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In this study we examined the expression of cytochrome P450
(CYP) 2C and CYP2J isoforms in renal proximal tubules and
microvessels isolated from rats at different stages of pregnancy.
We also selectively inhibited epoxyeicosatrienoic acid (EET)
production by the administration of A-methanesulfonyl-6-(2-
proparyloxyphenyl)hexanamide (MSPPOH 20 mg/kg/day iv) to
rats during Days 14-17 of gestation and to age-matched virgin
rats and determined the consequent effects on renal function.
Western blot analysis showed that CYP2C11, CYP2C23, and
CYP2J2 expression was significantly increased in the renal
microvessels of pregnant rats on Day 12 of gestation. In the
proximal tubules, CYP2C23 expression was significantly in-
creased throughout pregnancy, while the expression of
CYP2C11 was increased in early and fate pregnancy and the
expression of CYP2J2 was increased in middle and late
pregnancy. MSPPOH treatment significantly increased pregnant
rats’ mean arterial pressure, renal vascular resistance, and
sodium balance but significantly decreased renal blood flow,
glomerular filtration rate, and urinary sodium excretion, as well
as fetal pups’ body weight and length. In contrast, MSPPOH
treatment had no effect on renal hemodynamics or urinary
sodium excretion in age-matched virgin rats. In pregnant rats,
MSPPOH treatment also caused selective inhibition of renal
cortical EET production and significantly decreased the ex-
pression of CYP2C11, CYP2C23, and CYP2J2 In the renal cortex,
renal microvessels, and proximal tubules. These results sug-
gest that upregulation of renal vascular and tubular EETs
contributes to the control of blood pressure and renal function
during pregnancy. Exp Biol Med 231:1744-1752, 2006
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Introduction

In rat kidneys, cytochrome P450 (CYP) enzymes
constitute a major metabolic pathway for arachidonic acid.
Epoxidation of arachidonic acid generates four epoxyeico-
satrienoic acids (EETs): 5,6-EET, 8,9-EET, 11,12-EET, and
14,15-EET. EETs can be hydrolyzed by epoxide hydrolase
to the corresponding dihydroxyeicosatrienoic acids
(DHETs): 5,6-DHET, 8,9-DHET, 11,i2-DHET, and
14,15-DHET, which have less physiologic activity than
their EET counterparts. Based on the results obtained thus
far, it is thought that in rat kidneys EET synthesis is
catalyzed by CYP2C and CYP2J isoforms (1). In the rat,
three major isoforms of the CYP2C family have been
identified (CYP2C11, CYP2C23, and CYP2C24), and
messages of these isoforms have been detected in the
kidneys (2). These isoforms, although sharing 60%-76%
homology and a common catalytic activity, are regulated
differently by high-salt treatment (2). For example, a
previous study by Holla et al. (2) showed that renal
CYP2C23 is upregulated during excess salt treatment. These
authors also found that CYP2C23 is the predominant
arachidonic acid epoxygenase in the rat kidney. Besides
members of the CYP2C subfamily, CYP2J isoforms are
implicated in EET synthesis in the rat kidney (1).

During the past decade it has been recognized that EETs
have important biologic effects in the kidneys, including
inhibition of sodium transport in the nephron and vaso-
dilation of renal arterioles (1, 3). EETs are produced in the
proximal tubules, where they inhibit Na*-K*-ATPase
activity (4) and sodium transport (1). Wei ef al. demonstrated
that in the cortical collecting duct 11,12-EET has a direct
inhibitory effect on the activity of epithelial sodium channels
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(5). In renal microvessels, 11,12-EET and 14,15-EET cause
vasodilation (6); 11,12-EET can also activate potassium
channels in vascular smooth muscle cells and act as an
endothelium-derived hyperpolarizing factor (7, 8). In
addition, several studies have demonstrated the participation
of EETs in regulating renal hemodynamics (9, 10).

Normal pregnancy in rats is associated with signifi-
cantly decreased blood pressure and total peripheral
resistance but also with increased cardiac output, glomerular
filtration rate, and renal blood flow (11, 12). These maternal
changes during pregnancy are important to accommodate
the growth of the fetus (13). Since the biologic activities of
EETs have various effects on the renal tubules and
microvessels (1, 3), we hypothesize that these eicosanoids
also contribute to the regulation of renal function and blood
pressure during pregnancy. We previously demonstrated
that renal cortical EET production and the expression levels
of CYP epoxygenases (CYP2C11, CYP2C23, and CYP2J2)
are significantly elevated in pregnant rats and that the
inhibition of EET production by a selective epoxygenase
inhibitor, 6-(2-propargyloxyphenyl)hexanoic acid, during
late pregnancy causes hypertension and a reduction in the
body weight of fetal pups (14). However, the sites at which
the upregulation of renal EET synthesis occurs have not
been identified. It also remains unclear whether or not
elevated EET synthesis has any effects on the regulation of
renal function in pregnant rats.

In the present study, we examined the expression of
CYP epoxygenases in renal microvessels and proximal
tubules during early, middle, and late pregnancy. We also
examined the effects of another selective CYP epoxygenase
inhibitor, N-methanesuifonyl-6-(2-proparyloxyphenyl)hexa-
namide (MSPPOH), on various renal functional parameters,
including mean arterial pressure (MAP), renal blood flow
(RBF), renal vascular resistance (RVR), glomerular filtra-
tion rate (GFR), and urinary sodium excretion. Age-matched
virgin rats served as controls. This study provides valuable
information regarding the contribution of EETs to the
regulation of renal function in pregnant rats.

Materials and Methods

Materials. We obtained {1-'“C]-arachidonic acid (56
mCi/mmol) from DuPont-New England Nuclear (Boston,
MA). All HPLC solvents and buffer chemicals were from
Sigma-Aldrich (Milwaukee, WI). We purchased 20-HETE,
EETs, and DHETS standard from Cayman Chemicals (Ann
Arbor, MI).

Animals. All animals were purchased from Charles
River Laboratories (Wilmington, MA). We conducted
experiments on pregnant (timed pregnancy) and age-
matched virgin Sprague-Dawley rats. All rats were main-
tained on a 12-hour light-dark cycle and were housed two to
a cage. All animal protocols were approved by the
Institutional Animal Care and Use Committee and were in
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accordance with the requirements for animal use stated in
the Guide for the Care and Use of Laboratory Animals.

Protocol to Evaluate the Expression of CYP2C
and CYP2J in Renal Microvessels and Proximal
Tubules of Pregnant and Control Rats. Virgin (n=4)
and pregnant rats (n = 4) on the 6th, 12th, or 19th
gestational day were anesthetized with 2% isoflurane. These
gestational days, respectively, represent early, middle, and
late pregnancy. We anesthetized the rats, removed their
kidneys, and isolated the renal microvessels and proximal
tubules. To isolate the renal microvessels, we placed the
excised kidneys in ice-cold Tyrode's buffer and sectioned
them coronally. The renal papilla was removed to expose
the microvessels. We microdissected the segments of the
interlobar artery free from the cortical and connective
tissues. The purity of the microdissected microvessel
preparation was determined as described previously (15).
The proximal tubules were isolated according to the method
of Hatzinger et al. (16) and Chaudhari et al. (17), which
uses proteolytic digestion and Percoll gradient centrifuga-
tion. These procedures yielded a preparation of proximal
tubules that was about 95% pure as measured by alkaline
phosphatase staining (18). We examined the expression of
CYP2C and CYP2J isoforms in the renal microvessels and
proximal tubules by Western blot analysis.

Protocol to Evaluate the Effect of N-Methane-
Sulfonyl-6-(2-Proparyloxyphenyl)Hexanamide on
Renal Function in Pregnant and Virgin Rats. We
placed rats at the 12th gestational day (n = 12) and age-
matched virgin rats (n = 12) in metabolic cages to obtain the
basal levels of 24-hour urinary sodium excretion and
sodium balance. The sodium intake was calculated from
rats” daily consumption of food; sodium excretion was
calculated from the volume of urine. Sodium balance was
calculated as the differences between sodium intake and
urinary sodium excretion. We then divided the pregnant rats
(14th day of gestation) and age-matched virgin rats into two
groups (n = 6). We treated one group with a vehicle (2-
hydroxypropyl-B-cyclodextrin) and the other group with
MSPPOH, 20 mg/kg/day, administered intravenously
through a tail vein, for 4 days. The dosage of MSPPOH
was based on our previous study and a literature search (14,
19). On Day 17 of pregnancy we returned these rats to the
metabolic cages to measure 24-hour urinary sodium
excretion and sodium balance again. We determined urinary
sodium concentrations using the Beckman Synchron EL-
ISE Electrolyte System (Brea, CA).

We then used these MSPPOH- and vehicle-treated
pregnant rats (18th day of pregnancy) and age-matched
virgin rats for a renal functional study. After finishing that
study we immediately removed their kidneys for renal
cortical, renal microvessel, and proximal tubular prepara-
tion. These renal tissues were used to assess renal EET
production and CYP2C and CYP2J expression. Fetal pups
were removed from the pregnant rats (n = 6); the body
weight and length of each pup was recorded.
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Renal Functional Measurements. For the renal
functional study of pregnant rats and age-matched virgin rats
from the MSPPOH- and vehicle-treated groups, we weighed
each rat before surgery and anesthetized with 2% isoflurane
delivered by an anesthesia apparatus. We then placed one
polyethylene cannula in the trachea (PE-205) to allow free
breathing, one in the bladder (PE-240) to collect urine, one in
the femoral artery (PE-50) for measuring and recording MAP
with a pressure transducer, and one (PE-50) in the femoral
vein for the infusion of agents. We then began infusing saline
(3 mifr, iv). A priming dose of 0.5 ml of fluorescein
isothiocyanate (FITC) inulin (8 mg/ml in PBS; Sigma-
Aldrich) was administered over 2 min, We performed a left
laparotomy and placed a transonic flow probe (Transonic
System, Inc., Ithaca, NY) over the left renal artery to measure
RBF. Throughout these procedures the rat’s body temper-
atures were maintained at 37°C by a temperature controller
(Cole Palmer Instrument, Vernon Hills, IL) connected to a
heating mat and a rectal temperature probe. We infused a
saline solution containing 6.2% bovine serum albumin equal
to 1.25% of body weight for the replacement of volume loss
during surgery. We then infused saline (3 ml/hr, iv) and
FITC inulin (12 mg/hr, iv) to maintain isotonic NaCl and a
constant concentration of FITC inulin.

After surgery we allowed at least 45 min for equilibration
before beginning 30-min urine collections. Arterial blood (0.4
ml) was drawn from the femoral artery in the middle of each
30-min clearance period for measurement of GFR. An equal
volume of normal saline was infused for volume replacement.
We obtained MAP, RBF, and RVR from a computerized data
collection and analysis system (EMKA Technologies, Falls
Church, VA). We determined the concentration of FITC
inulin in the plasma and urine using a GENios Plus
Fluorescent Plate Reader (Tecan, Research Triangle Park,
NC) at 485-nm excitation and 538-nm emission. As
previously described, we used the concentration of FITC
inulin in the plasma and urine to calculate the GFR (20).

Arachidonic Acid Metabolism in Renal Cortical
Homogenates. We incubated renal cortical homogenates
(1 mg) isolated from treated and control rats with [1-'*C]-
arachidonic acid (0.4 pCi, 7 nmol) and NADPH (1 mM,
final concentration) in 1 ml of potassium phosphate buffer
(100 mM, pH 7.4) containing 10 mM MgCl, for 15 min at
37°C. The reaction was terminated by acidification to pH
3.5-4.0 with 2 mol/l formic acid, after which we extracted
arachidonic acid metabolites with ethyl acetate. We
evaporated the ethyl acetate under nitrogen, resuspended
the metabolites in 50 pl of methanol, and injected them into
a high-performance liquid chromatography (HPLC) column.
We performed reverse-phase HPLC on a 5-um ODS-
Hypersil Column, 4.6 X 200 mm (Hewlett Packard, Palo
Alto, CA) using a linear gradient of acetonitrile:water:acetic
acid ranging from 50:50:0.1 to 100:0:0.1 at a flow rate of |
ml/min for 30 min. The elution profile of the radioactive
products was monitored by a flow detector (IN/US Systems,
Inc., Tampa, FL). We confirmed the identity of 20-HETE,
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DHETs, and EETs with authentic standards. The activity of
20-HETE formation was estimated based on the specific
activity of the added [1-'*C}-arachidonic acid and expressed
as pmol/mg protein/min as described previously (15, 21).

Western Blot Analysis. We separated renal samples
(10 pg each) from pregnant and virgin rats and from
MSPPOH- and vehicle-treated pregnant rats by electro-
phoresis on a 10 X 20 cm, 8% SDS-polyacrylamide gel at 25
mA/gel at 4°C for 18-20 hr. The proteins were electro-
phoretically transferred to an enhanced chemiluminescence
(ECL) membrane. We blocked the membranes with 5%
nonfat dry milk in Tris-buffered saline (TBS) containing 10
mM Tris-HCl, 0.1% Tween-20, and 150 mM NaCl for 90
min and then washed three times with TBS. We incubated
the membranes for 10 hr with goat anti-rat CYP2C11
(1:2000; Gentest; Woburn, MA), rabbit anti-rat CYP2C23
antibody (1:5000; a gift from Dr. J. H. Capdevila,
Vanderbilt University, Nashville, TN), or rabbit anti-human
CYP2J2 antibody (1:2000; a gift from Dr. D.C. Zeldin,
National Institute of Environmental Health Science, Re-
search Triangle Park, NC) at room temperature. We washed
the membranes several times with TBS solution and further
incubated them with a 1:5000 dilution of horseradish-
peroxidase—coupled rabbit anti-goat secondary antibody
(Sigma, St. Louis, MO) for CYP2CI1 and a 1:5000 dilution
of donkey anti-rabbit second antibody (Sigma) for
CYP2C23 and CYP2J2. The incubation for the secondary
antibody was 1 hr. The immunoblots were developed using
an ECL detection kit (Amersham, Arlington Heights, IL).
To normalize the expression of CYP isoforms, renal
microsomes (10 pg) from treated and control rats were
incubated with a 1:5000 dilution of mouse anti-chicken B-
actin antibodies (Sigma) for 10 hr. The secondary antibody
(Sigma) was horseradish-peroxidase~coupled rabbit anti-
mouse antibody (1:5000). Immunoreactive P-actin was
detected as described earlier. We scanned the ECL films
of Western blot analyses and performed densitometry
analysis with Scion Image software (Scion Corp., Frederick,
MD) using the gray color scale as a standard.

Statistical Analysis. Data are expressed as mean *
SE. All data were analyzed by SPSS computer software
(SPSS Inc., Chicago, IL). The significance of differences
between groups was evaluated with analysis of variance
ANOVA for repeated measurements followed by a
Duncan’s multiple-range post hoc test. All other data were
analyzed by one-way ANOVA or an unpaired two-tailed z-
test. Statistical significance was set at P < 0.05.

Results

Expression of CYP2C and CYP2J Isoforms In
Renal Proximal Tubules and Microvessels During
Pregnancy. To characterize EET production in these
sites, we used Western blot analysis to examine the
expression of CYP2C and CYP2J isoforms in renal
microvessels and proximal tubules isolated from rats in
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Figure 1. Representative immunoblots of CYP2C11, CYP2C23, and
CYP2J2 isoforms and B-actin in renal microvessels (A) and
densitometry analysis normalized with B-actin (B) from virgin rats
and rats on the 6th, 12th, and 18th days of pregnancy. n=4, *P <
0.05 vs control virgin rats.

early, middle, and late pregnancy. A representative Western
blot of CYP2C and CYP2J isoforms in the renal micro-
vessels is shown in Figure 1A. Densitometry analysis
normalized with B-actin (Fig. 1B) showed that as compared
to values in control rats, CYP2C11 expression on Day 6 of
pregnancy was increased by 13% and on Day 12 of
pregnancy was significantly increased by 97%. However,
there was no significant change in CYP2C11 expression on
Day 19 of pregnancy. CYP2C23 expression on Day 6 of
pregnancy was significantly decreased by 23% as compared
with that in control rats, as well as significantly increased by
21% on Day 12 of pregnancy. There was no significant
change in CYP2C23 expression on Day 19 of pregnancy.
On Days 6, 12, and 19 of pregnancy CYP2J2 expression
was significantly increased by 97%, 164%, and 98%,
respectively.

In the proximal tubules (Fig. 2B), densitometry analysis
showed that on Day 6 of gestation CYP2C11 expression
was significantly increased by 63%. Similarly, on Day 19 of
pregnancy CYP2CI1 was significantly increased by 18%.
However, the levels of CYP2C11 expression on Day 12 of
gestation did not significantly differ from that in virgin rats.
CYP2C23 expression on Days 6, 12, and 19 of pregnancy
was increased by 100%, 50%, and 25%, respectively; all of
these increases were significant. The expression of CYP2J2
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Figure 2. Representative immunoblots of CYP2C11, CYP2C23, and
CYP2J2 isoforms and B-actin in the proximal tubules (A) and
densitometry analysis normalized with B-actin (B) from virgin rats and
rats on the 6th, 12th, and 19th days of pregnancy. n=4, *P < 0.05 vs
control virgin rats.

increased significantly on Day 12 of pregnancy by 150%
and on Day 19 of pregnancy by 140%. However, the levels
of CYP2J2 expression on Day 6 of pregnancy did not
significantly differ from that in virgin rats.

Effects of MSPPOH on the Renal Function of
Pregnant and Control Female Rats and on the Size
of Fetal Pups. The preceding study showed upregulation
of renal EET production in pregnant rats (14). To assess the
effect of elevated EET production in pregnant rats, we
examined renal functional parameters in pregnant and age-
matched virgin rats treated with vehicle and MSPPOH. As
shown in Figure 3, MAP was significantly lower on Day 18
of gestation than that in control rats. MSPPOH treatment
from Days 14-17 of gestation caused a significant elevation
of blood pressure, from 97 = 2 to 117 * 3 mm Hg.
Pretreatment RBF values were slightly higher in pregnant
rats than those in control rats (5.9 = 0.3 vs 5.1 * 0.3 mY/
min). MSPPOH treatment of pregnant rats significantly
decreased RBF from 59 * 0.3 to 3.8 * 0.1 mymin.
Pretreatment RVR values in pregnant rats were significantly
lower than those in control rats (16 = 1 vs 21 * 1.3 mm
Hg/ml/min, P < 0.05), but MSPPOH treatment significantly
increased these values, from 16 * 1 to 29 + 1.3 mm Hg/
mi/min. Conversely, as shown in Figure 3D, the pretreat-
ment GFR values in pregnant rats were significantly higher
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Figure 3. MAP (A), RBF (B), RVR (C), and GFR (D) in pregnant rats
and age-matched virgin rats treated with MSPPOH (20 mg/kg/day, iv)
or vehicle control for 4 days, beginning on the 14th day of pregnancy.
Renal hemodynamics of pregnant rats was measured on the 18th
day of pregnancy. Resuits are means = SE (n=6, P < 0.05 vs
control virgin rats; *P < 0.05 vs vehicle-treated pregnant rats).

than those in control rats (1.9 = 0.08 vs 1.1 * 0.04 ml/min,
P < 0.05) but were significantly decreased by MSPPOH
treatment (1.6 * 0.05 vs 1.9 = 0.08 ml/min, P < 0.05).
Urinary sodium excretion was significantly increased
on Day 12 and Day 17 of gestation as compared with that in
control rats (Fig. 4A). A significant decrease in urinary
sodium excretion was noted 4 days after the beginning of
MSPPOH treatment. Sodium intake was significantly
increased in pregnant rats as compared with that of virgin
rats (32 = 0.1 vs 1.7 = 0.1 mEq/24 hr, P < 0.05).
Sodium;gake — SOdiuMexcreion Values (an index for sodium
balance) were significantly increased on Days 12 and 17 of
gestation as compared with values in control rats. Moreover,
a significant increase in sodium;peaye — SOdiUMexcretion Value
was found 4 days after the beginning of MSPPOH treatment
(Fig. 4B). In contrast, the MAP, RBF, RVR, GFR, and
urinary sodium excretion in MSPPOH-treated virgin rats did
not significantly differ from the corresponding values in
vehicle-treated virgin rats (Figs. 3 and 4). Urine volume was

age-matched virgin rats and pregnant rats before (Days 12-13 of
pregnancy) and after (Days 17-18 of pregnancy) treatment with
MSPPOH (20 mg/kg/day, iv) or vehicle control for 4 days, beginning
on the 14th day of pregnancy. Results are means + SE (n=6, P <
0.05) vs control virgin rats; *P < 0.05 vs vehicle-treated pregnant
rats).

significantly increased in pregnant rats as compared with
that in control rats (36.7 = 4 ml in pregnant group vs 16.7
% 2 ml in control group, P < 0.05, n = 6).

MSPPOH treatment also significantly reduced both the
body weight (0.9 * 0.2 g in the MSPPOH-treated group vs
1.8 = 0.2 g in the vehicle-treated pregnant group, P < 0.05,
n=6) and the body length of fetal pups (1.5 £ 0.2 cm in the
MSPPOH-treated group vs 2.2 * 0.3 cm in the vehicle-
treated pregnant group, P < 0.05, n = 6). However,
MSPPOH treatment had no significant effect on the number
of pups (13 * 2 for the vehicle-treated pregnant rats vs 12
+ 2 for the MSPPOH-treated pregnant rats, n = 6).

Effects of MSPPOH on Renal Cortical EET
Production and CYP2C and CYP2J Expression In
Renal Tissues of Pregnant Rats. To study the
selectivity of the effect of MSPPOH on renal EET
production, we used HPLC to examine renal cortical
arachidonic acid metabolism in pregnant rats treated with
MSPPOH and in vehicle-treated control pregnant rats,
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Figure 5. Effect of MSPPOH treatment on renal EET production and
CYP2C and CYP2J2 isoform expression in the renal cortex of
pregnant rats. (A) Representative reverse-phase HPLC elution profile
of metabolites formed during incubation of arachidonic acid with renal
cortical homogenates from vehicle- and MSPPOH-treated pregnant
rats. (B) Representative Western blot of CYP2C11, CYP2C23, and
CYP2J2 isoforms in renal corlical homogenates isolated from
vehicle- and MSPPOH-treated pregnant rats.

Control

Incubation of renal cortical homogenates isolated from
pregnant rats with ['“Cl-arachidonic acid and NADPH
produced DHETs, 20-HETE, and EETs (Fig. 5A).
MSPPOH treatment of pregnant rats decreased EET and
DHETs production by 28% (59.4 + 4 vs 80 * 6 pmol/mg/
min, n=4, P < 0.05), whereas MSPPOH treatment did not
affect production of 20-HETE.

To examine the effect of MSPPOH treatment on
CYP2C and CYP2J expression in different tissues, we
performed Western blot analysis for CYP2C11, CYP2C23,
and CYP2J2 in homogenates of the renal cortex, renal
microvessels, and proximal tubules isolated from pregnant
rats. As shown in Figure 5B, in the renal cortex MSPPOH
treatment caused a 25% decrease in the expression of
CYP2C11 (0.53 = 0.05 vs 0.71 = 0.04 arbitrary units, n =
4, P < 0.05), as well as a 30% decrease in the expression of
CYP2C23 (0.53 = 0.05 vs 0.76 + 0.02 arbitrary units, n =
4, P < 0.05) and a 68% decrease in the expression of
CYP2J2 (0.13 % 0.06 vs 0.4 = 0.04 arbitrary units, n=4, P
< 0.05); all of these decreases were significant, Similarly, as
shown in Figure 6A, in renal microvessels MSPPOH
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Figure 6. Effect of MSPPOHR treatment on CYP2C and CYP2J2
isoform expression in the renal microvessel and proximal tubules of
pregnant rats. (A) Representative Western blot of CYP2C11,
CYP2C23, and CYP2J2 isoforms in renal microvessel homogenates
isolated from vehicle- and MSPPOH-treated pregnant rats. (B)
Representative Western blot of CYP2C11, CYP2C23, and CYP2J2
isoforms in renal proximal tubular homogenates isolated from
vehicle- and MSPPOH-treated pregnant rats.

treatment decreased the expression of CYP2C11 by 30%
(0.7 £ 0.15 vs 1.0 = 0.1 arbitrary units, n = 4), that of
CYP2C23 by 50% (0.39 % 0.1 vs 0.79 = 0.1 arbitrary
units, n=4, P < 0.05), and that of CYP2J2 by 9% (0.09 =+
0.03 vs 0.1 % 0.02 arbitrary units, n = 4). In the proximal
tubules MSPPOH treatment decreased the expression of
CYP2CI11 by 45% (0.44 = 0.06 vs 0.8 = 0.1 arbitrary
units, n =4, P < 0.05), that of CYP2C23 by 30% (1.1 =
0.2 vs 1.5 = 0.1 arbitrary units, =4, P < 0.05), and that of
CYP2J2 by 16% (1.34 % 0.15 vs 1.6 = 0.1 arbitrary units,
n=4, P < 0.05). In addition, we examined the effects of
MSPPOH treatment on the expression of CYP2CII,
CYP2C23, and CYP2J2 in the homogenate of renal cortex
isolated from control virgin rats. As shown in Figure 7,
MSPPOH treatment caused a 20% decrease in the
expression of CYP2C11 (2.1 * 02 vs 1.7 = 0.3 arbitrary
units, n = 4), as well as a 30% decrease in the expression of
CYP2C23 (5.3 * 0.3 vs 3.7 * 0.2 arbitrary units, n =4, P
< 0.05) and a 27% decrease in the expression of CYP2J2
(1.5 = 0.1 vs 1.1 £ 0.1 arbitrary units, n =4, P < 0.05).
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Discussion

This study demonstrated that the expression of CYP
epoxygenases was increased in renal microvessels during
middle pregnancy and was increased in proximal tubules at
different stages of pregnancy. It also demonstrated that
selective inhibition of renal EET synthesis in pregnant rats
by MSPPOH treatment caused changes in renal function.
Specifically, selective inhibition by MSPPOH treatment
increased MAP, RVR, and sodium balance, while decreas-
ing RBF, GFR, and urinary sodium excretion in pregnant
rats. However, MSPPOH treatment had no significant
effects on these renal-function parameters in the virgin rats.
In addition, treatment with MSPPOH during Days 14-17 of
gestation caused downregulation of the expression of
CYP2C and CYP2J isoforms in both renal microvessels
and proximal tubules.

Normal pregnancy in rats is associated with reductions
in blood pressure (11, 22). Since EETs inhibit renal tubular
sodium transport and affect blood pressure in hypertensive
animals, we hypothesize that EETs may also be involved in
the regulation of blood pressure during pregnancy in rats. In
a previous study, we demonstrated that renal cortical
CYP2C and CYP2J are elevated during pregnancy in rats
(14). We also demonstrated that the augmentation of renal
EET production is associated with lowered blood pressure
during pregnancy (14). However, the relative expression of
these isoforms in renal vascular and tubular sites during
pregnancy still was not clear.

In the present study, we showed that the expression of
CYP2C and CYP2J isoforms increased in the renal
microvessels, whereas in the proximal tubules the expres-
sion of these isoforms tended to increase at different times
during pregnancy. The exception to this tendency was that
no significant changes in CYP2C11 expression occurred in
middle pregnancy or in CYP2J2 expression in early
pregnancy (Fig. 2B). Since CYP2C and CYP2J isoforms
are the major enzymes for EET synthesis (1), these results
suggest that EET synthesis is increased in the renal
microvessels of middle pregnancy and in the proximal
tubules at different stages of pregnancy. Nevertheless, the
reasons for the differential increase of these CYP2C and
CYP2]J isoforms during pregnancy are still not clear. It is
possible that this differential increase is a consequence of
the increased circulation levels of some hormones during
pregnancy. Pregnant rats, for example, have significantly
increased levels of progesterone, estrogen, and relaxin (23).
Whether or not the pregnancy-induced changes in hormonal
background can regulate the expression of CYP epoxygen-
ase will require further investigation.

The changes in EET production in the renal micro-
vessels and proximal tubules at particular time during
pregnancy have important functional implications. For
example, Alexander et al. (11) showed that renal vaso-
dilation and augmentation of GFR occurs in middle
pregnancy (11). In renal microvessels EETs cause vaso-
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dilation, activate vascular smooth muscle cell potassium
channels, and act as endothelium-derived hyperpolarizing
factors (6-8). Therefore, the augmentation of renal vascular
EET production can cause the observed vasodilation and
contribute to the increased RBF and GFR in middle
pregnancy. Moreover, during pregnancy in rats there is
significantly increased sodium intake, which results in
increased urinary sodium excretion (Fig. 4A). Interestingly,
sodiumipuaye — SOdiUMeycreion 18 significantly increased in
pregnant rats as compared with that of virgin rats (Fig. 4B).
This is a good index of significantly increased sodium
retention during pregnancy (24). In other words, the
upregulation of EETs may serve as an adjustable mecha-
nism to increase urinary sodium excretion and maintain
sodium balance during pregnancy. Once EET production is
inhibited by MSPPOH treatment in pregnant rats, their
bodies tend to decrease urinary sodium excretion (Fig. 4A),
which may cause extra sodium retention, elevation of blood
pressure, and abnormal renal hemodynamics (Fig. 3). It
should be noted, however, that this result is opposite to the
results reported by Brand-Schieber et al. (19) who showed
that MSPPOH treatment increased urinary sodium excretion
and urine flow rates. The reasons for the inconsistency of
their results and ours are still not known, but it could be a
consequence of procedural differences. For example, we
used pregnant rats, whereas Brand-Schieber ef al. used male
rats; we administered 20 mg/kg/day, while they used 5 mg/
kg/day; and we injected MSPPOH once a day for 4 days,
whereas they injected only one dose.

We also used MSPPOH to determine the effects of EET
inhibition on blood pressure, renal hemodynamics, and
urinary sodium excretion. The selective inhibition of EET
production in the kidneys of pregnant rats is shown in
Figure 5A. Our results indicate that MSPPOH treatment
increases blood pressure in pregnant rats, and that this is
associated with increased RVR, decreased RBF, decreased
GFR, and decreased urinary sodium excretion (Figs. 3 and
4). Interestingly, MSPPOH decreases the expression of CYP
epoxygenase in virgin rats (Fig. 7), but it has no significant
effects on the renal function of virgin rats (Figs. 3 and 4).
These findings suggest that the induction of renal vascular
and proximal tubular EET synthesis or the overproduction
of renal EETs in pregnant rats is a very important factor to
mediate the matemal renal physiologic adaptations during -
pregnancy.

Several other studies have also demonstrated that EETs
are involved in the regulation of renal hemodynamics. For
instance, Takahashi et al. (10) showed that direct infusion of
5,6-EET (2 pg/kg/min) causes a reduction in RBF and GFR.
However, in the presence of ibuprofen, a cyclooxygenase
inhibitor, the effects of 5,6-EET treatment are reversed so
that RBF and GFR are increased (10). This occurs because
in vivo exogenous EET is easily metabolized by cyclo-
oxygenase to a prostaglandin metabolite, which has vaso-
constrictive activity (1). Interestingly, Ogungbade er al. (25)
made similar observations and demonstrated that infusion of
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EETs reduces cortical blood flow in male rats. These studies
not only indicate the complexity involved in interpreting the
effects of treatment with exogenous EETS in vivo but also
suggest the importance of studying the effects of EETs by
means of selective inhibitors such as MSPPOH. Since we
did not observe significant renal functional changes in
MSPPOH-treated virgin rats (Figs. 3 and 4), the upregula-
tion of renal EET production may be an important
mechanism in the regulation of renal function during
pregnancy. Taken together, the results of the present study
solidly demonstrate that the upregulation of renal EET
synthesis has many functional implications with respect to
the regulation of blood pressure and renal hemodynamics in
pregnant rats.

Previously we used 6-(2-propargyloxyphenyhhexanoic
acid (PPOH) to inhibit EET production in vivo (14). In the
present study, we used another selective inhibitor of CYP
epoxygenases, MSPPOH, which may be a better inhibitor
for in vivo studies than PPOH because its methyl sulfonate
group can make MSPPOH more resistant to B-oxidation
(26). The reason for the selectivity of MSPPOH and PPOH
on CYP epoxygenase activity could be the benzene ring
moiety in these inhibitors. In this regard, Mancy et al. (27)
proposed a model for the active site of CYP2C9 in which
hydrophobic and/or - m interaction is important for binding
between the benzene ring of substrates and the aromatic
amino acid residues of CYP2C9. It is possible that the
benzene ring moiety of these two inhibitors is crucial for the
binding of MSPPOH and PPOH to CYP epoxygenase and
cause the selectivity of these two inhibitors on CYP
epoxygenase activity. Besides their benzene rings,
MSPPOH and PPOH contain a terminal acetylene moiety,
an important chemical group that causes suicide-inhibition
of CYP enzymes (28). Ortiz de Montellano et al. (28)
demonstrated that the terminal acetylene moiety of inhib-
itors can be oxidized to a ketene moiety, which can then
result in alkylation of the heme moiety of CYP epoxygenase
and cause decreased expression of CYP epoxygenase.

Because of these specific chemical features, we can
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monitor the action of MSPPOH by examining the
expression of CYP epoxygenases in rat kidneys. As shown
in Figure 6, chronic treatment with MSPPOH caused
decreased expression of renal microvessel and proximal
tubular CYP2C and CYP2J2 isoforms. This finding
demonstrated that intravenously injected MSPPOH can
travel into both renal vascular and renal tubular sites to
inactivate CYP2C and CYP2J2 isoforms localized in these
renal tissues. Similar results were observed with PPOH
treatment in pregnant rats (14). More interestingly, the
downregulation of these isoforms by MSPPOH treatment is
not only associated with changes in the renal vascular effect
(increased RVR; Fig. 3) and the tubular effect (decreased
urinary sodium excretion and increased sodium,gye —
$0diUMeycreion; Fig. 4) but also causes the decrease in the
size of pups (fetotoxic effects). The reasons for the
MSPPOH-induced fetotoxic effects are not known. These
effects could be caused by abnormal renal hemodynamics as
this study suggests. Alternatively, they could be results of
the suppressed effect of hemodynamics in reproductive
organs after MSPPOH treatment. Interestingly, it has been
reported that 14,15-EET is produced in human reproductive
tissues (29). If EETs are also produced in rat reproductive
tissues, it is possible that the inhibition of EET production in
these tissues by MSPPOH treatment causes decreased blood
flow and that this in turn causes the decrease in fetus size.
Taken together, these findings demonstrate that the selective
inhibition of EET production by MSPPOH in vivo (Fig. 6) is
a useful approach to elucidating the mediating effects of
EETs on physiologic function.

In summary, this study demonstrated that CYP
epoxygenases are altered in renal microvessels and proximal
tubules during pregnancy in rats. Our findings also
demonstrated that MSPPOH, a selective CYP epoxygenase
inhibitor, downregulates the expression of CYP epoxyge-
nases at these sites in pregnant rats and causes increased
MAP, RVR, and sodium balance; decreased RBF and GFR;
and reduced size of fetal pups. This study calls attention to
the possibility that augmentation of EET synthesis in renal
vascular and tubular sites during pregnancy alters the
regulation of renal function and blood pressure.

Perspectives. It has been shown that EETs dilate
renal microvessels, inhibit renal tubular sodium transport,
and affect renal blood flow and blood pressure in many
animal models. This study demonstrates that renal vascular
and tubular EET synthesis is induced during different stages
of pregnancy and that malregulation of renal vascular and
tubular EET synthesis can cause abnormalities in renal
function and blood pressure. It appears that the changes of
renal vascular and tubular EET synthesis may be an
important factor in maintaining normal renal hemodynamics
and sodium transport during gestation. Inhibition of renal
microvessel and proximal tubular EET synthesis may
contribute to the pathogenesis of hypertension during
pregnancy by promoting renal vasoconstriction, decreasing
renal blood flow, and decreasing urinary sodium excretion.
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These alterations in renal hemodynamics can ultimately
affect the development of the fetus. The present study
establishes a basis for further investigations aimed at
defining the regulatory mechanisms of EET synthesis in
the renal microcirculation and tubular structures during
pregnancy.
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