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Therapeutic use of cyclooxygenase-inhibiting (COX-inhibiting) nonsteroidal antiinflammatory
drugs (NSAIDs) is often complicated by renal side effects including hypertension and edema. The
present studies were undertaken to elucidate the roles of COX1 and COX2 in regulating blood pres-
sure and renal function. COX2 inhibitors or gene knockout dramatically augment the pressor
effect of angiotensin II (Ang IT). Unexpectedly, after a brief increase, the pressor effect of Ang Il was
abolished by COX1 deficiency (either inhibitor or knockout). Ang II infusion also reduced
medullary blood flow in COX2-deficient but not in control or COX1-deficient animals, suggest-
ing synthesis of COX2-dependent vasodilators in the renal medulla. Consistent with this, Ang II
failed to stimulate renal medullary prostaglandin E; and prostaglandin I, production in COX2-
deficient animals. Ang II infusion normally promotes natriuresis and diuresis, but COX2 defi-
ciency blocked this effect. Thus, COX1 and COX2 exert opposite effects on systemic blood pres-
sure and renal function. COX2 inhibitors reduce renal medullary blood flow, decrease urine flow,
and enhance the pressor effect of Ang IL In contrast, the pressor effect of Ang Il is blunted by COX1
inhibition. These results suggest that, rather than having similar cardiovascular effects, the activ-
ities of COX1 and COX2 are functionally antagonistic.

J. Clin. Invest. 110:61-69 (2002). d0i:10.1172/JCI1200214752.

Introduction

Nonsteroidal antiinflammatory drugs (NSAIDs) and
cyclooxygenase-2-selective selective inhibitors (COX-
IBs) are widely prescribed for the treatment of arthritis
pain and fever (1). Their long-term use is limited by the
development of hypertension, edema, and congestive
heart failure in a significant proportion of patients
(2-4). NSAIDs block the activity of both cyclooxyge-
nase (COX) isozymes, COX1 and COX2, which medi-
ate the enzymatic conversion of arachidonate to
prostaglandin H, (PGH;) and other prostaglandin
metabolites (5-7). It is well established that the afore-
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mentioned deleterious cardiovascular profile of
NSAIDs can be accounted for by inhibition of COX-
dependent prostaglandin synthesis (8-10).

Following the COX-mediated synthesis of PGH,
from arachidonate, PGH; is metabolized to one of at
least five bioactive prostaglandins, including PGE,
PGI,, PGF,4, PGD;, or thromboxane A; (TxA») (5, 11,
12). These prostanoids have pleiotropic cardiovascu-
lar effects altering platelet function (13-15) and renal
function (2), and acting either as vasodilators or vaso-
constrictors (16-19). Whereas PGI, is a vasodilator (18,
20), TxA; is a vasoconstrictor (8, 21), while PGE,,
which may interact with four distinct receptors, can
act either as a vasodilator or a vasoconstrictor depend-
ing on the accessibility of the specific receptors (16,
22). Although COX1 and COX2 exhibit similar bio-
chemical activity in converting arachidonate to PGH,
in vitro (13, 23), the ultimate prostanoids they pro-
duce in vivo may be different (15, 24) due to differen-
tial regulation of COX1 and COX2 (6, 7, 25, 26), tissue
distribution (2, 25, 26), and availability of the down-
stream prostanoid synthases (24, 27, 28). Given the
potential heterogeneity in the spectrum of prostanoids
synthesized by a given cell, and the available down-
stream receptors, the net effect of COX inhibition on
the cardiovascular system may be quite unpredictable.
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Renal medullary prostaglandins have been estab-
lished as being critically involved in mitigating hyper-
tension, helping to maintain medullary blood flow
(MBF), and promoting urinary salt excretion (29-31).
Both COX1 and COX2 are abundantly expressed in the
renal medulla; however, the relative contributions of
COX1 and COX2 to synthesis of the prostaglandins,
which help maintain renal MBF, tubular transport
rates, and urine formation, remain uncertain. Interest-
ingly, the COX1 and COX2 isoforms are differentially
localized in the renal medulla, as demonstrated in rats,
rabbits, and humans, with COX1 expressed primarily
in collecting duct and COX2 predominantly in inter-
stitial cells (25, 26, 32). The purpose of the present
studies was to determine the contribution of COX1
and COX2 activity to urine formation, MBF, and regu-
lation of systemic blood pressure.

Methods

Materials. The COX1-selective inhibitor SC58560 and
the COX2-selective inhibitor SC58236 were generous-
ly provided by Peter C. Isakson and Karen Seibert
(Pharmacia, St. Louis, Missouri, USA). Stock solutions
of COX1 and COX2 inhibitors were made by dissolv-
ing them into a solution of 95% polyethylene glycol
200 and 5% Tween-20. For chronic feeding, the COX2
inhibitor (3 mg/ml stock solution) or COX1 inhibitor
(15 mg/ml in stock solution) was diluted 1:500 in tap
water and given ad libitum in the drinking water as
previously described (33). For the acute-infusion stud-
ies, COX1 or COX2 inhibitors (20 mg/ml stock solu-
tion) were diluted with 0.9% sodium chloride contain-
ing 1% BSA. Ang Il was purchased from Sigma-Aldrich
(St. Louis, Missouri, USA). The COX1 polyclonal anti-
body was from Santa Cruz Biotechnology Inc. (Santa
Cruz, California, USA; catalog no. SC1752). The COX2
polyclonal antibody was purchased from Cayman
Chemical Co. (Ann Arbor, Michigan, USA; catalog no.
160106). C57BL/6] female mice were obtained from
The Jackson Laboratory (Bar Harbor, Maine, USA).
The wild-type and homozygous null mice used in the
present study originated from the heterozygous COX1
or COX2 agouti mice (50% 1290la/50% C57BL/6) ini-
tially produced (34, 35). Both genotypes had been indi-
vidually maintained using a heterozygous by het-
erozygous cross breeding strategy for more than 20
generations (Figure 1).

Surgical preparation. Experiments were conducted using
female C57BL/6J mice, or female COX1- and COX2-defi-
cient mice. Mice were anesthetized with ketamine plus
inactin as described previously (10). After tracheostomy,
a PE10 cannula was placed in the left carotid artery for
monitoring mean arterial pressure (MAP). Another PE10
catheter was inserted into the jugular vein for intra-
venous infusion. A PESO catheter was inserted into the
bladder for collection of urine. The left kidney was
exposed by midline laparotomy. A laser-Doppler
flowmeter (model BLF 21D; Transonic Systems Inc.,
Ithaca, New York, USA) equipped with two flow probes

was used to measure renal cortical blood flow (CBF) and
MBF. One flow probe (type N probe with a 3-mm diam-
eter) was placed on the surface of the kidney to measure
CBF. MBF was measured by a monofilament fiberoptic
flow probe (diameter 0.5 mm) implanted into the renal
medulla. The location of the implanted fiber probe was
confirmed at the end of each experiment by dissecting
the kidney and examining the region surrounding the
fiber tip. Data from incorrectly positioned fibers were
discarded. After surgery, mice received continuous infu-
sion of 0.9% sodium chloride containing 1% BSA at a rate
of 0.5 ml/h and allowed to equilibrate for about 120
minutes. MAP was analyzed using a Blood Pressure Ana-
lyzer (BPA model 300; Micro-Med Inc., Louisville, Ken-
tucky, USA). Using this approach we determined that
blood pressure, CBF, and MBF remained stable during
the period from 120 to 200 minutes after surgery in con-
trol (vehicle-treated) animals.

Protocol 1: chronic pretreatment with COX1 or COX2
inbibitors, or using COX1- or COX2-deficient mice. CS7BL/6]
female mice were randomly assigned to three groups,
and the COX1 inhibitor, COX2 inhibitor, or vehicle
was orally administered for 7 days. Normal diet was
accessed freely. After surgery and equilibration, base-
line measurements were determined for 20 minutes.
The mice were then intravenously infused with Ang I
at a rate of 150 pmol/kg/min, in 0.5 ml/h for 30 min-
utes. In the third period, the effect of combined infu-
sion of AngII (150 pmol/kg/min) and COX2 inhibitor
(33.3 ug/kg/min intravenously) was determined. MAP,
CBF, and MBF were continuously recorded and urine
samples were collected during each period. Studies in
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Figure 1

Breeding scheme for COX1 and COX2 knockout and wild-type mice

used in these studies (see Methods for details).
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COX1- and COX2-deficient mice and their wild-type
littermates were conducted similarly, except for omit-
ting pretreatment with COX inhibitors.

Protocol 2: effects of acute infusion of selective COX inhibitors.
After the initial equilibration period and base-line data
collection, mice were administered a continuous infu-
sion of the COX1 or COX2 inhibitor at 33.3 ug/kg/min
over 30 minutes. MAP, CBF, and MBF were recorded
continuously, and urine samples were collected.

Immunobistochemistry. Mouse tissue was fixed with
glutaraldehyde-periodate acid saline as described pre-
viously (26). The kidney was then dehydrated with a
graded series of ethanol and embedded in paraffin. Sec-
tions were cut at 4 um thickness, and immunostained
with anti-murine COX1 (1:200 dilution) or COX2 anti-
body (1:500 dilution). Vectastain ABC-Elite (Vector
Laboratories Inc., Burlingame, California, USA) was
used to localize the primary antibodies.

Determination of renal medullary prostanoid levels. Fol-
lowing acute physiologic studies, mouse kidneys were
removed and dissected into cortex and medulla and
snap-frozen in liquid nitrogen. Prostanoid levels
(including PGE,, 6-keto-PGF1a, PGF20, and TxB,)
were quantified by gas chromatographic/negative ion
chemical ionization mass spectrometric assays as
described previously (36).

Measurement of gastric mucosal PGE; level and urinary sodi-
um. Gastric mucosal PGE; synthesis was determined as
a measure of endogenous COX1 activity (37). Mucosal
linings of stomachs from control and experimental ani-
mals were harvested and homogenized in 0.1 sodium
phosphate buffer containing 15% methanol. Samples
were centrifuged at 12,000 gat 4°C. Supernatants were
passed through a C-18 column (Waters Corp., Milford,
Massachusetts, USA). PGE, was eluted in 1 ml of ethyl-
acetate and determined by enzyme immunosorbent
assay (PGE, enzyme immunoassay kit; Oxford Biomed-
ical Research Inc., Oxford, Michigan, USA).

Measurement of urinary electrolytes. Urinary sodium
concentration was measured using an automatic flame

photometer (model IL943; Instrumentation Laborato-
ry Inc., Lexington, Massachusetts, USA).

Statistical analysis. All data are presented as mean + SE.
A paired t test was used to analyze changes of renal
hemodynamics and systemic blood pressure within the
same group. ANOVA and Bonferroni ¢ test was used for
analysis of difference between groups. Statistical sig-
nificance was identified at P < 0.0S.

Results

Opposing effects of COX1 and COX2 on blood pressure. The
contribution of COX1 and COX2 to the maintenance of
blood pressure was examined in anesthetized mice. Base-
line MAP was similar in control mice (98.4 + 3.6 mmHg,
n=9),COX17/ mice (87.5 = 3.8 mmHg, n = 18), COX2/-
mice (92.8 + 5 mmHg, n = 12), mice pretreated with the
COX1 inhibitor (98.6 + 2.1 mmHg, n = 15), and COX2
inhibitor-treated mice (96.3 + 2.5 mmHg, » = 18).In con-
trast, following intravenous infusion of Ang II (150
pmol/kg/min), MAP increased by 16.5 + 1.9 mmHg at
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Figure 2

Distinct effects of COX1 and COX2 on systemic arterial pressure. (a) The
change in MAP (AMAP) following infusion of Ang Il at 150 pmol/kg/min
(between 10 and 40 minutes) and the addition of a COX2 inhibitor,
SC58236 (between 40 and 70 minutes) in vehicle-treated mice (circles,
n = 5); mice pretreated with SC58560, a COX1 inhibitor (triangles,
n = 8); and mice pretreated with SC58236, the COX2 inhibitor (squares,
n=28). Ang Il elevated MAP in vehicle-pretreated mice; the elevation was
further increased upon addition of the COX2 inhibitor. Ang Il increased
significantly more in mice orally pretreated with the COX2 inhibitor, and
significantly less in mice pretreated with the COX1 inhibitor (¥P < 0.05
vs. control). (b) Ang Il induced a higher increase of MAP in COX2 knock-
out mice (open squares, n = 6) than in wild-type controls (filled squares,
n=5;#P<0.05). Additional COX2 inhibitor infusion further elevated
MAP only in wild-type mice. (c) The pressor effect of Ang Il was attenu-
ated in COX1 knockout mice (open triangles, n = 6) versus wild-type
controls (filled triangles, n = 5; #P < 0.05). MAP was further elevated by
acute infusion of the COX2 inhibitor in both COX1 knockout and wild-
type mice. *P < 0.05 vs. MAP at 40 minutes.
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S minutes in mice pretreated with the COX2 inhibitor
(Figure 2a), or nearly twice as much as in control mice
(A +9.6 £ 1.4 mmHg). In control mice, this initial pres-
sor effect was followed, over 30 minutes, by a gradual
decline in MAP to only 3.3 + 0.4 mmHg above base-line
(P <0.01 vs. base-line). The sustained pressor effect of
Ang IT was approximately four times greater in mice pre-
treated with the COX2 inhibitor (A + 11.7 + 0.8 mmHg
at 30 minutes) than in controls (P < 0.05). This suggests
that COX2 activity normally generates a vasodepressor
that moderates the pressor effect of Ang I
Unexpectedly, the pressor effect of Ang II was
markedly attenuated in mice pretreated orally with the
COX1 inhibitor. Although the initial pressor effect at
S minutes was no different from control (A+ 9.1+ 1.3
mmHg above base-line), MAP rapidly fell below base-
line levels within 30 minutes, so that at 30 minutes,
MAP was significantly lower than in vehicle-treated
controls (AMAP = -2.7 + 1.7 mmHg vs. +3.3 + 0.4
mmHg; P < 0.05). Similar divergent effects of Ang Il on
blood pressure were observed in COX1 and COX2

Figure 4

Distribution of COX1 and COX2 in mouse kidney. COX1 immunore-
activity in mouse outer medulla and papilla (a and b). COX2
immunoreactivity in cortex and medulla, respectively (c and d) . Arrows
indicate a vascular bundle in a and an intermediate-size arteriole in c.

64

30
Time (min)

40 50

Figure 3

Effects of selective COX1 versus COX2 inhibition on cor-
tical and medullary blood flow. (a and b) The effect of
acute infusion of the COX1 inhibitor (triangles, n = 5) or
COX2 inhibitor (squares, n = 4) on CBF and MBF in
normal mice. *P < 0.05 vs. base-line MBF at 10 minutes;
#P < 0.05 vs. MBF in the COX1 inhibitor-infused mice.
(c and d) The effect of continuous Ang Il infusion on
CBF and MBF in mice pretreated with the COX2
inhibitor (squares, n = 7), COX1 inhibitor (triangles,
n=8), orvehicle (control group, circles, n=5). *P<0.05
vs. base-line MAP at 10 minutes; #P < 0.05 vs. control or
COX1 inhibitor-treated mice. (e and f) The effects of
Ang Il infusion on CBF and MBF in COX2 knockout
(squares, n = 6) and COX1 knockout mice (triangles,
n=26). *P < 0.05 vs. base-line MAP at 10 minutes;
#P < 0.05 vs. COX1 knockout mice.

knockout mice as compared with their
respective controls (Figure 2, b and ¢). Sub-
sequent intravenous administration of the
COX2 inhibitor did not affect MAP in
COX2 knockout mice; however, it signifi-
cantly increased the Ang II pressor
response in COX1 knockout mice, COX1
inhibitor-pretreated mice, and controls
supporting the presence of dilator
prostanoids in these three groups.
Distinct effects of COX1 and COX2 inbibi-
tion on renal cortical and medullary blood
flow. MBF is a critical determinant of uri-
nary salt excretion and systemic blood

pressure. Because NSAIDs have previously been
shown to reduce MBF (29), we examined the effect of
isozyme-selective inhibitors in regulating renal CBF
and MBF (Figure 3, a and b). Base-line MBF was
determined in anesthetized mice. Subsequent infu-
sion of a COX1-selective inhibitor did not affect CBF,
MBF, or MAP (MAP data not shown). In contrast,
infusion of a COX2 inhibitor significantly reduced
MBF (-9.72 + 1.49%, n = 7; P < 0.001) (Figure 3b)
without altering either CBF or MAP.
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Figure 5

Effect of Ang Il infusion and COX1 and COX2 deficiency on renal
medullary PGE; and PGl; synthesis. Prostanoids were measured by
gas chromatography/mass spectrscopy in snap-frozen papillae dis-
sected from mice pretreated with the COX2 inhibitor (COX2 inh.),
vehicle-treated mice, or COX knockout mice with or without acute
infusion of Ang Il for 30 minutes. *P <0.01 and P < 0.05 vs. control.

Increased MBF is an important adaptation to hyper-
tension, contributing to the so-called pressure natriure-
sis (29, 31). Together with its effects on MAP (described
above), the effects of Ang Il infusion on MBF were deter-
mined in the presence or absence of COX inhibitors. In
control mice, Ang IT (150 pmol/kg/min intravenously)
had no effect on MBF (Figure 3d) but dramatically
reduced CBF (Figure 3c). Pretreatment with a COX1
inhibitor did not modify the effect of Ang II on either
CBF or MBF. In contrast, Ang II significantly reduced
MBF in mice pretreated with a COX2 inhibitor (Figure
3d). Ang II infusion also reduced MBF in COX2 knock-
out mice, but not in COX1 knockout mice (Figure 3f).
The effects of Ang IT on CBF were not different in con-
trol versus inhibitor-treated mice, or in COX1 knockout
versus COX2 knockout mice (Figure 3).

Differential distribution of COX1 and COX2. Because
prostanoids generally act in an autocrine or paracrine
fashion, we further investigated the basis for the differ-
ent effects of COX1 and COX2 inhibitors on MBF by
mapping the distribution of COX isozymes in mouse
renal medulla (Figure 4). As reported for other species
(25, 26, 38), COX2 immunoreactivity predominated in
renal medullary interstitial cells (Figure 4d), while
COX1 expression predominated in collecting ducts
(Figure 4b). Neither COX1 nor COX2 immunoreactivi-
ty was detected in outer medullary vascular bundles
(Figure 4a). Similarly, COX2 was not detected in small
arterioles in cortical vasculature, despite its detection,
as expected, in the macula densa (Figure 4c).

Differential renal medullary prostaglandin production by
COX1 and COX2. To further examine the mechanism
underlying the distinct effects of COX1 versus COX2
inhibition on renal MBF, we determined the profile of
prostaglandin synthesis in renal medulla harvested
from control mice and mice pretreated with selective
COX1 and COX2 inhibitors, as well as COX17/- and
COX27~ mice, following Ang Il infusion. Ang Il infusion
increased PGE, synthesis 5.7-fold (P < 0.01) and synthe-
sis of the prostacyclin metabolite 6-keto-PGF1a. 2.7-fold
(P<0.01) (Figure 5). In contrast, Ang Il infusion did not
alter tissue TxB,, PGF20, or PGD; (data not shown).

COX2 inhibition or gene disruption completely
blocked the Ang II-induced increase in renal medullary
PGE; and 6-keto-PGF1a. In contrast, COX1 gene dis-
ruption did not prevent Ang II-stimulated renal
medullary PGE; and 6-keto-PGF1o production. These
data show that Ang II stimulates the production of
renal medullary PGE; and PGI; production through a
COX2-dependent mechanism.

Distinct effects of COX1 and COX2 on urine volume and sodi-
um excretion. Increased urine sodium and water excre-
tion constitute a critical renal adaptation to hyperten-
sion, which normally corrects blood pressure (29, 39).
The role of COX1 and COX2 activity in modulating
renal water and electrolyte excretion was examined in
anesthetized mice. Acute intravenous infusion of the
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Figure 6

(a and b) Effect of isozyme-selective COX inhibition on urinary volume (UV) (a) and sodium excretion (UNaV) (b). Urinary volume and sodi-
um excretion were significantly reduced in mice receiving acute infusion of the COX2 inhibitor SC58236 (squares, n = 7) over 30 minutes,
but not the COX1 inhibitor SC58560 (triangles, n = 5). *P < 0.05 vs. base-line; #P < 0.05 vs. the COX1 inhibitor. (c) The change in UV fol-
lowing acute Ang Il infusion and sequential addition of Ang Il plus a COX2 inhibitor in mice orally pretreated with the COX1 inhibitor (tri-

angles, n=12), COX2 inhibitor (squares, n = 8), and vehicle-treated controls (circles, n = 6). *P < 0.05 vs. base-line; #P < 0.05 vs. control or

COX1 inhibitor-pretreated mice; tP < 0.05 in controls and mice pretreated with COX1 inhibitor vs. UV stimulated by Ang Il only.

The Journal of Clinical Investigation |

July2002 | Volume110 | Numberl

65



Table 1

Basal urine volume and basal urinary sodium excretion in mice pre-
treated 7 days with COX1 inhibitor, COX2 inhibitor, or vehicle, as
well as in COX1- and COX2-deficient mice

uv UNaV
(nl/min/g bw) (nEq/min/g bw)
Control (n=6) 189.83 +45.72 29.24 +15.98
COX1 inhibitor (n=12) 254.79 + 86.91 40.37 £15.95
COX2 inhibitor (n = 8) 43.24 + 23.7478 0.47 +7.398
COX1-/~(n=10) 129.74 +31.97 22.98 +13.65
COX27/-(n=8) 49.61 + 6.37¢ 11.56 + 6.30¢

UV, urinary volume; UNaV, sodium excretion. ANOVA analysis: AP < 0.05 vs.
control; BP < 0.05 vs. COX1 inhibitor. t test analysis: P < 0.05 vs. COX17/~.
bw, body weight.

66

COX1 inhibitor in control mice did not significantly
change either urine volume or urinary sodium excretion
(Figure 6, a and b). In contrast, both urine volume and
sodium were significantly reduced (P < 0.05) following
infusion of the COX2 inhibitor (Figure 6, a and b).
These effects appear to be sustained, since mice chron-
ically pretreated with the oral COX2 inhibitor exhibit-
ed reduced base-line urinary sodium excretion as com-
pared with control or COX1 inhibitor-pretreated mice
(Table 1). Similarly, basal urine volume and sodium
excretion were significantly reduced in COX2 knockout
mice versus COX1 knockout mice (Table 1).

Pretreatment with the COX2 inhibitor also signifi-
cantly blunted the natriuresis and diuresis following
Ang II infusion (150 pmol/kg/min) (Figure 6c), as
compared with the COX1 inhibitor or vehicle treat-
ment. This occurred despite the fact that MAP was
higher in Ang II-infused, COX2-inhibited mice than in
the other groups (Figure 2a). Finally, infusion of the
COX2 inhibitor in COX1-deficient or control mice
acutely reduced urine volume and sodium excretion
but had no additional effect on mice orally pretreated
with the COX2 inhibitor.

Biological activity of the COX1 inhibitor. Since the COX1
inhibitor did not significantly alter renal blood flow or
renal medullary prostaglandin production, we wished
to confirm the in vivo activity of this compound. The
capacity of SC58560 to inhibit gastric mucosal PGE,
synthesis was determined in microsomes harvested
from the same mice in which renal blood flow was
measured (Figure 7). COX1 knockout mice exhibit a
markedly reduced gastric mucosal PGE; production as
compared with controls, and this effect was reproduced
by either chronic oral pretreatment (7 days) or acute
intravenous infusion of the COX1 inhibitor (SC58560).
In contrast, neither oral pretreatment nor acute intra-
venous infusion of the COX2 inhibitor (SC58236)
reduced gastric mucosal PGE, production, confirming
the selectivity of the COX2 inhibitor used.

Discussion
The present studies were designed to elucidate the
respective contribution of COX1 and COX2 to the

maintenance of systemic blood pressure and renal
hemodynamics. These results define distinct and
opposing effects of COX1 and COX2 products on sys-
temic blood pressure response to Ang Il in anesthetized
mice. In control mice, Ang Il infusion caused a prompt
increase in MAP (Figure 2a), followed by a gradual
decline. The mechanism of the spontaneous fall in
blood pressure could relate to desensitization of the
Ang II receptors (40), or the synthesis of compensatory
vasodilators, such as nitric oxide, bradykinin, or
vasodepressor prostanoids (9, 41). In the presence of a
COX2 inhibitor, the initial increase in blood pressure
was accentuated, and the subsequent spontaneous
decline markedly attenuated.

Chronic COX2 inhibition may theoretically reduce
circulating levels of endogenous renin and Ang II,
thereby sensitizing the vasculature to the pressor
effects of exogenous Ang II infusion. Previous studies
have demonstrated that COX2 activity stimulates renin
synthesis and increases plasma renin activity; however,
this has been reported only in the setting of a low-salt
diet or angiotensin converting enzyme (ACE) inhibi-
tion (42-44). In the present studies, animals were not
on a low-salt diet, and there is little evidence that COX2
activity promotes renin synthesis in animals on a sodi-
um-replete diet (45-47). Furthermore, intravenous
infusion of a COX2 inhibitor acutely increased the
pressor effect of Ang II after its pressor effect was
already established (Figure 2a). These data are consis-
tent with a vasodepressor role for COX2-derived prod-
ucts. Acutely blocking the synthesis of these products,
dramatically enhances the pressor effects of AngII.

In mice lacking COX1 activity, Ang II transiently
induced a similar pressor response as seen in controls.
However, subsequently the MAP fell dramatically in
COX1-deficient mice. These results suggest that
COX1-derived products help sustain the pressor effects
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Figure 7

PGE; production in gastric mucosa from control, COX1-deficient,
and COX2-deficient animals. From left to right, the bars represent
PGE; level in controls (n = 4), COX1 knockout mice (COX17/-,n=10),
mice pretreated with the COX1 inhibitor for 7 days (n = 8), mice
receiving acute infusion of the COX1 inhibitor for 30 minutes (n=11),
COX2 knockout mice (n = 7), mice pretreated with the COX2 inhibitor
for 7 days (n = 8), and mice receiving acute infusion of the COX2
inhibitor for 30 minutes (n = 12). P < 0.05 in all three groups with
COX1 inhibition vs. controls, or vs. each group with COX2 inhibition.
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of Ang II. Previous studies examining Ang II-depend-
ent hypertension support a role for constrictor
prostanoids and have implicated PGH,, TxA;, or PGF;,
as potential mediators (48, 49). Other studies suggest
that PGE,; could also subserve this vasoconstrictor role
(16,17, 19, 50). The present studies now suggest that
these constrictor prostanoids may derive from COX1
as opposed to COX2. Interestingly, COX1 was not
detected by immunostaining in renal vessels including
outer medullary vascular bundles (Figure 4). Whether
COX1 is expressed in vascular resistance beds in other
tissues, or the hemodynamic effect of COX1 inhibitors
is mediated by inhibition of COX1 in circulating ele-
ments such as platelets, remains to be determined.
Identification of the COX1-derived prostanoids medi-
ating the vasoconstrictor action of Ang II, observed in
the present studies, awaits definition of the relevant
COX1-expressing tissues or vascular beds.

To gain further insight into the hemodynamic effects
of COX1 and COX2 inhibitors, renal cortical and
medullary blood flow was assessed using laser-Doppler
flowmetry. As reported in other species (51), infusion
of Ang II did not change MBF in untreated wild-type
mice. Surprisingly, COX1 deficiency did not affect
MBF either in the absence or in the presence of Ang IL
In contrast, Ang II significantly reduced MBF when
COX2 was inhibited by either SC58236 or gene dis-
ruption (Figure 3, b and d). Since Ang II infusion
increased MAP significantly more in these same COX2-
deficient animals, we conclude that COX2 inhibition
reduces renal MBF by increasing renal vascular resist-
ance, presumably accentuating Ang II-induced con-
striction of renal microvasculature (52). Conversely, in
control animals, the constrictor effects of Ang II are
countered by augmented production of COX2-derived
vasodilators, so MBF remains unchanged.

COX1 and COX2 are differentially localized in mouse
kidney, with COX1 predominating in the collecting duct
and COX2 predominating in medullary interstitial cells.
Ang II selectively stimulated PGE, and PGI, production
in the renal medulla. This was completely blocked by
COX2 deletion yet still occurred in COX1-deficient mice.
Taken together with immunolocalization of COX2 in
medullary interstitial cells and COX1 in the collecting
duct, it is plausible that Ang II only stimulates renal
medullary PGE; and PGI, via COX2 synthesis in inter-
stitial cells, which produces a renal medullary vasodila-
tor action. These data are consistent with in vitro stud-
ies showing that Ang I directly stimulates prostaglandin
synthesis in cultured renal medullary interstitial cells
(53). Accumulating evidence suggests that COX2 may
also be differentially responsible for systemic PGI, and
PGE; production in humans, whereas COX1 mediates
synthesis of thromboxane (15, 54, 55). Taken together
with the present data, COX2-derived PGI, or PGE,
might also mediate compensatory systemic vasodilation,
buffering the pressor effect of Ang II, while COX1-
derived constrictor prostanoids (perhaps an endoperox-
ide) might help sustain the pressor effects of Ang II.

Renal MBF has been intimately linked to the control
of systemic blood pressure and renal sodium excretion
(29). MBF positively correlates with and is a determi-
nant of renal salt excretion (29, 56). These considera-
tions are consistent with the present observations that
in addition to reducing MBF, acute infusion of a COX2
inhibitor dramatically reduced urine volume and sodi-
um excretion. COX1 was also abundantly expressed in
the renal medulla; however, in contrast to COX2 it pre-
dominates in the collecting duct, a major site of salt
and water absorption. Acute infusion of a COX1
inhibitor did not affect MBF, and despite its abundant
expression in the collecting duct, its inhibition did not
affect renal sodium or water excretion, or modify Ang
[I-induced diuresis or natriuresis. Since only COX2
inhibition decreased urine flow, its inhibition may
account for the sodium retention and edema associat-
ed with NSAIDs and COXIB use in humans (3). These
findings also suggest that reduced renal MBF could
contribute to salt retention.

Clinical use of COX2 inhibitors in humans may also
be complicated by the exacerbation of, and/or develop-
ment of, hypertension (2, 3). Increased urinary salt
excretion constitutes a critical adaptation, mitigating
the development of hypertension (39). The present
observations that COX2 inhibition blunts Ang
[I-induced natriuresis (Figure 6¢) suggest that COX2
generates prostaglandins that promote renal salt excre-
tion. It is well established that treatment of in vitro
microperfused medullary thick ascending limbs or col-
lecting ducts with basolateral PGE, inhibits NaCl
absorption in these segments (57-60). The demonstra-
tion that COX2 is expressed in medullary interstitial
cells adjacent to these segments, coupled with the
observation that Ang II stimulates renal medullary syn-
thesis of PGE; and PGI, via COX2, is consistent with a
model whereby Ang II promotes natriuresis, in part, via
a paracrine effect of PGE; inhibiting salt absorption by
collecting ducts and thick ascending limbs (57-60). By
blocking PGE; and PGI, synthesis, COX2 inhibitors
simultaneously enhance epithelial salt absorption and
further constrict vascular resistance beds. These events
could conspire to result in hypertension and edema in
humans. Whether the present findings, obtained in
anesthetized animals, will also pertain to hypertensive
models in conscious animals, or animals treated with
other vasopressors, remains to be determined.

The renal papilla receives less than 1% of total renal
blood flow primarily through the descending vasa
recta (29). This low flow rate translates into a hypox-
ic environment that, combined with ambient hyper-
tonicity, places significant stress on medullary cell via-
bility (61). Reduced MBF associated with use of COX2
inhibitors could contribute to our previous observa-
tions that combined dehydration and COX2 inhibi-
tion cause apoptosis of medullary interstitial cells (32,
62). Similar circumstances could contribute to
NSAID-associated papillary necrosis or analgesic
nephropathy in humans (63).
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Selectivity of the COX1 inhibitor SC58560 and the
COX2 inhibitor SC58236 used in the present studies
has been demonstrated in vitro (14, 62, 64). In vivo
studies documented selective inhibition of COX1-
mediated rat gastric mucosal PGE; production by
SC58560 (14) with a trivial effect on COX2-mediated
LPS-stimulated PGE, production (14, 65). In the pres-
ent studies, we demonstrated that either acute infusion
or chronic oral pretreatment with the COX1 inhibitor
dramatically inhibited gastric PGE, production com-
pared with control (Figure 7). In contrast, pretreatment
with the COX2 inhibitor did not inhibit PGE, synthe-
sis by gastric mucosa. Finally, effects of the COX1 and
COX2 inhibitors were specific, since they were faith-
fully reproduced in COX2 and COX1 knockout mice.
Although interpretation of renal function in COX2-/-
mice could be complicated by the associated renal cor-
tical dysplasia (35), the fact that nearly identical results
were obtained in mice with normal kidneys treated
with SC58236 mitigates this concern. The present data
further confirm the in vivo selectivity of these two COX
isozyme-selective inhibitors.

The present studies demonstrate divergent effects of
COX1 and COX2 activity on the responses of systemic
and renal hemodynamics to Ang II in anesthetized
mice. It remains to be determined whether the effects
of COX isozyme-selective inhibitors and gene deletion
also apply to the acute regulation of hemodynamics in
conscious animals and animal models of chronic
hypertension. In addition, the mice used in the present
study were female. Further studies will also be needed
to determine whether COX1 or COX2 activity modu-
lates the hemodynamic response to Ang II similarly in
male mice, or other strains of mice.

In summary, the present studies define distinct roles
for COX1 and COX2 in regulating blood pressure and
renal function in anesthetized mice. Rather than func-
tionally synergizing or supplementing each other, the
hemodynamic effects of COX2- and COX1-derived
prostanoids appear to oppose each other. COX2 inhibi-
tion enhanced and prolonged the vasopressor effect of
AngII, while COX1 inhibition diminished the pressor
effect of Ang II. COX2 inhibition was associated with
decreased Ang II-stimulated renal PGE; and PGI, pro-
duction. Renal MBF, urine volume, and sodium excre-
tion were all significantly reduced by COX2 but not
COX1 inhibition. These findings support the conclu-
sion that COX2 rather than COX1 inhibition con-
tributes to the development of hypertension, salt reten-
tion, and edema associated with NSAID use.
Furthermore, these findings suggest that selective
COX1 inhibitors could exhibit a favorable cardiovascu-
lar profile, simultaneously reducing blood pressure and
inhibiting platelet-dependent microthrombotic events.
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