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SUMMARY
The CYP4A enzymes catalyze the formation of 20-hydroxyei-
cosatetraenoic acid (20-HETE), which has potent effects on the
renal vasculature and tubular ion transport. Based on an in-
creased 20-HETE formation in renal microsomes from sponta-
neously hypertensive rats, it has been proposed that increased
expression of the CYP4A genes is an early event in the devel-
opment of hypertension in these animals. To test this hypoth-
esis, we developed RNase protection assays for specific de-
tection of the individual CYP4A genes in the kidneys of
spontaneously hypertensive and Wistar-Kyoto rats. Distinct
age-dependent patterns of expression were observed for the
individual CYP4A genes, with only CYP4A3 mRNA measurable
in the kidneys of 1-week-old rats. CYP4A1 and CYP4A8 mRNA
were detectable by 3 weeks of age and CYP4A2 mRNA at 5
weeks of age. The expression of CYP4A1 and CYP4A3 varied
4–5-fold throughout development and was highest between 3
and 5 weeks of age, declining steadily thereafter to 20% of their
maximal level by 9 weeks of age. CYP4A2 mRNA levels in-

creased steadily between 5 and 9 weeks of age, whereas
CYP4A8 mRNA levels were relatively constant throughout de-
velopment. The CYP4A3 mRNA level was significantly in-
creased 1.6–2-fold in the cortex and outer medulla of 1–4-
week-old spontaneously hypertensive rat kidneys relative to the
corresponding level in the Wistar-Kyoto. A similar 1.4–1.7-fold
increase in CYP4A8 mRNA was also found in 3- and 4-week-
old spontaneously hypertensive kidneys. Accompanying the
increased expression of CYP4A3 and CYP4A8 mRNA in the
prehypertensive rats were corresponding changes in functional
CYP4A measured as either arachidonic acid or lauric acid
v-hydroxylase activity (1.4–2.0-fold increases) and CYP4A pro-
tein levels. After 4 weeks of age, the level of CYP4A mRNA,
enzyme activity, and protein were similar in the kidneys of
Wistar-Kyoto and spontaneously hypertensive rats. The find-
ings suggest that the expression of CYP4A3 and CYP4A8 may
be critical to the early changes in eicosanoid formation and
renal function in the young spontaneously hypertensive rat.

In addition to their role in the metabolism of xenobiotics,
the CYP enzymes play an important role in the biotransfor-
mation of a number of endogenous compounds, including
fatty acids, prostaglandins, vitamins, bile acids, and steroids
(1). Cytochrome P450-mediated metabolism of arachidonic
acid leads to the formation of a number of distinct eicosanoids
with potent effects on renal tubular ion transport and vascu-
lar tone. The v-hydroxylated product, 20-HETE, inhibits
Na1/K1-ATPase and the 70-pS K1 channel in the medullary
thick ascending limb (2, 3), is involved in tubuloglomerular
feedback and the autoregulation of renal blood flow and
glomerular filtration rate (4), and causes dose-dependent
vasoconstriction of renal arcuate arteries (5). In contrast, the

v-1 hydroxylated metabolite, 19-HETE, stimulates Na1/K1-
ATPase and dilates renal arteries in a stereospecific fashion
(5, 6). EETs and their corresponding dihydroxy derivatives
(DHETs) also have vasoactive properties and can modulate
intracellular ion concentrations throughout the nephron (7,
8). Thus, CYP-catalyzed arachidonic acid metabolism is im-
portant in the regulation of renal function and vascular tone.

In the SHR, a well-established experimental model for
human essential hypertension, renal transplantation studies
support a role for renal dysfunction in the development of
hypertension (9). Renal functional disturbances are evident
in the SHR before the development of hypertension and are
essential for the development and maintenance of the ele-
vated blood pressure (10). A growing body of evidence has led
to the proposal that modulation of CYP-catalyzed eicosanoid
formation is an important mediator of the changes in renal
function and accompanying alterations in blood pressure in
the SHR (11, 12). Alterations in arachidonic acid metabolism
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in the SHR kidney are specific for the v- and v-1-hydroxyla-
tion pathways. Increased formation of 20-HETE has been
reported in renal microsomes from SHR rats relative to the
WKY normotensive strain, with the most significant in-
creases occurring in young prehypertensive rats (13–16). At 4
weeks of age, increased production of 20-HETE in the cortex
of the SHR was accompanied by decreased diameter of inter-
lobular arteries and afferent arterioles (15). However, de-
spite augmented differences in the internal diameter of these
vessels in 9–12-week-old SHR animals, increased 20-HETE
formation in the SHR kidney was no longer apparent (12).
Similar increases in 19-HETE formation in renal microsomes
from SHR rats have been described through 9 weeks of age
(13). The administration of heme oxygenase inducers to in-
directly inhibit renal cytochrome P450 enzymes has provided
in vivo evidence for a role for 20-HETE in the regulation of
blood pressure. Treatment with SnCl2 reduced blood pres-
sure in 7-week-old SHR rats to normotensive levels and in-
hibited 20-HETE formation in renal microsomes (11). Fur-
thermore, urinary concentrations of 20-HETE were
significantly increased in 7-week-old SHR rats relative to
WKY animals (17).

Purified or expressed forms of each of the rat CYP4A
enzymes metabolize arachidonic acid and other fatty acids at
the v and v-1 positions, with a clear preference for the
terminal position (18, 19). However, the in vivo contribution
of the individual CYP4A isoforms to the metabolism of ara-
chidonic acid and other fatty acids has not yet been charac-
terized. The CYP4A enzymes seem to be entirely responsible
for the v-hydroxylase activity, whereas both CYP2C and
CYP2E isoforms also contribute to fatty acid v-1-hydroxylase
activity (20, 21). The wide distribution of arachidonic acid
v-1-hydroxylase activity throughout the nephron is consis-
tent with multiple enzyme involvement in this reaction (14).
In the rat kidney, four CYP4A genes are expressed: CYP4A1,
CYP4A2, CYP4A3, and CYP4A8. The nucleotide and amino
acid similarity of these genes ranges from 62% to 97% (22,
23). Evidence supporting altered expression of one of the
CYP4A proteins or genes in the SHR kidney is limited. In-
creased CYP4A2-immunoreactive protein and v- and v-1-
hydroxylation of lauric acid was reported in the kidneys of
12-week-old SHR rats relative to WKY animals (24). These
changes in CYP expression seem to be specific because the
renal content of CYP2C23 and CYP4A8 was unaltered in the
hypertensive animals. The level of CYP4A2 mRNA in
4-week-old SHR rats was reported to be four times the level
in age-matched WKY rats, although expression was similar
in adult rats (25).

Attempts to identify the specific CYP4A proteins responsi-
ble for the increased formation of 20-HETE in the young SHR
have been limited by the lack of specific probes for the mul-
tiple genes and their corresponding proteins. To characterize
CYP4A expression and regulation in the rat kidney, we de-
veloped gene-specific RNase protection assays for the CYP4A
mRNAs. Using this assay, the expression of the renal CYP4A
genes was characterized throughout development, and differ-
ences in expression between prehypertensive SHR and WKY
rats were detected. Coordinate changes in CYP4A mRNA,
protein, and activity levels suggest that increased CYP4A
expression is an important contributor to the renal function
disturbances during this critical period of development. The
distinct age-dependent pattern of expression of the individ-

ual CYP4A genes is consistent with diverse roles for these
proteins in the maintenance of renal function and blood pres-
sure during development.

Experimental Procedures
Materials. Radiolabeled nucleotides, arachidonic acid, and lauric

acid were purchased from Amersham (Arlington Heights, IL). Re-
striction enzymes were obtained from New England Biolabs (Bev-
erly, MA), and modifying enzymes were from GIBCO BRL (Gaith-
ersburg, MD). All molecular biology grade chemicals, HPLC solvents,
and ScintiVerse LC were from Fisher Scientific (Pittsburgh, PA).
Arachidonic acid and lauric acid were purchased from Nu Chek Prep
(Elysian, MN) and 20-HETE and 12-hydroxylauric acid were from
Sigma Chemical (St. Louis, MO). Dihydroxyeicosatrienoic acid stan-
dards were from Oxford Biomedical Research (Oxford, MI). Oligonu-
cleotides were synthesized by the Biomolecular Resource Center at
the University of California, San Francisco. Nitrocellulose mem-
branes were from Micron Separations (Westborough, MA), and the
anti-rat CYP4A1 antisera from Daiichi Pure Chemicals was distrib-
uted by Genetest (Woburn, MA). All other reagents were of the
highest grade available and were purchased from Fisher Scientific or
Sigma Chemical.

CYP4A plasmid constructs. A full-length CYP4A1 cDNA in
pBR322 and a full-length CYP4A3 cDNA in pUC9 were kindly pro-
vided by Dr. Frank J. Gonzalez (National Cancer Institute, Be-
thesda, MD). Both cDNAs were excised from their original plasmids
by digestion with EcoRI and were ligated into pGEM-7Zf(1) (Pro-
mega, Madison, WI). The CYP4A1 riboprobe construct was made by
inserting the 1191-bp AccI/SacI fragment from the full-length con-
struct into pGEM-4Z (Promega). For the CYP4A3 riboprobe con-
struct, a 312-bp EcoRI/HindIII fragment was isolated from the full-
length cDNA and ligated into pGEM-7Zf(1). A 212-bp CYP4A2
cDNA fragment for use as a riboprobe was isolated from rat kidney
RNA through RT-PCR using the following primers based on the
published genomic sequence of CYP4A2 (22): forward, 59-GGAATTC-
CCAAAGCCTTATCAATCC-39; and reverse, 59-TCTCTAGAGGGT-
GATCCTGG-39. The forward primer spanned a 9-nt deletion be-
tween CYP4A2 and CYP4A3 to ensure that only the former cDNA
was amplified, and the underlined nucleotides represent an EcoRI
restriction site that was added to the primer. An XbaI restriction site
(underlined) was present in the region spanning the reverse primer.
Total kidney RNA was reverse-transcribed using a poly(dT) primer
and Moloney murine leukemia virus reverse transcriptase. The re-
action product was subsequently amplified by 30 cycles of PCR using
the indicated primers and Taq DNA polymerase (Perkin-Elmer Ce-
tus, Norwalk, CT) with the following conditions: 94° for 1 min, 55° for
1 min, and 72° for 30 sec, followed by a single final extension for 15
min at 72°. The amplified fragment of expected size was digested
with EcoRI and XbaI and ligated into pGEM-11Zf(1) (Promega). A
full-length CYP4A2 cDNA (1673-bp) was isolated by RT-PCR using a
similar strategy and the following primers: forward, 59-GGGGTAC-
CCCAGACCCTAGTGATCCAGA-39; and reverse, 59-CCATCGATG-
GCAGAAGGATGGGAATCAAAG-39. The underlined nucleotides in-
dicate restriction sites for KpnI and ClaI, respectively, that were
present in the primer regions and used for ligation of the PCR
product into pGEM-7Zf(1). A 398-bp CYP4A8 cDNA fragment for
use as a riboprobe (forward primer, 59-CACAGTCATGCTCTCCTTC-
39; and reverse primer, 59-GAGATGTGAGCAGATGGAGTG-39) and
a full-length 1712-bp cDNA (forward primer, 59-CCATCGATG-
GCATGAGTGGCTCT-39; and reverse primer, 59-GCTCTAGAAAA-
GACTGACAGACAAGG-39, with ClaI and XbaI restriction sites, re-
spectively) were also isolated by RT-PCR. Primers for the CYP4A8
cDNA were based on published sequence (23). The full-length
CYP4A8 cDNA was ligated directly into pT7Blue(R) (Novagen, Mad-
ison, WI), and the partial CYP4A8 fragment was ligated into pGEM-
7Zf(1) using internal ClaI and SphI restriction sites. The identities
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of all of the constructs generated by RT-PCR were confirmed by DNA
sequencing of the entire inserts using dideoxy-mediated chain ter-
mination and Sequenase 2.0 (United States Biochemical, Cleveland,
OH). The first 249 bp of the rat GAPDH cDNA was isolated from a
full-length cDNA and ligated into pT7Blue(R) as a control riboprobe.

Animals and tissue collection. Male WKY rats and SHR were
purchased from Charles River Laboratories (Wilmington, MA) and
maintained in a controlled housing environment with 12-hr light/
dark cycles and fed standard laboratory chow for $3 days before they
were killed. All animal use was approved by the University of Cali-
fornia San Francisco Committee on Animal Research and followed
the National Institutes of Health guidelines for the care and use of
experimental animals. Rats were anesthetized with ether, the ab-
dominal cavities were opened, and the kidneys were perfused with
ice-cold saline. Perfused kidneys were rapidly removed and either
frozen immediately in liquid nitrogen or dissected into cortex, outer
medulla, and inner medulla before immersion in liquid nitrogen.
Frozen tissue was stored at 280° until preparation of RNA or mi-
crosomes.

Ribonuclease protection assays. Total RNA was isolated from
whole kidneys by homogenization in guanidinium thiocyanate and
equilibrium centrifugation through a cesium chloride gradient and
from dissected kidneys by acid-phenol extraction (26). Ribonuclease
protection assays were performed essentially as described by Hod
(27). The riboprobe constructs were linearized with appropriate re-
striction enzymes such that the protected fragments spanned the
following regions of the cDNA sequence: 1285–1557 nt of CYP4A1,
343–549 nt of CYP4A2, 214–526 nt of CYP4A3, 1300–1563 nt of
CYP4A8, and 2–250 nt of GAPDH. CYP4A and GAPDH riboprobes
were radiolabeled with [a-32P]CTP and gel-purified on a 6% poly-
acrylamide/8 M urea gel. Labeled probes were eluted from the gel
with a solution of 0.5 M ammonium acetate, 0.2% sodium dodecyl
sulfate, and 1 mM EDTA. Total kidney RNA (5–10 mg) was simulta-
neously hybridized with one of the CYP4A probes and the GAPDH
probe in 20 ml of a buffer containing 80% formamide, 20 mM sodium
citrate, pH 6.4, 60 mM sodium acetate, pH 6.4, and 0.2 mM EDTA.
The sample-probe mixture was denatured at 90° for 5 min and
hybridized overnight at 42°. The RNA-probe hybrids were then di-
gested with a 1:200 dilution of RNase A/T1 cocktail (Ambion, Austin,
TX) in a buffer of 100 mM TriszHCl, pH 7.5, 5 mM EDTA, and 200 mM

sodium acetate for 1 hr at 30°. An equal volume of a solution of 4 M

guanidinium thiocyanate, 100 mM TriszHCl, pH 7.4, 100 mg/ml tRNA,
0.5% sarkosyl, and 1% b-mercaptoethanol was added to inactivate
the ribonucleases, and RNA was precipitated with isopropanol. RNA
pellets were air-dried and resuspended in 80% formamide, 2 mM

EDTA, pH 8.0, 0.1% bromphenol blue, and 0.1% xylene cyanol for
separation of protected fragments on a 5% denaturing polyacryl-
amide gel. After electrophoresis, the gel was transferred to blotting
paper, vacuum dried, and exposed to X-ray film at 280° with an
intensifying screen. Autoradiographs were scanned with a laser den-
sitometer (Ultro Scan XL; Pharmacia LKB, Piscataway, NJ), and the
level of a given CYP4A mRNA was expressed relative to the level of
GAPDH.

RT-PCR of CYP4A2 and CYP4A3. CYP4A2 mRNA was detected
in the kidneys of 1–13-week-old WKY rats and SHR by RT-PCR of a
212-bp fragment as described above. The following primer was de-
signed to detect both CYP4A2 and CYP4A3 simultaneously: 59-
ACAACCTGAAGGACAGAG-39; it was paired with the reverse
CYP4A2 primer described above to amplify a 350-bp (CYP4A2) or
359-bp (CYP4A3) fragment from the same samples. The deletion of
an ApoI restriction site in this region of the CYP4A2 cDNA was used
to distinguish between CYP4A2 and CYP4A3 in these amplified
samples. Amplified DNA fragments were separated on a 2% agarose
gel and visualized by ethidium bromide staining.

Renal fatty acid metabolism. Renal microsomes were prepared
from frozen kidney tissue as previously described (24) and stored at
280°. An ethanolic solution of sodium arachidonate (containing 0.2
mCi [1-14C]arachidonic acid) was evaporated and resuspended in a

0.5-ml reaction mix containing 0.25 mg of microsomal protein, 50 mM

TriszHCl, pH 7.4, 150 mM KCl, 10 mM MgCl2, 8 mM sodium isocitrate,
and 0.5 IU isocitrate dehydrogenase. The final concentration of ar-
achidonic acid was 0.01 mM. After incubation at 37° for 3 min in a
shaking water bath in an atmosphere of air, the reaction was initi-
ated by the addition of NADPH to a final concentration of 1 mM. The
reactions were stopped after 30 min by the addition of 0.5 N HCl to
a final pH of 3–3.5. Arachidonic acid and its metabolites were ex-
tracted from the aqueous mixture twice with 2 ml of ethyl acetate.
The ethyl acetate phases were combined and washed with water
before evaporation under nitrogen. The metabolism of lauric acid
was measured in a similar fashion as described for arachidonic acid
except that the protein concentration was 0.25 mg/ml, lauric acid
concentration was 0.1 mM (0.1 mCi of [1-14C]lauric acid), and the
reaction was terminated after 5 min. Lauric acid and its metabolites
were extracted with 2.5 ml of diethyl ether and the organic phase
evaporated under nitrogen. In both cases, extracted samples were
stored at 280° under nitrogen until analysis by HPLC. Reverse-
phase HPLC with radiometric detection was used to separate and
quantify arachidonic acid and lauric acid metabolites. The HPLC
system consisted of a Shimadzu (Kyoto, Japan) SLC-6A controller
and two LC-6A pumps with a gradient mixer coupled with a Radi-
omatic 525TR Flow Scintillation Analyzer and Flo-One software
(Packard, Downers, IL). Metabolites were separated on a 250 3
4.6-mm Alltima C18 5-mm column with an Alltima C18 guard col-
umn and in-line filter (Alltech Associates, Deerfield, IL) using con-
ditions previously described (28).

GC-MS analysis of arachidonic acid metabolites. Microsomal
incubations with arachidonic acid and metabolite separation by re-
verse-phase HPLC were performed as described above. Fractions
were collected every 0.5 min, and those containing the major metab-
olites were identified by liquid scintillation counting. Acetonitrile
was removed from the pooled metabolite fractions in vacuo, and the
acidified aqueous phase was extracted three times with ethyl ace-
tate. The combined ethyl acetate phases were dried with magnesium
sulfate and evaporated to dryness under a stream of nitrogen gas.
The methyl ester derivatives were prepared by the addition of an
ethereal solution of diazomethane (200 ml) for 10 min at room tem-
perature. The trimethylsilyl ether derivatives were then prepared by
incubation of the extract with 100 ml of bis(trimethylsilyl)trimethyl-
fluoroacetamide for 30 min at 100°. GC-MS was carried out on a
Hewlett-Packard instrument (model 5710A; Hewlett-Packard, Avon-
dale, PA) that was interfaced directly to the ion source of a VG
70–70H double-focusing magnetic sector mass spectrometer. Metab-
olites were separated on a fused silica capillary GC column (30 m 3
0.32-mm i.d., 0.25-mm film thickness) coated with DB-1 bonded sta-
tionary phase (J&W Scientific, Rancho Cordova, CA), with helium
used as the carrier gas (head pressure, 20 lbs/sq. inch). The column
oven temperature was programmed linearly from 80° to 180° at
20°/min and then from 180° to 290° at 10°/min. Mass spectrometry
was performed in the total ion monitoring mode, and analyses were
performed in the EI mode with an electron energy of 70 eV, a trap
current of 200 mA, and an accelerating potential of 4 kV.

Immunoblotting of CYP4A proteins. Renal microsomes (10 mg)
were subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis followed by Western immunoblotting using goat polyclonal
antibodies against rat liver CYP4A1 (26). Microsomal proteins were
separated on a 8% polyacrylamide gel at 10 mA and transferred to
nitrocellulose in 25 mM Tris/192 mM glycine/20% methanol using a
semidry transfer system (BioRad, Hercules, CA). Western blots were
incubated with a 500-fold dilution of goat anti-CYP4A1 serum fol-
lowed by a 1000-fold dilution of alkaline phosphatase-conjugated
rabbit anti-goat IgG. Immunoreactive proteins were detected using
an alkaline phosphatase conjugate substrate kit (BioRad).

Statistics. All measurements were performed on RNA or protein
samples from individual rats, and results are expressed as mean 6
standard deviation for three to six animals of a given age and strain.
Statistical significance of differences between mean values was eval-
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uated by an unpaired Student t test. A value of p , 0.05 was
considered to be statistically significant.

Results
Renal CYP4A expression. A specific RNase protection

assay was developed to detect CYP4A1, CYP4A2, CYP4A3,
and CYP4A8 mRNA expressed in the rat kidney. The speci-
ficity of each of the CYP4A riboprobes was confirmed with
hybridizations of the probes with RNA transcribed in vitro
from the full-length cDNA of each CYP4A gene (Fig. 1). The
CYP4A1 riboprobe detected a 272-nt protected fragment
when hybridized with either the full-length CYP4A1 sense
RNA or total RNA from a WKY rat kidney. Likewise, the
CYP4A8 riboprobe detected a 263-nt protected fragment in
kidney RNA samples that was identical to the corresponding
hybridization with CYP4A8 sense RNA. The CYP4A2 and
CYP4A3 mRNA sequences are 97% identical and include a
9-bp deletion in the CYP4A2 gene (22). The CYP4A3 ribo-
probe spanned this deletion and made it possible to detect
both a 312-nt CYP4A3 protected fragment and a 170-nt pro-
tected CYP4A2 fragment with this single probe. The corre-
sponding 133-nt CYP4A2 fragment was subject to further
RNase digestion at several single base mismatches and was
generally not detected. All measurements of CYP4A2 mRNA
levels were therefore based on the 170-nt protected fragment
from hybridization with the CYP4A3 probe. Due to the very
high degree of homology, cross-hybridization of each of the
CYP4A probes with the related CYP4A mRNAs was evident;
however, these imperfect hybrids resulted in smaller pro-

tected fragments that did not interfere with the detection of
the fragment of interest. All protected fragments from hy-
bridization of rat kidney RNA with a given CYP4A riboprobe
could be attributed to a known CYP4A mRNA, suggesting
that additional members of this gene family are not likely to
be expressed in rat kidney. Ribonuclease protection assays
were carried out using conditions of probe excess so quanti-
fication of the CYP4A mRNA levels was possible. Prelimi-
nary experiments established the linearity of these assay
conditions with up to 20 mg of sample RNA.

Distinct developmental patterns of expression were de-
tected for the individual CYP4A genes, as illustrated in Fig.
2. Expression of the CYP4A/GAPDH mRNA ratios at each
age relative to the ratio in mature 13-week-old WKY rats
illustrates the age- and strain-dependent differences in ex-
pression of each of the CYP4A genes. The expression of
GAPDH showed no evidence of either strain- or age-related
differences and was therefore considered an appropriate con-
trol gene. Only CYP4A3 mRNA was detectable in kidneys of
1-week-old WKY rats and SHR, although levels were one
fourth to one half of the level in mature WKY rats. By 3
weeks of age, both CYP4A1 and CYP4A8 mRNAs could also
be detected although the level of CYP4A1 was too low and
variable to be accurately quantified. The expression of
CYP4A8 was tightly regulated by changes associated with
weaning because it could not be detected in 3-week-old wean-
ling rats but was expressed at levels comparable to or greater
than those observed in mature rats in RNA prepared from
weaned 3-week-old rats (data not shown). CYP4A2 expres-

Fig. 1. Specificity of CYP4A ribonuclease protection assay. The CYP4A1 (A), CYP4A3 (B), and CYP4A8 (C) riboprobes were hybridized with a
full-length CYP4A sense RNA transcribed in vitro from the corresponding cDNA (10 pg) or total kidney RNA (5 mg) prepared from a 9-week-old
WKY rat. The major 272-nt CYP4A1 and 263-nt CYP4A8 protected fragments detected in the kidney sample were as expected from hybridization
with the corresponding sense RNA control. The CYP4A3 probe detects both a 312-nt protected CYP4A3 fragment and a 170-nt protected CYP4A2
fragment as predicted from the sense hybridizations. The additional smaller fragments in the kidney samples were consistent with cross-
hybridization of the probes with related members of the CYP4A family.
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sion was not detectable by RNase protection assay until 5
weeks of age and steadily increased until 9 weeks. Expres-
sion of CYP4A1 and CYP4A3 mRNA showed a large variation
between young and mature rats (4–5-fold), and for both of
these genes, expression was maximal between 3 and 5 weeks
of age and declined steadily after this time, coincident with
the detectable expression of the CYP4A2 gene. In contrast,
after 3 weeks, CYP4A8 mRNA levels were fairly constant
throughout development. Expression of all of the CYP4A
genes was relatively constant after 9 weeks of age.

Significant differences in CYP4A3 expression between hy-
pertensive and normotensive rats were found in both young
and mature animals (Fig. 2C). CYP4A3 was increased 1.6–
2-fold in the kidneys of 1–4-week-old SHR relative to age-
matched WKY rats, whereas the level of CYP4A3 expression

in 9–13-week-old SHR kidneys was only 50–70% of the cor-
responding level in WKY rat kidneys. Kidney dissection in-
dicated that the differences in CYP4A3 expression between
WKY rats and SHR are similar in the cortex and outer
medulla (data not shown). The only other notable interstrain
difference in CYP4A expression was a 1.4–1.7-fold increase
in CYP4A8 expression in 3- and 4-week-old SHR (Fig. 2D),
which was variable among separately purchased groups of
rats. Surprisingly, mRNA levels were similar in the cortex
and outer medulla for all of the CYP4A genes, with the
exception of CYP4A1 (data not shown). In this case, expres-
sion in the outer medulla was consistently 50280% of that in
the cortex. No additional differences between WKY rats and
SHR were detected on analysis of RNA from dissected kid-
neys, and interstrain comparisons made with whole and dis-

Fig. 2. Relative levels of CYP4A mRNA in WKY rat and SHR kidneys. Renal CYP4A1 (A), CYP4A2 (B), CYP4A3 (C), and CYP4A8 (D) mRNA levels
were measured in samples from WKY rat (E) and SHR (F) by RNase protection assay and quantified by laser densitometry. The CYP4A/GAPDH
mRNA ratio for a given age and strain is expressed relative to that in the 13-week-old WKY rat sample to illustrate both age-dependent changes
and strain differences in expression. Values are mean 6 standard deviation from three to six animals of a given age and strain. Significant
differences between WKY rat and SHR kidneys at a given age are indicated (p , 0.05).
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sected kidney were identical for each of the genes. There was
no detectable expression of any of the CYP4A genes in the
inner medulla.

CYP4A2 mRNA levels were previously reported to be in-
creased several-fold in the kidneys of 4-week-old SHR rela-
tive to WKY rats (25). Therefore, we used an RT-PCR ap-
proach to confirm the lack of CYP4A2 expression in
immature kidneys. Using CYP4A2-specific primers, barely
detectable levels of CYP4A2 expression were evident in kid-
neys of 1–4-week-old WKY rats and SHR (Fig. 3A). Expres-
sion increased dramatically between 4 and 5 weeks of age,
which was the point at which CYP4A2 mRNA was detectable
by RNase protection assay (Fig. 2B). Consistent with mea-
surable expression of CYP4A3 by RNase protection assay as
early as 1 week of age, an expected fragment could be ampli-
fied from 1–13-week-old kidneys using primers that would
anneal to both CYP4A3 and CYP4A2 cDNAs (Fig. 3B). An
ApoI restriction site that was deleted in this region of the
CYP4A2 cDNA was used to distinguish between CYP4A2 and
CYP4A3 in the 360-bp fragment amplified with the nonspe-
cific primers. Both CYP4A2 and CYP4A3 have ApoI restric-

tion sites at positions 18 bp and 48 bp in the amplified
fragment, whereas CYP4A3 has an additional ApoI site at
159 bp. In the 1- and 3-week-old samples, only the 101- and
201-bp restriction fragments consistent with the ApoI sites in
the CYP4A3 cDNA were detected, whereas in the 4- and
5-week-old samples, both the 303-bp fragment corresponding
to CYP4A2 and the two smaller fragments corresponding to
CYP4A3 were detected (Fig. 3C). Consistent with the high
level of expression of CYP4A2 relative to CYP4A3 in the 7-
and 13-week-old kidneys, only the CYP4A2 fragment was
evident in the amplification products from these samples.

Renal arachidonic acid metabolism. As expected on
the basis of previous investigations (13, 15), multiple metab-
olites were produced from incubation of rat renal microsomes
with arachidonic acid (Fig. 4). All detectable metabolites
were NADPH dependent (data not shown). Optimal chro-
matographic separation permitted individual quantification
of the 14,15-, 11,12-, and 8,9-regioisomeric DHETs and 19-
and 20-HETE. For the purposes of this study, the individual
EET regioisomers and stereoisomers were not identified, and
the EET formation rate was calculated from the sum of all

Fig. 3. RT-PCR of CYP4A2 and CYP4A3 in the WKY rat and SHR kidneys. Renal RNA from 1–13-week-old WKY rat (W) and SHR (S) was
reverse-transcribed and amplified by PCR with either CYP4A2-specific primers (A) or primers that anneal to both CYP4A2 and CYP4A3 (B). Both
primer pairs amplified a single product of expected size, and no DNA was detected in control samples in which the RNA was omitted in the
reverse-transcription reaction. The amplified fragments were separated on a 2% agarose gel with a 100-bp molecular weight ladder, and a
representative inverse image of an ethidium bromide-stained gel is shown. The DNA fragments in B were digested with ApoI (C) to distinguish
between CYP4A3 cDNA (101- and 201-bp restriction fragments) and CYP4A2 cDNA (303-bp restriction fragment). CYP4A3 expression is
measurable throughout the 1–13-week period of development, whereas only very low levels of CYP4A2 mRNA were detectable before 5 weeks
of age.
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metabolites eluting between 50 and 63 min. Epoxygenase
activities are expressed as the sum of EET and DHET for-
mation. The structural identity of the DHET and HETE
metabolites was confirmed by GC-MS analysis. All metabo-
lite spectra were in agreement with published results (29, 30)
and the corresponding spectra of commercially available
DHET and 20-HETE standards. All reactions were per-
formed under conditions that were linear with respect to
protein and time. The substrate concentration used in these
studies (10 mM) was much lower than the estimated Km value
for 20-HETE formation with rat renal microsomes (134 6 28
mM).

Total renal metabolism of arachidonic acid increased .2-
fold between 3 and 13 weeks of age, and there were no
qualitative differences in metabolism between WKY and
SHR rat kidneys. Formation of 20-HETE in 1-week-old kid-
neys was evident, although it was close to the limit of detec-
tion. In SHR and WKY rats #6 weeks of age, epoxygenase
activity accounted for 50–70% of total arachidonic acid me-
tabolism. However, in older rats, 20-HETE was the major
renal metabolite (50–64% of total metabolism). Because our
analysis did not detect further metabolism of 20-HETE to the
dicarboxylic acid metabolite, arachidonic acid v-hydroxyla-
tion should be an accurate measure of CYP4A activity. The
contribution of the v-1-hydroxylation pathway to overall ar-
achidonic acid metabolism was fairly constant throughout
development and ranged from 2% to 8%.

CYP4A enzyme activity, as reflected by arachidonic acid
v-hydroxylation, increased between 3 and 9 weeks of age and
then remained fairly constant through 13 weeks of age (Fig.
5A). The formation of 20-HETE increased almost 5-fold be-
tween 3- and 9-week-old SHR and WKY rats (e.g., from
7.68 6 0.92 pmol/min/mg of protein in 3-week-old SHR kid-
neys to 36.0 6 4.74 pmol/min/mg of protein in 9-week-old

SHR kidneys). Although there was a trend toward increased
20-HETE formation in SHR compared with WKY rats at all
ages, these differences reached statistical significance only in
the 3–6-week-old animals. The largest differences were found
in 4- and 5-week-old SHR rats (1.7- and 2.0-fold increase over
the corresponding WKY samples, respectively). The ratio of
19-HETE to 20-HETE formation ranged from 1:5 to 1:10 and
was similar for the hypertensive and normotensive rats. The
formation of 19-HETE showed a similar developmental pat-
tern as 20-HETE and increased a maximum of 7-fold in the
WKY and 4.5-fold in the SHR kidney from its lowest rate at

Fig. 4. Representative chromatogram (from HPLC) illustrating the sep-
aration and radiometric detection of NADPH-dependent metabolites of
arachidonic acid formed in rat renal microsomes. Renal cortical micro-
somes from a 7-week-old SHR were incubated with [14C]arachidonic
acid, and the metabolites were extracted as described in the text. The
DHET and HETE metabolites were identified by GC-MS, and EETs were
calculated as all radiolabeled metabolites eluting between 50 and 63
min. Arachidonic acid elutes at 67 min.

Fig. 5. Renal arachidonic acid v- and v-1-hydroxylase activity
throughout development in the WKY rat and SHR. Arachidonic acid v-
(A) and v-1- (B) hydroxylase activity was measured as the NADPH-
dependent formation of 20-HETE and 19-HETE, respectively, in incu-
bations of WKY rat (E) and SHR (F) renal microsomes with [14C]arachi-
donic acid. Values are mean 6 standard deviation from three to six
animals of a given age and strain. Significant differences between WKY
rat and SHR kidneys at a given age are indicated (p , 0.05). Arachi-
donic acid v-hydroxylase activity reflects CYP4A enzyme activity,
whereas 19-HETE formation is also dependent on CYP2C and CYP2E1
activity.
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3 weeks of age to its maximal level of formation (Fig. 5B). As
with 20-HETE, there was a trend toward increased 19-HETE
formation in the SHR kidneys compared with their normo-
tensive controls at most ages. These differences reached sta-
tistical significance between 3 and 9 weeks of age (1.3–2.0-
fold increases).

Renal lauric acid metabolism. Further characterization
of CYP4A enzyme activity involved the use of lauric acid, a
prototypical substrate with high rates of metabolism and a
simple metabolic profile. All incubations were carried out
under linear conditions with respect to reaction time and
protein concentration. Because it is a saturated fatty acid,
lauric acid gives only the v- and v-1-hydroxylation products
with the short incubation period used in this study. The
developmental pattern of lauric acid v- and v-1-hydroxylase
activity in WKY and SHR kidneys (Fig. 6) was similar to that
observed with arachidonic acid (Fig. 5). At any given age, the
lauric acid v-hydroxylase activity was 20–30-fold higher than
the corresponding arachidonic acid v-hydroxylase activity. In
the SHR kidney, the formation of 12-hydroxylauric acid was
200–900 pmol/min/mg of protein, whereas 20-HETE forma-
tion was 7.7–36 pmol/min/mg of protein.

Total cytochrome P450-dependent lauric acid metabolism
increased 3–4-fold in SHR and WKY kidneys, from the lowest
level at 3 weeks of age to a maximum at ;9 weeks of age. The
formation of 12-hydroxylauric acid increased 4–5-fold be-
tween 3 and 5 weeks of age and remained fairly constant at
7–13 weeks (Fig. 6A). Lauric acid v-hydroxylase activity was
25–41% higher in the 3–6-week-old SHR kidneys relative to
their normotensive controls, an increase that was slightly
less than the increase in arachidonic acid v-hydroxylase ac-
tivity in these samples. In older rats, there were no signifi-
cant differences in renal lauric acid v-hydroxylation between
the WKY rats and SHR. The ratio of 12-hydroxylauric acid to
11-hydroxylauric acid formation was ;1.5 in 3- and 4-week-
old rats and gradually increased to 2–2.6 in rats $9 weeks
old. There were no significant differences in this ratio be-
tween the WKY rats and SHR at any age. Lauric acid v-1-
hydroxylase activity increased 3.5-fold between 3 and 5
weeks of age and remained fairly constant from 7 to 13 weeks
of age (Fig. 6B). In most age groups, there was a trend toward
increased 11-hydroxylauric acid formation in the SHR kidney
relative to the WKY rat kidney, but this difference was sig-
nificant only in the 3-week-old animals (117 6 10 versus
144 6 17 pmol/min/mg of protein).

CYP4A protein levels. Western blots were used to com-
pare the CYP4A immunoreactive protein levels in the WKY
and SHR kidneys (Fig. 7). The antibody was made against
clofibrate-induced rat liver CYP4A1 and reportedly cross-
reacts with CYP4A2 and CYP4A3. Two CYP4A immunore-
active proteins were detected in all samples, and the devel-
opmental pattern of expression was consistent with the
pattern of CYP4A mRNA (Fig. 2) and enzyme activity (Figs.
5A and 6A). Interestingly, the slower mobility protein in the
1–4-week-old samples shifts to a higher apparent mass in the
older samples. In some 5-week-old samples, all three protein
bands could be detected. Strain- and tissue-dependent pat-
terns of reactivity were apparent with this antibody and
prevented the assignment of protein bands to the individual
CYP4A isoforms. Consistent with differences in CYP4A
mRNA and activity measurements, CYP4A protein levels
were increased 2–3-fold in 1–5-week-old SHR kidneys rela-

tive to age-matched WKY rat kidneys. In the older animals,
there were no differences between the amount of CYP4A
immunoreactive protein in the SHR and WKY rat kidneys,
which is consistent with the lack of significant differences in
enzyme activity and CYP4A mRNA levels. The dramatic
increase in CYP4A protein levels after 4 weeks of age likely
reflects the increased CYP4A2 expression at this time.

Discussion
Differences in arachidonic acid v-hydroxylase activity in

renal microsomes from SHR and WKY rats have been recog-
nized for several years (13, 15, 16, 24); however, detailed

Fig. 6. Renal lauric acid v- and v-1-hydroxylase activity throughout
development in the WKY rat and SHR. Lauric acid v (A) and v-1
(B)-hydroxylase activity was measured as the NADPH-dependent for-
mation of 12-hydroxylauric acid and 11-hydroxylauric acid, respec-
tively, in incubations of WKY rat (E) and SHR (F) renal microsomes with
[14C]lauric acid. Values are mean 6 standard deviation from three to six
animals of a given age and strain. Significant differences between WKY
rat and SHR kidneys at a given age are indicated (p , 0.05). Lauric acid
v-hydroxylase activity reflects CYP4A enzyme activity, whereas hy-
droxylation at the v-1 position is also dependent on CYP2C and
CYP2E1 activity.
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studies of the contribution of the individual CYP genes to
these differences are lacking. This report is the first charac-
terization of specific CYP4A gene expression throughout de-
velopment in the WKY rat and SHR kidney. These studies
suggest that the CYP4A genes are not consistently expressed
at higher levels in the SHR kidney relative to the WKY rat
kidney. Although the levels of CYP4A3 and CYP4A8 mRNA
and CYP4A immunoreactive protein were significantly in-
creased in the kidneys of prehypertensive SHR rats, these
differences disappeared after 4 weeks of age. The changes in
CYP4A mRNA and protein levels were accompanied by par-
allel changes in CYP4A enzyme activity measured as arachi-
donic acid or lauric acid v-hydroxylation. The increased ex-
pression of CYP4A at both the mRNA and protein level in the
1–4-week-old SHR is also consistent with the increase in
arachidonic acid v-hydroxylation in young SHR previously
reported (13, 15, 16). The current results suggest that the
increased CYP4A protein and activity levels in these young
SHR are due to increased expression of CYP4A3 and/or
CYP4A8 during this period. The increased expression of
these genes in the 1–4-week-old animals is of interest for
several reasons. First, CYP4A3 is the major CYP4A isoform
expressed before 4 weeks of age and therefore is likely to play
a significant role in renal 20-HETE formation during this
period. Maximal differences in 20-HETE formation between
SHR and WKY rat kidneys during this time are consistent
with a major role for CYP4A3 in the generation of this eico-
sanoid in the immature rat kidney. In addition, critical
changes in renal blood flow and resetting of the pressure-
natriuresis relationship have been described in the kidneys
of prehypertensive SHR (,5 weeks of age) and may be nec-
essary for the development of hypertension in this experi-
mental model (10). One proposed mediator of these renal
function changes in the young SHR is the potent vasocon-
strictor 20-HETE (10, 15). The current observation of in-
creased CYP4A3 and CYP4A8 expression in the prehyper-
tensive SHR kidney suggests that the regulation of these
genes during this critical period of development may have a
significant impact on renal function and the maintenance of
the pressure-natriuresis relationship and therefore blood
pressure.

In the SHR, blood pressure is significantly increased rela-
tive to the WKY rat from 5 weeks of age and remains elevated
thereafter (31). Alterations in CYP4A expression do not ac-
company the increased blood pressure; CYP4A mRNA and

protein levels were generally comparable between the hyper-
tensive and normotensive rat kidneys after 4 weeks of age. A
trend toward increased CYP4A enzyme activity in the SHR
kidney was detectable through 9 weeks of age. However,
beyond 5 weeks of age, 20-HETE formation was only 1.2–1.4-
fold higher in the SHR than in the WKY rat and thus signif-
icantly less than the 1.7–2-fold increases detected in the
prehypertensive SHR kidneys. This is consistent with Omata
et al. (13), who found the largest increase in 20-HETE for-
mation between 1 and 3 weeks of age (2–3-fold) and only
1.3–1.5-fold increases in older animals.

To confirm the pattern of CYP4A enzyme activity in WKY
rat and SHR kidneys parallel comparisons were made with a
second substrate for the CYP4A enzymes, lauric acid. Mea-
surement of arachidonic acid v-hydroxylase activity has pre-
viously been complicated by the subsequent metabolism of
20-HETE to the dicarboxylic acid metabolite, 20-carbox-
yarachidonic acid (13). Lauric acid was therefore selected to
avoid subsequent metabolism and to give a much simpler
measure of CYP4A activity. Although it is reasonable to
hypothesize that the individual rat CYP4A isoforms may
have unique substrate specificities, similar to that described
for the multiple rabbit CYP4A isoforms (32, 33), there were
no apparent differences in metabolism between these two
substrates with WKY rat and SHR renal microsomes. Lauric
acid v-hydroxylation activity was consistent with arachi-
donic acid v-hydroxylation, although the magnitude of the
differences in activity between WKY rat and SHR kidneys
was smaller with lauric acid. In fact, no differences in lauric
acid v-hydroxylation between SHR and WKY animals were
apparent beyond 6 weeks of age, which is consistent with the
comparable levels of CYP4A mRNA and protein at these
times. In contrast, Imaoka and Funae (24) reported a 68%
increase in lauric acid v-hydroxylase activity and a 113%
increase in lauric acid v-1-hydroxylase activity in renal mi-
crosomes from 12-week-old SHR relative to WKY animals,
which they attributed to the 1.4-fold higher levels of renal
CYP4A2 protein in the SHR kidneys. Similar differences
were not apparent in the current study nor are they consis-
tent with the lack of differences in 20-HETE formation be-
tween older WKY rats and SHR reported in several other
studies (12, 13).

The RNase protection assay developed for these studies is
much more specific and sensitive than previous methods for
detecting expression of the CYP4A mRNAs. With this assay,

Fig. 7. Western immunoblot of CYP4A proteins in the WKY rat and SHR kidneys. Renal microsomes from WKY rat (W) and SHR (S) were
separated on a 8% SDS-polyacrylamide gel, transferred to nitrocellulose, and blotted with goat anti-CYP4A1 antisera. Immunoreactive proteins
were detected by alkaline phosphatase staining. The blot is representative of the expression of CYP4A proteins in samples from three to six
animals of a given age and strain. Liver, clofibrate (Clof)-induced liver, and cortical (Cortex) microsomes prepared from Sprague-Dawley rats and
purified CYP4A1 expressed in Escherichia coli (rCYP4A1) were included as controls. Two immunoreactive proteins were detected in all microsomal
samples, and the lower mobility protein shifts to a higher apparent mass in the older samples.
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CYP4A3 expression could be quantified in 1-week-old kid-
neys, whereas both CYP4A1 and CYP4A8 were detectable by
3 weeks of age. Expression of both CYP4A1 and CYP4A3
decreased dramatically after 5 weeks of age to as low as 20%
of their maximal expression levels, and their mRNAs were
still easily detected. This is in contrast to several previous
reports describing little or no basal expression of CYP4A1
and CYP4A3 in the kidneys of immature and mature rats as
measured by Northern blot analysis with gene-specific oligo-
nucleotide probes (22, 34–36). Although these studies used
Sprague-Dawley or Fisher 344 strains, work in our labora-
tory has indicated that the pattern of expression of the renal
CYP4A genes in Sprague-Dawley rats is indistinguishable
from that found in the WKY rat and SHR kidney. The ex-
pression of renal CYP4A2 has previously been shown to be
specific for males, regulated in part by thyroid hormone and
testosterone, and to be undetectable in the kidneys of imma-
ture rats (34, 36). In the current study, we did not detect
basal CYP4A2 expression in male rat kidneys younger than
5 weeks of age by RNase protection assay. However, using a
gene-specific RT-PCR approach, we were able to detect
CYP4A2 mRNA as early as 1 week of age. The fact that
CYP4A2 expression in the 1–4-week-old rat kidney is so low
that it is detectable only by RT-PCR is not consistent with
the report by Iwai and Inagami (25) of a 4-fold increase in
CYP4A2 mRNA in the 10-day- and 4-week-old SHR rat kid-
ney relative to the age-matched WKY rat kidney. Because
the Northern blot analysis in that study used a full-length
CYP4A2 cDNA probe, which would significantly cross-hy-
bridize with CYP4A3 (97% nucleotide identity) and possibly
CYP4A1 and CYP4A8 (66% and 72% identical, respectively),
it is likely that the increased CYP4A2 expression in the
10-day- and 4-week-old SHR kidneys reported by Iwai and
Inagami reflects changes in CYP4A3 mRNA levels.

A number of issues with regard to the significance of the
CYP4A enzymes in the regulation of renal function and blood
pressure remain unanswered. A clear role has been estab-
lished for 20-HETE in the regulation of renal vascular tone
and ion transport (2, 3, 5); however, the multiplicity and
complex regulatory pattern of the CYP4A gene family within
the kidney make it difficult to discern the importance of the
individual CYP4A isoforms in the generation of 20-HETE.
Detailed studies with the individual CYP4A proteins ex-
pressed in vitro are necessary to fully understand the impor-
tance of each of these proteins in eicosanoid formation. Based
on information from other species, it is likely that kinetic
differences in fatty acid metabolism as well as distinct pat-
terns of fatty acid selectivity will be revealed from such
studies. In the current study, significant differences in
CYP4A expression between SHR and WKY rat kidneys were
detected only during the prehypertensive stage of develop-
ment; however, this does not preclude the existence of phys-
iologically significant differences that are localized to specific
structures within the nephron. Gross dissection of the kidney
indicates that CYP4A expression is similar in the cortex and
outer medulla, but these regions comprise of a number of
diverse structures. Arachidonic acid v-hydroxylase activity
has been localized to the proximal tubules, whereas v-1-
hydroxylation is more widespread throughout the nephron
(14). The detection of arachidonic acid v-hydroxylase activity
within the renal vasculature itself also suggests that CYP4A
expression is localized to areas in which the ensuing eico-

sanoid formation is of physiological significance (37).
Schwartzman et al. (38) reported the localization of CYP4A
immunoreactive protein and CYP4A mRNA to the S2 and S3
fragments of the proximal tubule with much lower levels in
the cortical collecting, distal convoluted, and connecting tu-
bules. However, the lack of specific probes did not permit
identification of the specific CYP4A isoforms that were ex-
pressed in these regions (38). The RNase protection assays
developed for this study provide a valuable tool to localize the
expression of the CYP4A genes to more discrete regions of the
nephron. A detailed pattern of CYP4A expression along the
nephron, coupled with a kinetic characterization of fatty acid
oxidation by each of the CYP4A proteins, may provide some
clues as to why multiple enzymes exist for an apparently
limited repertoire of catalytic function. The age-dependent
pattern of expression of the CYP4A genes raises important
questions regarding their role in renal function and blood
pressure. The fact that CYP4A expression was elevated in
the prehypertensive stage of development in the SHR sup-
ports a role for these genes in the initial changes in renal
function during this period. Maximal levels of expression of
the CYP4A1 and CYP4A3 genes in the immature rat kidney
are also consistent with a role in nephrogenesis. 20-HETE is
known to be mitogenic in rat proximal tubule cells and is a
proposed mediator of the effect of epidermal growth factor on
cell growth (39). A role for prostaglandin metabolites of ara-
chidonic acid in postnatal nephrogenesis was recently de-
scribed in mice lacking the cyclooxygenase-2 gene (40), and it
is possible that cytochrome P450 metabolites have similar
functions. Finally, the cellular signaling mechanisms
through which the CYP4A-mediated eicosanoids exert their
varied effects is also of interest and may reveal potential
targets for modulation of renal eicosanoid formation.
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