
Introduction
The role of cyclooxygenase (COX) metabolites of arachi-
donic acid in the pathogenesis of diabetic nephropathy
has been suggested in a number of clinical and experi-
mental studies. In 1985, Schambelan et al. (1) demon-
strated an increase in conversion of exogenous arachi-
donate to prostaglandin E2 (PGE2), prostaglandin F2α,
prostaglandin D2, and thromboxane B2 (TxB2) in
glomeruli from diabetic rats. In the early stages of
nephropathy, vasodilatory prostaglandins, such as
PGE2 and prostacyclin, have been implicated in medi-
ating alterations in renal hemodynamics in humans
with type 1 diabetes (2–5), as well as in experimental
models of diabetes (6–10). Furthermore, inhibition of
actions of the vasoconstrictor prostanoid thromboxane
A2 (TxA2) has been associated with amelioration of renal
hemodynamic and structural changes and albuminuria
in experimental and clinical diabetes (11–14).

Two isoforms of COX have been identified, COX-1
and COX-2. COX-1 is constitutively expressed in most
tissues. In the normal adult kidney, COX-1 has been
localized to arteries and arterioles, glomeruli and col-
lecting ducts (15). In contrast, COX-2 operates as an
inducible enzyme with low or undetectable levels in
most tissues, and its expression can be markedly
increased by a number of inflammatory, mitogenic,
and physical stimuli (16–18). Although considered to

be an inducible enzyme, COX-2 is constitutively
expressed in occasional renal cells of the thick ascend-
ing loop of Henle (TALH) and in the region of the mac-
ula densa (MD) of the rat kidney, and in podocytes in
the human kidney (18–21). Both COX isoforms metab-
olize arachidonic acid to generate prostaglandins (PGs)
and thromboxanes. Recent evidence has suggested that
COX-2–derived PGs play a role in physiological regula-
tion in the normal kidney, being involved in modula-
tion of afferent arteriolar vasoconstriction after stimu-
lation of tubuloglomerular feedback (TGF) (22),
attenuation of myogenic afferent responses to increas-
es in renal perfusion pressure (RPP) (23), and stimula-
tion of renin release (24–26).

Renal hemodynamic changes early in the course of
clinical and experimental diabetes are characterized by
elevations in glomerular filtration rate (GFR). On the
single-nephron level, the major renal hemodynamic
alteration in diabetes has been identified as dispropor-
tionally decreased afferent arteriolar resistance (27–29),
resulting in elevated glomerular capillary pressure (PGC)
(27, 28). Although the underlying causes for these
abnormalities remain elusive, decreased activity of TGF
(30–32) and impaired myogenic responses to changes
in RPP (33) have been suggested as possible mecha-
nisms contributing to the pathogenesis of renal hemo-
dynamic changes in diabetes. Furthermore, the role of
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the renin-angiotensin system (RAS) in the pathogene-
sis of nephropathy has been well established, although
not completely understood (34).

Although the contribution of eicosanoids to the
pathogenesis of hemodynamic and structural changes
in the diabetic kidney seems to be well established, the
role of individual COX isoenzymes in this process
remains unknown. With respect to its physiological
actions, we hypothesized that COX-2 could be an iso-
form involved in increased production of eicosanoids in
diabetes and thus play a role in diabetes-induced renal
hemodynamic alterations. To address this issue we
explored renal cortical tissue COX-2 expression and
renal and systemic hemodynamic responses to the selec-
tive COX-2 inhibitor, NS398, in control and diabetic
rats. To further elucidate the role of COX isoforms in the
development of diabetic nephropathy, effects of selective
inhibition and renal expression of COX-1 also have been
determined in an additional group of diabetic rats.

Methods
The diabetic rat model. Studies were conducted in adult
male Sprague-Dawley rats with initial weights of approx-
imately 300 g. The rats were made diabetic by intraperi-
toneal injection of streptozotocin (Sigma Chemical Co.,
St. Louis, Missouri, USA), 65 mg/kg body weight. Three
days later, induction of diabetes was confirmed by meas-
urements of tail blood glucose (BG) level using a
reflectance meter (One Touch II; Lifescan, Milpetas, Cal-
ifornia, USA). Diabetic rats received daily evening injec-
tions of ultralente insulin (Iletin II; Eli Lilly and Co.,
Indianapolis, Indiana, USA) in doses individually adjust-
ed to maintain BG levels between 200 and 300 mg/dl
(11–17 mmol/l). A subgroup of diabetic rats received
intensive insulin treatment (4 U of ultralente insulin,
twice daily) to achieve near-normal metabolic control.
BG levels were monitored at least weekly in all diabetic
rats. All studies were performed after 4 to 5 weeks’ dura-
tion of diabetes. Age-matched (protein expression and
prostanoid-excretion studies) and weight-matched
(hemodynamic studies) nondiabetic Sprague-Dawley
rats served as controls. All rats were fed standard rat
chow (Rodent Laboratory Chow 5001; Ralston Purina,
Richmond, Indiana, USA) ad libitum. These studies were
approved by the Portland Veteran Affairs Institutional
Animal Care and Use Subcommittee.

Immunoblotting and immunohistochemistry. Groups of
control rats, moderately hyperglycemic diabetic rats,
and diabetic rats on intensive insulin treatment were
anesthetized with intraperitoneal injection of metho-
hexitone (Brevital; 50 mg/kg). The abdominal aorta
was exposed by a midabdominal incision and cannu-
lated 5 mm above the bifurcation with a PE-50 catheter.
After collection of blood samples for determination of
glucose level and glycosylated hemoglobin (HbA1c),
the right kidney was removed, decapsulated, divided
into cortical and medullary portions, and snap-frozen
in liquid nitrogen for Western blot analysis. The left
kidney was then perfused with ice-cold PBS (30 ml),

excised, and immersed in 10% formalin. The fixed kid-
neys were dehydrated through a graded series of
ethanols, embedded in paraffin, sectioned at 4 µm
thickness, and placed onto glass slides.

Immunoblotting. Kidney cortices were finely minced
and then disrupted in a glass-glass motor-driven
Kontes tissue homogenizer in 10 mM Tris, 1 mM
EDTA, 20 µg/ml leupeptin, 20 µg/ml benzamidine,
and 40 µg/ml PMSF. Homogenates were centrifuged at
500 g for 15 minutes at 4°C, and the resulting nuclei-
free supernatant was centrifuged at 100,000 g for 60
minutes at 4°C. The total protein content of each
resulting pellet (microsome) was equalized by dilution
in SDS-PAGE sample buffer and incubated for 5 min-
utes at 97°C. Denatured proteins (20 µg) were then
separated through an SDS-polyacrylamide (8%) gel and
transferred to PVDF membranes (Bio-Rad Laboratories
Inc., Hercules, California, USA). Membranes were
extensively washed with Tris-buffered saline (TBS-T; 
10 mM Tris, 150 mM NaCl, 0.05% Tween-20) and then
blocked overnight with TBS-T containing 5% nonfat
dry milk. After blocking, membranes were again exten-
sively washed with TBS-T and incubated overnight
with a rabbit polyclonal anti-murine COX-2 or COX-1
antisera (Cayman Chemical, Ann Arbor, Michigan,
USA) diluted 1:800 in TBS-T. Immunodetection was
accomplished by incubating membranes with a goat
anti-rabbit IgG secondary Ab conjugated with horse-
radish peroxidase (HRP) for 45 minutes (1:100,000;
Pierce Chemical Co., Rockford, Illinois, USA) in TBS-T
containing 5% nonfat dry milk. Visualization was per-
formed with an enhanced chemiluminescence (ECL)
Western blotting kit (Supersignal West Dura; Pierce
Chemical Co.) according to the manufacturer’s instruc-
tions. Resultant films (Eastman Kodak Co. Scientific
Imaging Systems, New Haven, Connecticut, USA) were
scanned using a flatbed scanner and images analyzed
with NIH Image software with the gel-plotting macro.
The membranes were then stripped in stripping buffer
(Chemicon International, Temecula, California, USA)
for 15 minutes at room temperature, blocked for 30
minutes in a blocking buffer provided by the manufac-
turer, and reincubated for 1 hour at room temperature
with goat anti-actin Ab (Santa Cruz Biotechnology Inc.,
Santa Cruz, California, USA), followed by 45-minute
incubation with anti-goat IgG secondary Ab conjugat-
ed with HRP (1:4000; Amersham Pharmacia Biotech,
Piscataway, New Jersey, USA), and the reaction was
visualized with ECL as described above.

Immunohistochemistry. The same antisera as described
above (Cayman Chemical) were used for immunohis-
tochemical detection of renal COX-2 and COX-1. Sec-
tions were deparaffinized in xylene, rehydrated
through graded ethanols to water, and pretreated by
steaming in 10% CITRA buffer (BioGenex Laboratories,
San Ramon, California, USA). After being treated with
protein-blocking solution, the slides were incubated
overnight at 4°C with primary Ab (diluted 1:200) or
with the same concentration of nonimmune rabbit IgG
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as a control. Endogenous peroxidase activity was
blocked with 3% H2O2 solution in methanol. The pri-
mary Ab was localized using the Vectastain ABC-Elite
peroxidase detection system (Vector Laboratories,
Burlingame, California, USA). This was followed by
reaction with diaminobenzidine as chromogen and
counterstaining with hematoxylin (Sigma Chemical
Co.). Sections of each diabetic kidney were processed in
parallel with appropriate control tissue.

Design of hemodynamic studies. To explore the acute sys-
temic and renal hemodynamic effects of COX-2 inhibi-
tion, control and diabetic rats were studied before and
after administration of the specific COX-2 inhibitor
NS398 (Cayman Chemical). In addition, effects of
valeryl salicylate (VS) (Cayman Chemical), a selective
COX-1 inhibitor (35), were also evaluated in a separate
group of diabetic rats. BG level was measured preceding
and just before the completion of the experiments. After
the surgical preparation described below and after 90
minutes of equilibration, all rats underwent baseline
measurements of mean arterial pressure (MAP), GFR,
renal plasma flow (RPF), renal vascular resistance
(RVR), urinary flow (UF), and urinary sodium (UNaV).
Thereafter, rats received a continuous 10-minute infu-
sion of NS398 (0.3 mg/kg) or VS (6 mg/kg body weight)
in 10% ethanol in 0.9% NaCl heated to 37°C or the same
volume of vehicle (10% ethanol in 0.9% NaCl, 100 µl;
vehicle 1), and all measurements were repeated to assess
changes from baseline. When these measurements were
completed, effects of a higher dose of NS398 or VS (1.5
mg/kg and 30 mg/kg body weight) were assessed in a
similar manner including the effects of vehicle alone
(vehicle 2). Since there has been scarce information on
the hemodynamic effects of systemic NS398 adminis-
tration, the choice of the lower dose was based on stud-
ies showing that dose as the ED50 for the anti-inflam-
matory effect of the inhibitor in the rat (36). According
to the same report, both doses of NS398 used in the
present studies were at least 20 times below the range in
which the loss of specificity for COX-2 could be expect-
ed. To our knowledge, VS has not yet been tested in in
vivo hemodynamic studies. Considering the higher
ED50 of VS for COX-1 than of NS398 for COX-2, we
chose an approach similar to that of Traynor et al. (26),
using, on the molar basis, an approximately 10 times
higher dose of VS than NS398. MAP was continuously
monitored throughout the study. The values obtained
at mid–time points of each clearance period were used
for statistical analysis.

Surgical preparation and functional studies. Rats were
anesthetized with Inactin (100 mg/kg intraperitoneal-
ly) and placed on a temperature-regulated table. The
left femoral artery was catheterized, and a baseline
blood collection was obtained for measurements of
hematocrit (Hct) and inulin and para-aminohippurate
(PAH) “blanks”. This arterial catheter was used for sub-
sequent periodic blood sampling and measurement of
MAP using an electronic transducer connected to a
direct-writing recorder. After tracheostomy, jugular

venous catheters were inserted for infusions of inulin,
PAH, and plasma. Intravenous infusions of rat plasma
and 10% inulin solution in 0.9% NaCl were started at
rates of 6.0 and 1.2 ml/h, respectively. PAH was added
to the inulin solution at a concentration of 0.8%. The
left ureter was catheterized for urine collection. Euv-
olemia was maintained by infusing isooncotic rat
serum at 6 ml/h in a total amount equal to 1% of the
body weight, followed by a reduction in infusion rate
to 1.6 ml/kg/h to maintain Hct constant. Diabetic rats
received extra saline to match the excessive urinary loss-
es during the procedure. Timed samples of urine (∼15
minutes) were collected for determination of flow rate
and inulin and PAH concentrations. Arterial blood
samples were taken at the mid–time point of each peri-
od for determinations of Hct and plasma concentra-
tions of inulin and PAH. These measurements permit-
ted calculation of GFR (inulin clearance), RPF (PAH
clearance), filtration fraction (FF), and RVR by stan-
dard formulas. After experiments, aortic blood was
taken in a chilled syringe and then subdivided into
tubes containing EDTA (plasma renin concentration;
PRC), or heparin coating (HBA1c). The left kidney was
rapidly excised and weighed.

Urinary excretion of COX metabolites. Control and
moderately hyperglycemic diabetic rats underwent
baseline timed (6–8 hour) urine collections for meas-
urements of urinary excretion of PGE2 and TxB2. Two
days after baseline collections, diabetic rats were ran-
domized to receive single subcutaneous injections of
NS398 (1.5 mg/kg in 100 µl DMSO, n = 5), VS (30
mg/kg in 100 µl DMSO, n = 5), or DMSO vehicle
alone (n = 5). Control nondiabetic rats (n = 4) were
injected with DMSO, and the urine collections were
then repeated. The urine was collected in volumetric
tubes immersed in a mixture of ice and dry ice. After
completion of collections, the urine was immediately
stored at –70°C and kept until further analysis.

Analytical methods. Inulin concentrations in plasma and
urine were measured using a macroanthrone method,
and PAH levels were measured spectrophotometrically.
HBA1c was determined by affinity column chromatog-
raphy (Glyco-Gel B; Pierce Chemical Co.). Plasma renin
concentrations were measured by diluting rat plasma
with maleate buffer, pH 6.0, and adding 100 µl of rat
anephric plasma mixed with 20 µl/ml dimercaprol and
8-hydroxyquinoline for a total of 600 µl. The sample was
separated into two parts for 4°C and 37°C incubation
for 1 hour and assayed according to the angiotensin I
RIA Kit protocol (NEN Life Science Products Inc.,
Boston, Massachusetts, USA). Urinary PGE2 and its
metabolites were analyzed using enzyme immunoassay
(EIA; Cayman Chemical) after conversion to bicyclo-
PGE2 according to the manufacturer’s instructions. Uri-
nary concentrations of TxB2, a stable metabolite of TxA2,
were analyzed by EIA (Amersham Pharmacia Biotech).

Statistical analysis. Data are expressed as mean ± SEM.
All analyses were performed by ANOVA followed by a
Scheffé test. Differences in responses to treatments
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between control and diabetic rats were tested by two-
way repeated-measures ANOVA, using Statview SE
and Graphics software (Brainpower, Calabasas, Cali-
fornia, USA). A P value of less than 0.05 was viewed 
as statistically significant.

Results
Renal cortical COX expression studies. Diabetic rats demon-
strated lower weight gain, renal hypertrophy assessed
by the left kidney weight and kidney/body weight ratio,
and increased BG and HBA1c levels as compared with
controls (Table 1, P < 0.01). In diabetic rats on intensive
insulin treatment, kidney hypertrophy, BG, and HBA1c
were markedly reduced (P < 0.01 vs. moderately hyper-
glycemic rats), although the BG and HBA1c values
remained higher than in control animals (P < 0.05).
Western blot analysis revealed increased expression of
COX-2 immunoreactive protein in the renal cortex of
diabetic rats as compared with control animals or dia-
betic rats on intensive insulin treatment (P < 0.05, Fig-
ure 1). In control rats, immunohistochemical staining
localized COX-2 immunoreactivity in sporadic indi-
vidual MD cells and cells of TALH (Figure 2). In con-
trast, diabetic kidneys demonstrated immunostaining
of multiple cells in MD regions and clusters of COX-
2–positive non-MD cells of TALH (Figure 2). Further-
more, COX-2 immunoreactivity was detectable in occa-
sional podocytes both in control and diabetic rats. In
intensively treated diabetic rats, cortical immunohis-

tochemical expression of COX-2 resembled findings in
controls (Figure 2). In contrast to COX-2, control and
diabetic rats and diabetic rats on intensive insulin treat-
ment demonstrated no differences in COX-1 cortical
protein expression (Figure 1). Immunohistochemical
studies showed expression of COX-1 protein in collect-
ing ducts. There were no differences in distribution or
intensity of immunostaining of renal COX-1 in the
three groups of rats (data not shown).

Hemodynamic studies. General characteristics of rats
undergoing hemodynamic studies are shown in Table 1.
Body weights and hematocrits were similar in all groups
of rats. Diabetic rats had renal hypertrophy, moderate
hyperglycemia, and an increase in HBA1c (P < 0.001).
Effects of COX inhibitors on blood pressure and renal
hemodynamics are shown in Table 2 and Figure 3. No
significant changes in MAP were observed with vehicle
or with NS398 (Table 2). Diabetic rats demonstrated
baseline increases in GFR (P < 0.001 vs. control) and FF
(P < 0.05 vs. control) (Figure 3), whereas baseline RPF
and RVR were similar in all groups. No significant
changes in GFR in response to COX-2 inhibition were
observed in control rats. In contrast, the higher dose of
NS398 reduced GFR in diabetic rats (P < 0.01 vs. basal
and NS398 0.3 mg/kg). In diabetic rats, the post-treat-
ment GFR was not different from controls. Since the
RPF was not influenced by the NS398 treatment, FF
decreased markedly in diabetic rats (P < 0.05 vs. basal and
NS398 0.3 mg/kg). In diabetic rats receiving the COX-1

892 The Journal of Clinical Investigation | April 2001 | Volume 107 | Number 7

Table 1
General characteristics of control and diabetic rats

Group n BWT LKW LKW/BWT BG HBA1c Hct
(g) (g) (100 g BWT) (mg/dl) (%)

Protein expression studies
C 5 392 ± 7 1.41 ± 0.03 0.36 ± 0.01 93 ± 8 3.0 ± 0.1
D 5 312 ± 22C 2.18 ± 0.31A,B 0.71 ± 0.11A,B 401 ± 39A,B 9.8 ± 0.3A,B

D-IIT 4 331 ± 20C 1.38 ± 0.04 0.42 ± 0.01 127 ± 9C 4.1 ± 0.1C

Hemodynamic studies
C-VE 9 341 ± 7 1.30 ± 0.10 0.38 ± 0.02 92 ± 4 3.7 ± 0.3 0.42 ± 0.01
C-NS398 6 343 ± 5 1.25 ± 0.04 0.37 ± 0.01 95 ± 7 4.8 ± 0.1 0.41 ± 0.01
D-VE 8 350 ± 13 1.83 ± 0.14A 0.52 ± 0.03A 320 ± 17A 9.2 ± 0.9A 0.43 ± 0.01
D-NS398 10 350 ± 8 1.90 ± 0.11A 0.54 ± 0.03A 314 ± 15A 8.8 ± 0.6A 0.42 ± 0.01
D-VS 7 362 ± 4 1.79 ± 0.14A 0.49 ± 0.04A 264 ± 24A 9.2 ± 0.4A 0.42 ± 0.01

C, control; D, diabetes; VE, vehicle; IIT, intensive insulin treatment; VS, valeryl salicylate; BWT, body weight; LKW, left kidney weight; BG, blood glucose; HBA1c,
glycosylated hemoglobin; Hct, hematocrit. AP < 0.001 vs. control; BP < 0.01 vs. D-IIT; CP < 0.05 vs. C.

Figure 1
Expression of COX-2 and COX-1 immunoreactive proteins,
shown as COX/actin ratio, in renal cortex of control (C; n = 5),
moderately hyperglycemic diabetic rats (DM; n = 5), and dia-
betic rats on intensive insulin treatment (DM-IT; n = 4). Mod-
erately hyperglycemic diabetic rats demonstrated an increase in
cortical COX-2 expression as compared with control rats. This
was reversed by improved metabolic control in diabetic rats on
intensive insulin treatment. No differences in COX-1 expression
were found between control and diabetic rats. AP < 0.05.



inhibitor VS, the low dose (6 mg/kg) was the highest tol-
erated by all rats. In some rats (30%), administration of a
higher dose (30 mg/kg) caused severe hypotension, fol-
lowed by respiratory arrest and death within 5 minutes
after the start of infusion. An autopsy of those animals
revealed no gastrointestinal or other bleeding. On the
contrary, enhanced blood clotting was observed at the
tip of the venous catheter during the infusion of the
higher dose of VS. Therefore, we can not exclude pul-
monary embolization as a cause of death in those ani-
mals. In rats that remained hemodynamically stable dur-
ing the infusion of the higher dose of VS,
the MAP and renal hemodynamics did not
significantly change from baseline.

The data for UF and UNaV are summa-
rized in Table 2. Diabetic rats exhibited
polyuria throughout the experimenta-
tion as compared with controls (P < 0.01).
The UF remained stable in vehicle-treat-
ed control, as well as in vehicle-treated
diabetic animals and in diabetic animals
treated with COX-1 inhibitor. In con-
trast, a gradual decrease in UF was noted
in NS398-treated diabetic rats, with a sig-
nificant difference after the higher dose
of the inhibitor (P < 0.05 vs. baseline and
NS398 0.3 mg/kg). The trend in UF was
different between the vehicle-treated and
NS398-treated diabetic animals as as-
sessed by two-way repeated-measures
ANOVA (P < 0.05; F = 3.33). There were
no baseline differences in UNaV between

the control and diabetic rats. In the control rats,
NS398 induced a gradual decrease in this parameter
with a significantly lower value after the higher dose
of the inhibitor as compared with baseline (P < 0.05)
and corresponding period of the vehicle-treated con-
trol rats (P < 0.05). Although not significantly reduced
as compared with baseline, the UNaV after the lower
dose of NS398 was already different from vehicle-
treated control animals (P < 0.05). A similar, although
not statistically significant, trend in UNaV was
observed in NS398-treated diabetic rats. After the
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Figure 2
Localization of immunoreactive COX-2 in MD (a and b, arrows) and in non-MD tubular cells (c and d, arrows) of control (a and c) and diabetic
rats (b and d). In control rats, COX-2 immunoreactivity was present in occasional cells. In contrast, diabetic kidneys demonstrated immunos-
taining of groups of cells both in MD regions and non-MD cells of TALH. COX-2 was also detected in occasional podocytes (arrowheads) both
in control (a) and diabetic glomeruli (b). Findings in diabetic rats on intensive insulin treatment resembled those in control rats (e). ×400.

Table 2
Effects of NS398 on renal excretory functions and plasma renin concentration in
control and diabetic rats

MAP UF UNaV PRC
(mmHg) (µl/min) (µmol/min) (ng Ang I/ml/h)

C-VE Basal 113 ± 3 7.6 ± 0.8 0.51 ± 0.37
Vehicle 1 115 ± 3 7.0 ± 1.0 0.50 ± 0.10
Vehicle 2 113 ± 2 6.8 ± 1.0 0.56 ± 0.20 58 ± 15

C-NS398 Basal 118 ± 5 5.1 ± 0.5 0.29 ± 0.17
NS398 0.3 119 ± 5 4.5 ± 0.3 0.16 ± 0.07
NS398 1.5 115 ± 10 4.5 ± 0.4 0.11 ± 0.07A,B 72 ± 25

D-VE Basal 109 ± 5 17.2 ± 4.5C 0.52 ± 0.14
Vehicle 1 111 ± 5 18.8 ± 5.0C 0.69 ± 0.15
Vehicle 2 113 ± 8 20.1 ± 7.4C 0.91 ± 0.22 45 ± 13

D-NS398 Basal 116 ± 5 25.8 ± 6.0C 0.31 ± 0.06
NS398 0.3 123 ± 4 22.2 ± 6.6C 0.45 ± 0.18
NS398 1.5 114 ± 6 18.8 ± 7.3A,C 0.28 ± 0.13B 28 ± 6D

D-VS Basal 120 ± 2 23.1 ± 6.0C 0.67 ± 0.26
VS 6.0 122 ± 3 28.9 ± 6.6C 0.91 ± 0.33

VS 30.0 125 ± 4 30.2 ± 10.9C 0.68 ± 0.23 37 ± 9

Values are mean ± SE. Group abbreviations are as in Table 1. AP < 0.05 vs. basal; BP < 0.05 vs.
vehicle-treated animals; CP < 0.01 vs. control animals; DP < 0.05 vs. C-NS398.



higher dose of the inhibitor, these rats demonstrated
lower UNaV as compared with their vehicle-treated
counterparts (P < 0.05). There were no significant
changes in diuresis and natriuresis associated with
administration of VS. Plasma renin concentrations,
determined after the completion of renal hemody-
namic studies, are shown in Table 2. No differences in
PRC were found when control or diabetic animals,
treated with NS398 or VS, were compared with vehi-
cle-treated counterparts. However, there was a signifi-
cant difference in PRC between the diabetic and con-
trol rats treated with NS398 (P < 0.05).

Urinary excretion of PGE2 and TxB2. Diabetic rats
demonstrated moderate hyperglycemia (baseline: 266
± 12 ; post-treatment: 271 ± 15 mg/dl). There were no
significant differences in mean BG values between the
groups of diabetic rats determined before measure-
ments of baseline PGE2 and TxB2 excretion (data not
shown). Effects of COX-2 and COX-1 inhibitors on uri-
nary excretion of PGE2 and TxB2 are summarized in
Figure 4. At baseline, all groups of diabetic rats had
increased excretion of PGE2 as compared with nondia-
betic animals. Excretion of TxB2 in individual diabetic
groups was not significantly increased. However, when
pooled together, TxB2 excretion in diabetic rats was sig-
nificantly higher than in controls (P < 0.05). Both
NS398 and VS induced marked, similar decreases in
urinary excretion of PGE2 (P < 0.05). In contrast, TxB2

excretion was reduced only in diabetic rats treated with
COX-2 inhibitor (P < 0.05). Unlike the intravenous
administration of VS used in hemodynamic studies,
subcutaneous administration of the agent was well tol-
erated in all animals. No changes in urinary excretion
of PGE2 or TxB2 were observed in control and diabetic
rats treated with vehicle.

Discussion
In the present study we report an increase in COX-2 pro-
tein expression in the renal cortex of moderately hyper-
glycemic diabetic rats as compared with nondiabetic
control animals. Furthermore, this increase in COX-2
expression in diabetic rats was normalized by improved
metabolic control, indicating the causal role of the dia-
betic state in the genesis of this abnormality. In accor-
dance with previous findings by other investigators (18,
21), COX-2 immunostaining in the kidneys of control
rats was detectable only in occasional cells of MD,
TALH, and glomeruli. In diabetic rats, renal COX-2
immunoreactivity was observed in the same regions as
in control animals; however, intense COX-2 immunos-
taining was found in clusters and groups of cells, par-
ticularly in MD regions. Corresponding to previous
observations (37), we found no differences in cortical
expression of COX-1 between control and diabetic rats.

Having observed increased COX-2 protein expression
in cortices of diabetic rats, we embarked on further stud-
ies exploring whether the tissue changes also have a
pathophysiological impact in modulating renal hemo-
dynamics in diabetes. Acute systemic inhibition of 
COX-2 with the specific inhibitor NS398 had no impact
on renal hemodynamics and blood pressure in control
rats. In contrast, NS398 caused a modest decrease in
GFR in diabetic animals. The RPF remained stable in
diabetic animals, resulting in a decrease in FF. As in the
control rats, no significant changes in MAP were
observed in response to the COX-2 inhibitor. Masferrer
and coworkers (36) showed remarkable selectivity of
NS398 for COX-2 in doses as high as 30 mg/kg in the
rat. Therefore, the contribution of COX-1 inhibition to
our observed effects of NS398, should be negligible.
However, those studies (36) were conducted in an exper-
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Figure 3
Effects of acute selective COX-2 inhibition with NS398 (Period I, 0.3
mg/kg; Period II, 1.5 mg/kg) or vehicle on GFR, RPF, FF, and RVR in
control and diabetic rats. As shown in the left panels, NS398 induced
no changes in renal hemodynamics in control rats. By contrast, dia-
betic rats responded to COX-2 inhibition with significant decreases in
GFR and FF. Right panels depict disparate renal hemodynamic
responses induced by COX-2 and COX-1 inhibitors in diabetic rats.
Unlike NS398, administration of VS (Period I, 6 mg/kg; Period II, 30
mg/kg) did not influence GFR. Open squares, control vehicle-treated
rats; filled diamonds, control rats treated with NS398; open circles,
diabetic vehicle-treated rats; filled triangles, diabetic rats treated with
NS398; open diamonds, diabetic rats treated with VS. AP < 0.05 vs.
basal; BP < 0.001 vs. basal; CP < 0.05 vs. diabetic rats treated with VS.



imental model of inflammation, and COX-1 involve-
ment was assessed by the incidence of development of
lesions in gastric mucosa. The selectivity of NS398 has
not been sufficiently tested in hemodynamic and renal
studies. To further elucidate the role of individual COX
isoforms in the pathogenesis of diabetic hyperfiltration
and to discriminate the possible contribution of COX-1
inhibition to the effects of NS398, we determined sys-
temic and renal hemodynamic responses to the selective
COX-1 inhibitor VS in an additional group of diabetic
rats. This intervention did not influence renal and sys-
temic hemodynamics. In this context, the COX-2
inhibitor NS 398 seems to possess an ability to selec-
tively target the renal microcirculatory imbalance char-
acteristic for early stages of diabetic nephropathy (27,
38). The decrease in GFR observed in diabetic rats cor-
responds to some, but not all (39), previous clinical (2–4)
and experimental (7–10) studies with nonspecific COX
inhibitors. Our data suggest that the major part of these
effects has been induced via COX-2 inhibition.

We assumed that COX-2–derived vasodilatory PG
influenced predominantly afferent arteriolar tone in
diabetic animals. Having performed whole-kidney
hemodynamic studies, we can only indirectly address
renal microcirculatory changes induced by COX-2 inhi-
bition. However, the changes observed after NS398
infusion suggest that the renal microcirculatory effects
of COX-2 inhibition in diabetes are more complex. The
decrease in GFR was accompanied by stable values in
RPF and RVR. Therefore, a decrease in postglomerular
vascular tone must have been involved in the effects of
NS398. Since COX-2 is also involved in generation of
TxA2, a potent constrictor of glomerular arterioles and
mesangial cells (40), it is conceivable that the hemody-
namic effects of NS398 were also mediated by
decreased generation of this metabolite. This interpre-
tation is supported by the analysis of urinary excretion
of PGE2 and TxB2 before and after selective inhibition
of COX isoforms. Diabetic rats excreted increased
amounts of PGE2. A significant difference in baseline
TxB2 excretion between diabetic and control rats was
observed only after pooling the data of all diabetic rats
studied in this protocol. The absence of a large increase
in TxB2 excretion at this early time point is in accord
with earlier studies by Craven and DeRubertis (11, 41).
Although increased TxB2 urinary excretion is present
in rats with severe diabetes and no insulin treatment
early in the course of diabetes, significantly elevated
urinary TxB2 excretion in moderately hyperglycemic
rats may not be detectable until 3 months after induc-
tion of diabetes. Both COX-1 and COX-2 inhibitors
induced marked decreases in urinary excretion of PGE2.
However, only COX-2 inhibition was associated with a
significant reduction of urinary TxB2. Using severely
hyperglycemic rats, Uriu et al. (12) reported a decrease
in FF and a preservation of renal blood flow in diabet-
ic rats treated with a selective TxA2 inhibitor. In the
present study, renal hemodynamic responses to NS398
in diabetic rats resembled those observed after TxA2

inhibition. The use of the moderately hyperglycemic
model of diabetes lacking the early increase in urinary
TxB2 does not preclude a contribution of TxA2 inhibi-
tion to the renal effects of NS398 at this stage of exper-
imental diabetes. Of note, neither COX-1 nor COX-2
inhibition caused reductions in RPF. A decrease in RPF
has been observed previously by some investigators in
diabetic rats treated with nonselective COX inhibitors
(7). Considering approximately 50% suppression of uri-
nary PGE2 excretion in response to isoform-selective
inhibitors in the present studies, as compared with
70–90% achieved by nonselective inhibitors (39, 42, 43),
this finding is not surprising. It appears that concomi-
tant inhibition of both isoforms is necessary to elicit
significant renal vasoconstriction in diabetic rats.

Several pathways have been identified linking the dia-
betic milieu with enhanced prostanoid production.
Activation of protein kinase C (PKC) by hyperglycemia
has been shown to activate phospholipase A2 and stim-
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Figure 4
Effects of COX-2 inhibitor NS398 (1.5 mg/kg) and COX-1 inhibitor
VS (VS, 30 mg/kg) on urinary excretion of PGE2 and TxB2 in diabet-
ic rats. Diabetic rats demonstrated increased baseline excretion of
PGE2 (P < 0.01) and TxB2 (P < 0.05) as compared with control rats.
Both inhibitors induced significant decreases in urinary PGE2 excre-
tion (P < 0.05). However, only treatment with NS398 was associat-
ed with a reduction of TxB2 (P < 0.05). D-VE, diabetic rats treated
with vehicle; D-NS398, diabetic rats treated with NS398; D-VS, dia-
betic rats treated with VS; Control, control rats administered vehicle.
AP < 0.05 vs. baseline; BP < 0.05 vs. control; CP < 0.01 vs. control.



ulate arachidonic acid release and PGE2 production in
mesangial cells (44, 45). COX-2, as an inducible
enzyme, is likely to be involved in this pathway. More-
over, phorbol esters, PKC activators, have been shown
to activate COX-2 (46, 47). Several novel pathways link-
ing the diabetic state with increased COX-2 expression
have been communicated just recently. Cheng et al. (48)
demonstrated that activation of COX-2 in MD cells
induced by low extracellular NaCl requires activation
of p38 mitogen-activated protein kinase. In parallel,
there is emerging evidence suggesting that p38 kinase
is activated and overexpressed in the diabetic kidney
(49, 50). Another line of evidence suggests that COX-2
may be, in diabetes, activated by glycosylation products
(51). Interestingly, COX-2 expression and cortical local-
ization in diabetic rats strongly resembled findings by
Wang et al. (21) in the rat remnant kidney model.
Therefore, it is likely that these two conditions, char-
acterized by glomerular hyperfiltration, share some
mechanisms resulting in activation of COX-2. For
example, both conditions have been associated with
activation of renal renin-angiotensin system (52–54)
and can be ameliorated by treatment with converting
enzyme inhibitors (ACEI) or AT1 receptor blockers
(55–58). Angiotensin II (Ang II) can influence COX-2
expression and/or activity. However, these effects are
still controversial. Ang II increases PG production in
the kidney, which in turn is thought to buffer vaso-
constriction responses to Ang II (43). TxA2 production
in the kidney is also increased by Ang II (43, 59). Fur-
thermore, studies conducted in normal rat nephrons
(60) in glomeruli from rats with bilateral ureteral
obstruction (61) or in cultured mesangial cells of obese
Zucker rats (59) demonstrated a decrease in COX activ-
ity in response to treatment with ACEI. This interpre-
tation, however, has been challenged recently by two
studies showing an increase in MD COX-2 expression
in response to ACEI /AT1 inhibition (47, 62), suggest-
ing that on a long-term basis, Ang II decreases COX-2
expression in the MD.

Based on in vitro studies by Akai et al. (63), Wang
and coworkers (21) suggested mechanical stress as a
possible cause of COX-2 overexpression in the rat rem-
nant kidney model. However, in our model we did not
observe clear differences in glomerular COX-2 expres-
sion between control and diabetic rats. Stretch-
induced gene and protein expression have been docu-
mented also in tubular cells (64). It is not clear whether
changes in distal tubular volumes and flows in dia-
betes are sufficient to stretch this part of the nephron.
However, early distal tubular flows in moderately
hyperglycemic diabetic rats are not different from non-
diabetic animals (32, 65). Therefore, mechanical stress-
induced activation of COX-2 in MD cells in diabetes
seems to be unlikely.

Changes in distal tubular solute delivery may be
another factor underlying COX-2 abnormalities in the
diabetic kidney. Low-salt diet increases expression of
COX-2 in MD in the normal rat, which in turn stimu-

lates renin secretion (18, 24, 26). In moderately hyper-
glycemic diabetic rats, distal NaCl delivery is decreased
(32) and could be theoretically sensed by MD cells as a
false stimulus for COX-2 expression. Ichihara et al. (22)
have suggested a functional synergistic link between
COX-2 and neuronal nitric oxide synthase (NOS1). This
enzyme is highly expressed in MD cells and NOS1-
derived NO plays a major role in modulating TGF (66).
COX-2 is stimulated as a result of NOS1 activation, and
NOS-1–derived NO production induced by activation
of TGF is attenuated by concomitant COX-2 inhibition
(22). We have reported recently enhanced renal NOS1
activity in diabetic kidneys (67, 68). This is another pos-
sible pathway leading to activation of COX-2 in dia-
betes. On the other hand, it is also possible that
decreased NO generation from the MD contributed to
the effects of COX-2 inhibitor.

We observed no effect of acute COX-2 inhibition on
PRC in control rats. This finding is not surprising, since
COX-2 inhibition has been shown to suppress renin
release in rats fed a low-salt diet (18, 24, 26). However,
diabetic rats treated with NS398 demonstrated lower
PRC as compared with NS398-treated control animals,
though the difference in PRC was not significant as
compared with vehicle-treated control or diabetic ani-
mals. We cannot formulate any conclusions based on
this finding, but this phenomenon may suggest an
enhanced responsiveness of renin release to COX-2 inhi-
bition in experimental diabetes. These pathways are cur-
rently being explored in our laboratory using a different
experimental design. In control rats, COX-2 inhibition
caused a decrease in natriuresis, and a similar trend was
observed in diabetic rats, combined with a significant
decrease in diuresis. These observations are in accor-
dance with well-established effects of PG on renal sodi-
um and water handling and correspond to recent clini-
cal reports focusing on COX-2 inhibitors (69). We did
not quantify COX-2 protein expression in medulla, but
we did not find any apparent differences in medullary
immunohistochemical expression of the enzyme
between the control and diabetic rats. Possible long-
term consequences of antinatriuretic effects of COX-2
inhibition, such as the increase in blood pressure, are
unknown and must be tested in long-term studies.

In conclusion, using a combined experimental
approach, we documented an increase in renal cortical
COX-2 protein expression associated with differential
renal hemodynamic responses to selective systemic
COX-2 inhibition in diabetic rats as compared with con-
trol animals. This indicates a role for COX-2–derived PG
in the pathogenesis of renal hemodynamic changes in
diabetes. In contrast to COX-2, COX-1 expression was
similar in control and diabetic rats, and administration
of the selective COX-1 inhibitor did not influence renal
hemodynamics in diabetic rats. The renal hemodynam-
ic pattern observed in NS398-treated diabetic rats sug-
gests a possible nephroprotective potential of COX-2
inhibition in this condition. This view is supported by
two recent studies by Sanchez et al. (70) and, in partic-

896 The Journal of Clinical Investigation | April 2001 | Volume 107 | Number 7



ular, by Wang et al. (71) in the remnant kidney model,
showing the slower development of proteinuria and
attenuation of renal structural damage in animals treat-
ed with selective COX-2 inhibitors. Whether this treat-
ment represents a new therapeutic option for patients
at risk of developing diabetic nephropathy or a useful
addition to currently prescribed therapeutic agents
remains to be established in further studies.
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