32);
and (e) yields of 50–100 nmol of P-450 protein per liter of
cell culture have been reported (32). Using this expression
system, we achieved high-yield expression of P-450s 2C11
and 2C23 (70–120 nmol of hemoprotein per liter of cul-
ture, respectively). On the other hand, under similar con-
ditions, the yields of recombinant P-450 2C24 were sub-
stantially lower (≤10 nmol of P-450 2C24 per liter of
culture). Recombinant proteins were purified as
described in Methods and, before use, nonionic deter-
gents such as Emulgen 911 were removed by chromatog-
raphy on hydroxylapatite (19). Pilot experiments demon-
strated that low concentrations of nonionic detergents
and DTT inhibited the metabolism of AA by the purified
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Table 1
Spectral and molecular properties of recombinant rat kidney P-450 2C
isoforms

Parameter P-450 2C11 P-450 2C23 P-450 2C24

λmax Fe3+ 416-534-571 394-413-532-568 416-530-570
λmax Fe2+ 420-535 417-538 417-539
λmax Fe2+-CO 424-450-556 424-449-545 424-449-550
Molecular weight 57,159 56,430 55,997
NH2-terminal MDPVLVLVLTLS MELLGFTTLALV ND

ND, not determined.



enzymes. Purified recombinant P-450s 2C11, 2C23, and
2C24 (approximately 12, 14, and 5 nmol of P-450/mg of
protein, respectively) were used for molecular and enzy-
matic characterizations. The SDS-PAGE properties of
purified P-450s 2C11 and 2C23 (i.e., the presence of a sin-
gle protein band) suggested that these preparations con-
tained significant amounts of the corresponding apopro-
teins (19, 32). On the other hand, the SDS-PAGE analysis
of purified P-450 2C24 showed several additional protein
contaminants. However, low expression levels and poor
purification efficiency precluded further attempts to
improve its purity.

Spectral, structural, and enzymatic characterization. Discrep-
ancies in the reported sequences made the translation of
the P-450 2C23 protein sequence equivocal (2, 3, 33, 34).
To determine the primary sequence of P-450s 2C11 and
2C23, we microsequenced the NH2-terminal of both
recombinant proteins. The protein NH2-terminal sequence
of recombinant P-450 2C23 is in agreement with recently
published data (13, 14), but is different from the transla-
tion data of Cook et al. (33) (Table 1). On the other hand,
the NH2-terminal amino acid sequence of recombinant P-
450 2C11 matches literature data (17) (Table 1). The NH2-
termini of P-450s 2C11 and 2C23 show the predominance
of hydrophobic and low-polarity amino acids, typical of
microsomal P-450s (Table 1) (23). P-450 2C23 differs from
other 2C isoforms in that it contains a few extra residues,
and a glutamic acid next to the NH2-terminal methionine
(Table 1) (23). The absolute spectra of P-450s 2C11 and
2C24 indicate that they were isolated as predominantly low
spin proteins (Fe3+ Soret band, λmax at 413–416 nm) (Table
1). Conversely, P-450 2C23 was recovered as mixtures of
low- and high-spin proteins (Fe3+ Soret band, λmax at 394
and 413 nm) (Table 1). In their oxidized state (Fe3+), all 3
hemoproteins show typical P-450 α, β, and γabsorption

bands (Table 1). As with most P-450s, reduction of the
heme iron (Fe2+) resulted in a smaller Soret band and the
replacement of the α and βbands by a single broad absorp-
tion band at around 550–560 nm (Table 1). The CO com-
plexes of reduced P-450s (Fe2+-CO) showed typical hyper-
chromic shifts of their reduced Soret γbands to 449–450
nm, the development of small shoulders at approximately
424 nm, and the presence of a single broad band centered
between 545 and 556 nm (Table 1).

In previous studies, microsomal fractions isolated
from COS-1 cells expressing recombinant P-450 2C23
were shown to catalyze the regio- and stereoselective
epoxidation of AA (2). More recently, a rat kidney P-450
2C23 was cloned, expressed, and shown to catalyze AA
epoxidation although EET chirality was not deter-
mined (3, 34). As discussed, the cDNA coding for P-450
2C11 was cloned several years ago (17); however, its role
in the renal metabolism and/or bioactivation of AA was
not addressed. Also, P-450 2C24, the second most
abundant kidney 2C isoform, has not been character-
ized enzymatically. For enzymatic analysis recombinant
P-450s 2C11 and 2C23 were reconstituted in the pres-
ence of 1,2-dilauroyl-phosphatidylcholine (50–100
µg/mL), 0.15 M KCl, and variable concentrations of
NADPH–cytochrome P-450 reductase. Conversely,
optimal catalytic turnover with P-450 2C24 was
obtained in the absence of KCl and dilauroylphos-
phatidylcholine. Recombinant P-450s 2C11, 2C23, and
2C24 actively catalyzed the NADPH-dependent metab-
olism of AA to regioisomeric EETs (retention time [Rt]
= 24–28 minutes; Figure 2) and small quantities of
DHETs (Rt = 14–18 minutes; Figure 2), derived from
EET chemical hydration (14). Whereas epoxidation
accounted for nearly 98% of the reaction products gen-
erated from AA by P-450 2C23 (Table 2), P-450s 2C11
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Figure 2
A comparative HPLC analysis of AA metabolism by recom-
binant kidney P-450s 2C11, 2C23, and 2C24. The AA
monooxygenase activities of recombinant P-450s 2C11,
2C23, and 2C24 were reconstituted in the presence of
NADPH–P-450 reductase and NADPH, exactly as indicated
in Methods and in Table 2. After 10 minutes at 35°C, the
reaction products were extracted into acidified ethyl ether
and analyzed by reverse-phase HPLC. Shown are the
radiochromatograms derived from reaction mixtures con-
taining 0.1 µM P-450, 1 µM NADPH–P-450 reductase, 70
µM [1-14C]AA, and 1 mM NADPH. Approximate HPLC
retention times for selected groups of P-450 eicosanoids are
indicated in the chromatograms.



and 2C24 generated, in addition to EETs, small quan-
tities of metabolites with reverse- and normal-phase
HPLC retention times similar to mixtures of 12-
hydroxyeicosatetraenic acid (12-HETE) and 15-HETE
(20% of total, Rt ∼ 17–20 minutes; Figure 2 and Table 2)
(14). Similar product profiles were reported for a P-450
2C11 protein purified from rat liver (4). As has been
shown with P-450 2E1 (35), P-450 2C24 catalyzed both
AA epoxidation and ω-1 hydroxylation and generated,
in addition to EETs, small amounts of 19-OH-AA
(Table 2). Finally, while the epoxygenase activity of P-
450 2C23 showed a preference for oxygenation at the
AA 11,12-olefin (Table 2), P-450s 2C11 and 2C24 dis-
played significantly lower overall regioselectivity and
generated nearly equimolar mixtures of 11,12-EET and
14,15-EET (Table 2), in addition to nonepoxygenase
products (Table 2).

During measurements of AA turnover numbers for P-
450s 2C11 and 2C23, it was noted that the reaction rates
increased linearly when the NADPH–cytochrome P-450
reductase/P-450 molar ratios were varied between 1 and
10 (not shown). For example, for P-450s 2C11 and 2C23,

maximal reaction rates (5.1 ± 0.5 and 1.5 ± 0.1 nmol of
product/min per nanomole of P-450 for P-450s 2C11 and
2C23, respectively) (not shown) were obtained at
NADPH–cytochrome P-450 reductase/P-450 molar
ratios of approximately 10. Importantly, variations in the
P-450/NADPH–cytochrome P-450 reductase ratios did
not alter the enzymes’ regioselectivity and/or stereoselec-
tivity of AA oxidation. Whereas these flavoprotein-
dependent rate effects are not unique to P-450s 2C11 and
2C23 (19), they suggest P-450 isoform–specific differ-
ences in flavoprotein-hemoprotein coupling and, there-
fore, electron flow from NADPH to the heme iron. In
control experiments it was determined that AA metabo-
lism by P-450s 2C11, 2C23, or 2C24 required P-450 and
NADPH–cytochrome P-450 reductase and that the addi-
tion of cytochrome b5 had little or no effect on reaction
rates or product regiochemistry (19). The limited avail-
ability and purity of recombinant P-450 2C24, due to its
low expression yields, precluded the titration of optimal
P-450 2C24/reductase ratios. In analogy with P-450s
2C11 and 2C23, all P-450 2C24 reconstitution studies
were performed using a NADPH–cytochrome P-450
reductase/P-450 molar ratio of 10. Under optimal condi-
tions, the partially purified P-450 2C24 preparation
metabolized AA at a rate that was substantially lower
than that of P-450s 2C11 and 2C23 (0.3 ± 0.01 nmol of
product per minute per nanomole of P-450 at 35°C
(Table 2). This low turnover could be either an intrinsic
property of P-450 2C24 or the result of (a) poor coupling
between the exogenously added NADPH–cytochrome P-
450 reductase and the P-450 heme iron; (b) the inhibition
of electron transport and/or enzyme activity by contam-
inant proteins; (c) the presence of catalytically unpro-
ductive AA binding sites in the contaminant proteins; or
(d) vestiges of Emulgen 911 used during solubilization
and purification. However, hydroxylapatite chromatog-
raphy efficiently removed Emulgen 911 from purified P-
450s 2C23, 2C11, 2C8, and 2C10 (2, 19).

Comparisons of regioselectivity and enantioselectiv-
ity of AA metabolism, as well as antibody inhibition
profiles, have been used to study the contribution of
individual P-450 isoforms to the overall metabolism of
AA (1, 4, 19). Chiral analysis of the metabolites (15)
showed that AA epoxidation by recombinant P-450
2C23 is highly asymmetric and generates 8(R),9(S)-
EET, 11(R),12(S)-EET, and 14(S),15(R)-EET with opti-
cal purities of 94, 89, and 75%, respectively (Table 3).
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Table 2
Enzymatic properties of the recombinant P-450 2C11, P-450 2C23, and
P-450 2C24 AA epoxygenases

Product P-450 2C11 P-450 2C23 P-450 2C24
(percent of total)

5,6-EETA ≤1 9 4
8,9-EET 14 23 10
11,12-EET 30 57 25
14,15-EET 28 9 23
HETEs 20 ND 15
19-OH-AA ND ND 18
Unknown 8 ≤ 1 5
Rates 5.1 1.5 0.3

Recombinant P-450s 2C11, 2C23, and 2C24 (0.05, 0.1, and 0.2 µM, respective-
ly) were incubated at 35°C with [1-14C]AA, NADPH, and in the presence of an
NADPH-regenerating system and a 10-fold molar excess of NADPH–P-450 reduc-
tase. Aliquots of the reaction mixture were taken at different time points, extract-
ed with acidified ethyl ether, and the organic soluble products resolved and quan-
tified by reverse-phase HPLC, as described in Methods. Initial rates of reaction
are given in nanomoles of product formed per minute per nanomole of P-450.
Values are averages calculated from at least 4 (P-450s 2C11 and 2C23) different
experiments with SE less than 10% of the mean. The values for P-450 2C24 were
calculated from 2 different experiments whose averages differed by less than
15%.ACalculated from the sum of 5,6-EET and 5,6-DHET. HETEs, hydroxye-
icosatetraenoic acids containing a cis-trans–conjugated dienol; 19-OH-AA, 19-
hydroxyeicosatretraenoic acid; ND, not detected.

Table 3
Absolute configuration of the metabolites generated by the recombinant
P-450 2C11, P-450 2C23, and P-450 2C24 AA epoxygenase

Percent distribution P-450 2C11 P-450 2C23 P-450 2C24

8(R),9(S)-EET 54 94 39
8(S),9(R)-EET 46 6 61
11(R),12(S)-EET 79 89 75
11(S),12(R)-EET 21 11 25
14(R),15(S)-EET 38 25 67
14(S),15(R)-EET 62 75 33

Incubation conditions were as in Table 2. EET enantiomers were resolved by chiral-
phase HPLC as described in Methods.

Table 4
Regiochemical and stereochemical selectivity of the salt-induced kidney
microsomal AA epoxygenase

AA epoxygenase

EET regioisomer Percent of total EETs Enantiomeric composition
Percent RS Percent SR

8,9-EET 24 96 4
11,12-EET 61 87 13
14,15-EET 15 30 70

Incubation conditions, product resolution and quantification, and chiral analysis
were done as described for Tables 2 and 3. Values are averages calculated from
either 12 (percent of total EETs) or 3 (enantiomeric composition) different experi-
ments, with SE less than 10% of the mean.



The similarity of these values to those obtained using
microsomal forms of P-450 2C23 (1, 2) show that stere-
oselectivity is an intrinsic property of the protein cata-
lyst, not determined and/or affected by the microsomal
membrane environment or protein purity. Compared
with P-450 2C23, overall AA epoxidation by P-450 2C11
was less stereoselective (Table 3), and whereas
11(R),12(S)-EET was also the predominant 11,12-EET
enantiomer formed by P-450 2C11, 14,15-EET and 8,9-
EET were recovered with low enantiomeric purity or
were nearly racemic (Table 3). Finally, the stereoselec-
tivity of the P-450 2C24 AA epoxygenase was unique in
that, compared with P-4502 2C11 and 2C23, the 2C24
protein catalyzes asymmetric oxygen insertion to the
opposite enantiotopic faces of the 8,9-olefins and
14,15-olefins (the si,re and re,si faces of the 8,9-olefins
and 14,15-olefins, respectively; Table 3). The fact that
P-450 2C23 oxygenates AA with a high degree of molec-
ular asymmetry (Table 3), but limited regioselectivity,
can be understood if the protein active site molecular
coordinates responsible for heme–fatty acid spatial ori-
entation are remarkably rigid in restricting olefin rota-
tion along the AA bis-allylic methylene bridges, but do
allow for limited lateral displacement of the AA mole-
cule (36, 37). Because with recombinant proteins the
regioselectivity and stereoselectivity of oxygenation is
under the control of a single protein catalyst, these
results further demonstrate that the regiochemical and
stereochemical control of the AA epoxygenase is P-450
isoform–specific (1, 2, 4, 5) and a single protein catalyst
can catalyze the asymmetric epoxidation of the AA
molecular template at more than one olefin (2–5, 19).

A central issue in the studies of the kidney AA epoxy-
genases is its role in AA bioactivation and renal physi-
ology and its regulatory control by dietary salt–induced
changes in renal function (6–11). The AA epoxygenase
in microsomes from salt-loaded animals generates
11,12-EET as its major product, followed by smaller
amounts of 8, 9-EET and 14,15-EET (61, 24, and 15% of
total EETs, respectively) (Table 4). A small and variable
amount of the labile 5,6-EET was also recovered (≤5%
of total). These values are close to those reported for
the AA epoxygenase in control kidney microsomes (1,

2) and to those obtained with the recombinant P-450
2C23 (Table 2). An inspection of the data in Tables 2, 3,
and 4 indicates that (a) the regiofacial and enantiofa-
cial selectivity of the recombinant P-450 2C23 epoxy-
genase matches that of the epoxygenase in salt-treated
kidney microsomes; (b) contrary to the high degree of
asymmetry displayed by the microsomal enzymes
(Table 4), P-450 2C11 epoxidizes the AA 8,9-olefin to
nearly racemic products (Table 3); and (c) the recombi-
nant P-450 2C24 epoxidizes the AA 8,9-olefins and
14,15-olefins with an enantiofacial selectivity opposed
to that of the microsomal enzymes (Tables 3 and 4).
Based on these considerations, we concluded that, as
with control rats (1, 2), P-450 2C23 is the predominant
microsomal AA epoxygenase isoform in the kidneys of
salt-treated animals and that salt-dependent changes
in renal microsomal epoxidation occurred without
changes in the regioselectivity and/or stereoselectivity
of the microsomal enzymes.

Immunological analysis of the rat kidney microsomal 2C P-
450 proteins. To further delineate the contributions of
renal P-450 2C isoforms to the epoxygenase activity of
salt-treated kidneys, we raised antibodies against recom-
binant P-450s 2C11 and 2C23. SDS-PAGE immunoelec-
trophoresis using recombinant P-450 2C11, 2C23, and
2C24 showed that the anti-2C11 antibody does not react
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Figure 3
Immunoelectrophoresis of recombinant kidney P-450s 2C11, 2C23, and
2C24 using purified anti–P-450 2C11 IgG (a) and anti–P-450 2C23 IgG
(b). Samples of recombinant P-450 2C11, P-450 2C23, and P-450 2C24
(2.5 and 10 µg, each) were submitted to PAGE-SDS, electroblotted into
PVDF membranes, which, after blocking in 5% milk, were incubated with
a solution of either the anti-2C11 or anti-2C23 IgG (2 µg/mL in PBS) for
2 hours. They were washed extensively with a 0.05% solution of Tween-
20 in PBS, incubated for 10 hours with an anti-rabbit IgG conjugated to
horseradish peroxidase, and washed extensively before viewing, as
described in Methods.

Table 5
Antibody inhibition of metabolism of AA catalyzed by recombinant 
P-450s 2C11 and 2C23

IgG Concentration P-450 2C11 P-450 2C23
(mg/nmol P-450) (percent of control rates)

Nonimmune 10 100 100
Anti-2C11 5 9 67
Anti-2C11 10 ND 59
Anti-2C23 5 86 30
Anti-2C23 10 73 2

The control rates for P-450s 2C11 and 2C23 were 5.4 and 1.6 nmol/min per
nanomole of P-450, respectively. Purified recombinant P-450s 2C11and 2C23 (0.05
and 0.10 µM, each) were preincubated for 10–15 minutes before the addition of a
10-fold molar excess of NADPH P-450 reductase and dilauroylphosphatidylcholine
(50 µg/mL). Experimental conditions were as in Table 2 and as described in Meth-
ods. ND, not detected.



with P-450 2C23 and recognizes P-450 2C24 only at high
concentrations (Figure 3). Similarly, cross-reactivity
between anti–P-450 2C23 and P-450 2C11 was observed
only at high concentrations of P-450 2C11 (Figure 3).
The identity of the anti-2C23 immunoreactive, protein
with a Mr of approximately 77,000 present in purified P-
450 2C11 remains unknown (Figure 3). In one experi-
ment we analyzed the inhibitory potency and isoform
selectivity of the purified anti-2C11 and anti-2C23 anti-
bodies by incubating them with the recombinant pro-
teins (at a ratio of 5 or 10 mg of IgG per nanomole of P-
450) in the presence of NADPH–P-450 reductase, AA,
and NADPH. As shown in Table 5, the anti-2C11 anti-
body was highly effective in blocking AA epoxidation by
P-450 2C11. As seen in Figure 3, limited interactions

between P-450 2C11 and anti-2C23 IgG were evidenced
by the weak inhibition of the P-450 2C11 epoxygenase by
the purified anti-2C23 IgG (Table 5). Complete inhibi-
tion (98%) of the P-450 2C23 epoxygenase was achieved
at a concentration of 10 mg of anti-2C23 IgG per
nanomole of P-450 2C23 (Table 5). On the other hand,
under similar conditions, the anti-2C23 antibody
reduced P-450 2C11 activity only partially, even at the
highest concentration used (Table 5). These studies
demonstrated that the degree of cross-reactivity between
the anti-2C11 and anti-2C23 IgGs and the kidney epoxy-
genase was limited, and that, consequently, these anti-
bodies could be useful for the analysis of the kidney P-
450 isoform–specific microsomal metabolism and
dietary salt regulation.

To study the effects of excess dietary salt on the levels
of P-450s 2C11 and 2C23, kidney microsomes were pre-
pared from control rats and from rats that drank 2%
NaCl (wt/vol) for 10 days, then were submitted to SDS-
PAGE immunoelectrophoresis, and probed with the
purified anti–P-450 2C11 and anti–P-450-2C23 anti-
bodies. Salt-loading selectively increased the levels of
an anti-2C23 immunoreactive protein with the elec-
trophoretic mobility of P-450 2C23 and had only min-
imal effects on the levels of anti 2C11 immunoreactive
material (Figure 4). To confirm these results, the anti-
2C11 and anti-2C23 antibodies were incubated with
kidney microsomes from control and salt-treated rats,
and their effects on AA product profiles were analyzed
by reverse-phase HPLC. As shown by the radiochro-
matograms in Figure 5, the epoxygenase activity of salt-
treated microsomes was completely inhibited in the
presence of the anti-2C23 antibodies; on the other
hand, the nonimmune and the anti–P-450 2C11 IgGs
had little or no effect on AA metabolism. Furthermore,
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Figure 4
Immunoelectrophoresis of microsomal fractions isolated from the kid-
neys of control (C) and salt-treated (S) rats. Kidney microsomal fractions
isolated from either control rats or rats administered a 2% solution of
NaCl as drinking water, were submitted to immunoelectrophoresis as
described in Methods and the legend to Figure 3. After electroblotting
into PVDF membranes, antigen-antibody reactions were viewed using the
alkaline phosphatase–nitro blue tetrazolium reaction. For immunoblot-
ting with the anti-2C11 or anti-2C23 IgGs, the gels were loaded with
either 10 or 40 µg of microsomal protein per well, respectively.

Figure 5
Antibody inhibition profiles for the arachidonate
monooxygenase activities of microsomal fractions
isolated from the kidneys of salt-loaded animals.
Microsomal fractions were isolated from the kidneys
of adult male rats fed a 2% solution of NaCl as drink-
ing water for 10 days; suspended in a buffer system
(1 mg/mL of protein) containing an NADPH-regen-
erating system; and incubated for 15 minutes at
room temperature with either nonimmune rabbit IgG
or the anti-2C11 or anti-2C23 IgGs (at a ratio of 5 or
10 mg of IgG/nmol of microsomal P-450). The reac-
tion mixtures were then incubated for 15 minutes at
35°C in the presence of [1-14C]AA and NADPH (100
µM and 1 mM final concentrations, respectively).
Shown are the radiochromatograms of the organic
soluble products derived from reaction mixtures con-
taining a total of 1 mg of microsomal protein. See
Methods for further details.



the anti-2C23 antibody selectively blocked AA epoxi-
dation (Rt ∼ 22–26 minutes; Figure 5) and had no effect
on the AA ω/ω-1 hydroxylase reaction (Rt ∼ 14–16 min-
utes; Figure 5). Similar antibody inhibition patterns
were observed when using microsomes from the kid-
neys of control rats (not shown), thus confirming that
the salt-dependent changes in epoxygenase activity
result mostly from increases in P-450 2C23 protein
concentrations and that these changes are not accom-
panied by major P-450 2C isoform redistributions.

Based on endothelial cell synthesis and release (38),
EET-mediated relaxation of preconstricted arteries (39)
and G protein–mediated EET opening of vascular
smooth cell Ca2+-activated K+ channels (40, 41), the
EETs — 11,12-EET in particular — were identified as
endothelium-derived hyperpolarizing factors (EDHF)
(40–42). These studies, with their potential for provid-
ing a molecular understanding of EET vasoactivity, are
contributing to the integration of EET ion transport
and vasoactive properties into a coherent mechanistic
description amenable to experimental analysis. The
demonstration of P-450s 2C11, 2C23, and 2C24, the
major kidney 2C isoforms, as active regioselective and
enantioselective AA epoxygenase and of P-450 2C23 as
a dietary salt-sensitive epoxygenase provides biochem-
ical, enzymatic, and molecular bases to current studies
of the physiological and/or pathophysiological roles
played by this enzyme system. These results should
facilitate the analysis of biochemical, genetic, and func-
tional correlations of protein-dependent EET biosyn-
thesis, segmental localization, and regulatory control
by functionally meaningful experimental manipula-
tions. Indeed, the molecular characterization of the P-
450 isoforms responsible for organ- and/or tissue-spe-
cific AA bioactivation is an important prerequisite for
studies of the mechanisms and site of action of P-
450–derived eicosanoids, the development of experi-
mental models of gene/isoform-specific functional
phenotypes, and the future development of protein-
specific inhibitors.

As with most enzymes of the AA cascade, P-450s will
not metabolize phospholipid-bound AA pools (6–11,
43); consequently, EET formation must be preceded by
a phospholipase-catalyzed release of the fatty acid from
glycerolipid stores (41). In most cases, it is the hor-
monal regulation of the releasing reaction that controls
AA metabolism and eicosanoid biosynthesis. Whereas
the hormonal pathways and/or signaling pathways
linking dietary salt loading to increases in P-450 2C23
protein concentration are yet to be determined, our
data show that regardless of the rate-limiting step(s),
salt loading does lead the augmented EET formation,
as revealed by the observed marked increases in urinary
EET/DHET levels (1), and that these in vivo increases
in the excretion of epoxygenase metabolites (1) are
accompanied by the increases in renal P-450 2C23 con-
centrations documented here. Preliminary studies indi-
cate that the microsomal epoxygenase activity reaches
a maximum after 7–8 days on a high-salt diet, whereas
increased levels of P-450 2C23 immunoreactive protein
can be observed after 4–5 days on a high-salt diet and
reach a maximum within 8–10 days.

Prohypertensive and antihypertensive roles have been
attributed to the products of the kidney P-450 AA
monooxygenase, and a role for the EETs and the ω-
alcohol of AA in the pathophysiology of experimental
salt-sensitive hypertension has been suggested (6–11).
However, studies with the Dahl rat model of salt-sensi-
tive hypertension have failed to establish direct associ-
ations between the salt-sensitive phenotype and either
structural and/or regulatory alterations in a specific P-
450 gene, even though P-450s 2C and 4A have been
suggested as potential candidate genes (9, 13, 44, 45).
Preliminary studies show that (a) under normal diets,
salt-sensitive Dahl rats show substantially lower levels
of renal P-450 2C23; (b) both salt-sensitive and salt-
resistant rats respond to excess dietary salt by inducing
the synthesis of P-450 2C23; and (c) the cDNA open
reading frames coding for P-450s 2C23, 2C11, 4A1,
4A2, and 4A3 in Dahl salt-sensitive and Dahl salt-resist-
ant rats are identical.

Finally, the recognized pharmacological and toxico-
logical importance of microsomal P-450 provided the
needed rationale for past extensive studies of the chem-
istry, biochemistry, and molecular biology of this impor-
tant and ubiquitous catalyst. More recently, however,
studies from several laboratories are providing the exper-
imental framework needed for the analysis of function-
al roles played by this enzyme system in the metabolism
of endogenous substrates such as vitamins, fatty acids,
prostanoids, etc. Among these, AA occupies a unique
and important position as the precursor for a variety of
physiologically important signaling molecules and lipid
mediators. The demonstration of a role for P-450 as an
in vivo participant in the AA metabolic cascade has
opened new opportunities for the understanding of the
biological significance of these proteins, vis-a-vis their
accepted toxicological and pharmacological roles.
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