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ABSTRACT

Diabetes mellitus is the leading cause of diabetic nephropathy; the early phase of diabetes is associated with kidney
growth and hyperfiltration; several factors modulate these changes, among them, prostaglandins and angiotensin II.
Previous studies have shown that cyclooxygenase-2 is implicated in experimental models of diabetes. The aim of this
work was to study the effect of celecoxib treatment on renal hypertrophy development in early diabetes mellitus. In our
rats with early streptozotocin-induced diabetes there was renal hypertrophy, and increased renal expression of cy-
clooxygenase-2, AT, receptor, and transforming growth factor-f;. Treatment with the selective cyclooxygenase-2 in-
hibitor celecoxib reduced the urinary excretion of prostaglandins such as prostaglandin E,, 6-keto prostaglandin F,,, and
thromboxane B,. Kidney hypertrophy was reversed by the treatment, and the renal expression of cyclooxygenase-2, AT,
receptor, and transforming growth factor-f; decreased. The renoprotective effects of celecoxib were independent of the
changes in plasma glucose levels. These results confirm that cyclooxygenase-2 inhibition in rats with streptozoto-
cin-induced diabetes decrease renal hypertrophy; this effect in turn, may be mediated by reduction of the expression of
AT, receptors and transforming growth factor-£ in the kidney.
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1. Introduction the development of this pathologic condition, and among
them, increased kidney size and elevated glomerular fil-
tration rate (GFR) seem to be some of the most relevant
[4]. These alterations start before any measurable clinical
changes, and are characterized by tubular and glomerular
hypertrophy, thickening of glomerular basement mem-
brane and progressive glomerular accumulation of ex-
tracellular matrix components. The increase in GFR re-
sults in glomerular hyperfiltration and is the central ten-
ant for eventual glomerular damage and later down

stream complications [4,5].

Diabetes mellitus (DM) is a chronic disease caused by an
absolute or relative deficiency in insulin production by
the pancreas and with or without resistance to insulin [1,
2]. The insulin deficiency increases the blood concentra-
tion of glucose and other metabolites, which in turn pro-
duce macrovascular complications, including coronary
artery disease, atherosclerosis and peripheral vascular
disease; and microvascular complications as retinopathy,
nephropathy, and neuropathy. Severity and duration of
hyperglycemia are the main risks responsible of these

vascular complications [3]. Specifically, vascular and
parenchymal damage of the kidneys lead to diabetic
nephropathy, which is the first cause of end-stage renal
disease requiring dialysis. Several morphologic, meta-
bolic and hemodynamic changes have been involved in
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Relationships between these glomerular hemodynamic
alterations and growth processes are intimately inter-
woven; the resultant increase in the filtration coefficient
conduces to enhanced glomerular filtration [6,7]. It has
been shown [7] that after diabetes induction in animals,
the proximal tubules develop hypertrophy, and as a result,
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solutes absorption is increased, generating the hemody-
namic changes, i.e., increase of renal plasmatic flow and
increase of capillary pressure, in turn caused by a relative
reduction of the preglomerular resistance versus the
postglomerular resistance, generating renal hyperfiltra-
tion [7,8], facilitating albumin leakage from the glome-
rular capillaries and overproduction of mesangial cell
matrix, as well as thickening of the glomerular basement
membrane, and injury to podocytes [9]. The cause of the
hypertrophy is, however, not well understood. Many
factors associated with early diabetes have been reported
to be involved, including prostanoids, nitric oxide, vas-
cular endothelial growth factor A (VEGF-A), transform-
ing growth factor-beta 1 (TGF-£,), and the renin-angio-
tensin system (RAAS), specifically angiotensin II (Ang
II). In addition, increased mechanical strain resulting
from these hemodynamic changes can induce localized
release of certain cytokines and growth factors [10-12].

In the normal mammalian kidney, prostaglandins (PGs)
are important mediators of vascular tone, hemodynamic
regulation, and salt and water homeostasis [13]. However,
an increase in PGs has been observed in experimental
diabetes [14,15]. PGs participation in some of the hemo-
dynamic changes caused by DM has been well docu-
mented, especially for those PGs produced by the induc-
ible isoform cyclooxygenase-2 (COX-2). COX-2 expres-
sion is enhanced by hyperglycemia [16,17], and it has
been linked to hyperfiltration and the renal structural
changes preceding the development of diabetic neph-
ropathy. Increased secretion of prostacyclin (PGI,) and
prostaglandin E, (PGE,) at the initial DM stage followed
by augmented production of prostaglandin F,, (PGF,,)
and thromboxane A, (TXA,) in end-stage renal disease,
have been demonstrated [18,19]. Studies in isolated per-
fused kidneys from diabetic rats have shown that the ad-
ministration of inhibitors that prevent the upregulation of
renal COX-2 reduces the exaggerated renal release of
PGs in response to arachidonic acid, suggesting that in-
creased COX-2 expression/activity contributes to the
enhanced PGs production [19,20]. COX-2 is considered
an inducible enzyme and it is upregulated in inflamma-
tory conditions; however, it is also constitutively ex-
pressed at specific sites in the kidney and vasculature and
there is evidence that COX-2 is the enzyme responsible
for vascular prostacyclin synthesis [17]. COX-2 inhibi-
tion has been shown to attenuate the development of
glomerulosclerosis in uninephrectomized diabetic rats
and to reduce the appearance of renal damage markers in
a hypertensive rat model. Thus the inhibition of COX-2
as a protective strategy against the development of neph-
ropathy has been studied in models of diabetes without
superimposed hypertension.

On the other hand, the renin-angiotensin-aldosterone
system (RAAS) has been related not only to blood vol-
ume or hydro-electrolytic managing changes during DM,
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but also to hypertrophic changes in diverse organs. Evi-
dence suggested that Ang II is synthesized within the
kidney and is a mediator of progressive injury in diabetic
nephropathy. The beneficial effect produced by AT, re-
ceptor blockers and angiotensin converting enzyme
(ACE) inhibitors in the hypertrophic changes of cardio-
vascular remodeling induced by hypertension and DM is
widely recognized [21-23].

There may be other intrarenal interactions of PGs and
the RAAS. By instance, in the macula densa region,
COX-2 expression is increased in high renin states pro-
duced by salt restriction, ACE inhibition, and renovascu-
lar hypertension. Selective COX-2 inhibitors decrease
plasma renin levels, renal renin activity and mRNA ex-
pression [24,25], suggesting that COX-2 may participate
in the regulation of the RAAS.

The effect of COX-2 inhibition on DM-induced renal
hypertrophy has not been completely understood; there-
fore, the aim of this work is to study the effect of cele-
coxib treatment on renal hypertrophy development in
early DM, and to evaluate the effect of COX-2 blockade
on the renal expression of the AT, receptor and TGF-f,
in this model.

2. Materials and Methods

2.1. Animals and Treatment

Male Wistar rats with initial body weights of 250 £ 20 g
were used in this study. The animals had free access to
standard rat chow (Rodent Laboratory Chow 5001, Ral-
ston Purina Richmond Indiana, USA) and tap water, and
were exposed to a 12:12 h light-dark cycle throughout
the experiment. DM was induced by a single intraperito-
neal injection of streptozotocin (STZ), 65 mg/Kg, in 10
mM sodium citrate buffer, pH 4.5. Only animals with
documented hyperglycemia and glucosuria 48 h after
injection were classified as diabetic and were included in
further experiments. Control rats were injected with ve-
hicle (10 mM sodium citrate buffer, pH 4.5) alone. Blood
glucose concentration was determined in tail blood sam-
ples using a reflectance meter (One Touch; LifeScan,
Milpitas, CA, USA). Only animals with blood glucose
levels > 300 mg/dL were utilized in the study.

Rats were randomized into three groups: Non-diabetic,
control group (C); Diabetic rats (D); a group of diabetic
rats was treated with celecoxib (a specific COX-2 in-
hibitor), 10 mg/Kg, po, in drinking water (DCe), control
rats received vehicle. Each group consisted of six rats.
Treatment with celecoxib was started two days after STZ
administration, when hyperglycemia was confirmed and
it was given during the 7 days of the experiment.

Two days before STZ injection and two days before
the end of the experiment, animals were placed in meta-
bolic cages to measure water consumption, urinary
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volume, and to obtain urine samples to determine pro-
teins and PGs.

At the end of the study, the rats were anesthetized with
sodium pentobarbital (60 mg/Kg, ip), blood samples
were drawn to determine blood glucose, and the kidneys
were quickly removed. Left kidney was decapsulated and
weighted. Afterwards, it was dissected into cortex and
medulla for immunoblot and total DNA extraction. Right
kidney was cannulated, and fixed with 4% formaldehyde.

All procedures and protocols were in accordance with
the Mexican Federal Regulations for Animals Investiga-
tion and Care (NOM-062 ZOO-1969, Ministry of Agri-
culture, Mexico) on the care and the use of laboratory
animals, and approved by the institutional ethics review
board.

2.2. Measurement of Renal Hypertrophy

Right kidneys were cannulated, and kept in phosphate-
buffered 4% formaldehyde. Fixed kidneys were dehy-
drated through ethanol graded series, embedded in paraf-
fin, sectioned in 4 pm thickness, mounted on glass slides
and stained with hematoxylin-eosin. Proximal tubule
cells were visualized using an optic microscope (Motic)
and the cell area was measured using a computer pro-
gram (Motic Images); 100 cells per field were counted
and 10 fields per slide were analyzed and averaged (Fig-
ure 1). A kidney hypertrophy index, (kidney weight/rat
body weight ratio expressed in g/100g) was used. Finally,
we extracted and quantified total DNA from cortex tissue
by Trizol reagent method (Invitrogen), and obtained the
protein/DNA ratio as an index of relative hypertrophy.

2.3. Analytical Methods

Urine was collected from metabolic cages in volumetric
tubes for 24 h. Samples were immediately frozen and
stored at —80°C for measurement of proteins and PGs.
Protein concentration measurement in urine was assayed
using the Bradford method. PGE,, TXB, and 6-keto-
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Figure 1. Kidney weight/body weight ratio (g/100g) from
diabetic rats 7 days after streptozotocin administration.
Control rats (C), diabetic rats (D), and diabetic rats treated
with celecoxib (DCe). Values are expressed as mean + SEM.
*p < 0.05 vs control rats; “p < 0.05 vs diabetic rats.
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PGF,, were analyzed from two different urine dilutions
using enzyme immunoassay (EIA, Cayman Chemical,
Ann Arbor, MO, USA) following the manufacturer’s
instructions, concentrations were normalized to 24 h ex-
cretion.

2.4. Immunobloting

Renal tissue was homogenized in 100 mM Tris (hy-
droxymethyl-aminomethane-tris-hydrochloride, ~Sigma,
St Louis, MO, USA), pH 7.4, added with a protease-in-
hibitor cocktail (Mini Complete EDTA-free protease
inhibitor cocktail, Roche, Germany), followed by cen-
trifugation at 10,000 g for ten min to remove insoluble
debris. The protein concentration of the supernatant was
quantified using the Bradford method. 50 pg of protein
were loaded into a 10% SDS-PAGE mini-gel under re-
ducing conditions and transferred to PVDF membranes
(Amersham Hybond-ECL, GE Health Care, Bucking-
hamshire, UK). The membranes were blocked with 5%
non-fat milk in tris buffered saline (pH 7.6) containing
0.05% Tween 20 (TBST) for two hours at room tem-
perature. Membranes were incubated overnight at 4°C
with a 1:400 dilution of a rabbit polyclonal antibody to
COX-2, AT, receptor and TGF-f; respectively (Santa
Cruz Biotechnology Inc., Santa Cruz, California, USA).
After incubation with the primary antibody, the mem-
branes were washed with TBST buffer and incubated
with a 1:10,000 dilution of horseradish-peroxidase-la-
beled goat anti rabbit IgG secondary antibody (Zymed,
Invitrogen, USA) at room temperature for two hours.
Visualization was performed with an enhanced chemilu-
miniscence (ECL) western blotting kit (Luminol, Santa
Cruz Biotechnology Inc., Santa Cruz, California, USA).
Films obtained were scanned and digitalized using a
flatbed scanner. Band intensity was measured by com-
puter analysis using Quantity One 1-D Image Analysis
Software (Bio-Rad, Hercules, CA, USA). All membranes
were stripped, re-blocked and incubated with goat f-actin
antibody (Santa Cruz Biotechnology Inc., Santa Cruz,
California, USA) used as housekeeping protein with the
same protocol.

2.5. Statistical Analyses

All values are presented as mean = SEM., and compared
using an unpaired #-test or ANOVA followed by New-
man-Keuls test. A p < 0.05 was considered statistically
significant.

3. Results
3.1. Glycemia

Glycemia levels were measured before STZ injection and
at the end of the experiment (seven days). Blood glucose
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levels were in the ranges expected for each group during
the study, the control group was (C) 91.0 + 8 mg/dL and
the groups with STZ injection (D) and treatment with
celecoxib (DCe) were 332 + 25 mg/dL, 325 + 30 mg/dL
respectively as shown in Table 1. In the diabetic group
body weight was smaller than in the control group, the
others parameters as food and water consumption and
urinary volume were increased in the diabetic groups.
Treatment with celecoxib did not modify significantly
these parameters (Table 1).

3.2. Renal Hypertrophy

Kidney weight in diabetic rats increased significantly as
compared to the control group (1.31 £ 0.05 g vs 0.85 +
0.02 g), treatment with celecoxib reverted this increment
in the diabetic group (1.01 + 0.02 g). The kidney wei-
ght/body weight ratio is shown in Figure 1. In kidneys
sections stained with hematoxilin-eosin, the proximal tu-
bules were visualized and their cell areas measured.

Cellular area for control group (C) was 88.46 + 11.32 p?,
for the diabetic group (D) 116.98 + 8.08 p* and or the
diabetic + celecoxib group (DCe) 90.99 + 11.23 p* (Fig-
ure 2). Protein/DNA ratio for control group (C) was 0.65
+ 0.3, for diabetic group (D) 2.08 + 0.45 and for DCe
group 0.7 + 0.3 (Figure 3).

3.3. Proteinuria

Urine protein excretion increased in the diabetic rats
group (42.5 + 5.3 mg/24h vs 14.6 + 2.6 mg/24h from
control group), celecoxib administration did not reverse
this change (Figure 4).

3.4. Urinary Excretion of Prostanoids

The excretion rates for PGE,, 6-ketoPGF;, and TXB,
increased in the diabetic rats group as compared with

control rats. Thus, urinary PGE, excretion was increased
more than five fold (C group 60 + 10 ng/24h vs 301 + 68

Table 1. Changes in plasma glucose, body weight, drink water volume, ingested food, and urinary volume of rats seven days

after streptozotocin (STZ) injection or vehicle for control group.

Group Glycemia (mg/dL) Body weight (g) Dég}i;:ﬁ; T Ingz:;;;j}f)ood Uri(n;iy/;ﬂll;me
C 91.0+8 306.8+5.0 33+9 22.6+6.1 145+0.9
D 332+25 247.0+£59 142 +£27 450+ 1.7 113.3+£8.8

DCe 325+30 2442+ 6.4 146 = 11 37.0+4.4 119.8 + 14.0

Values are means + SEM. All groups were n = 6. C = control, D = diabetic rats, DCe = diabetic rats + celecoxib.
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Figure 2. Upper panel: hematoxylin-eosin-stained kidney sections, original magnification 40x. Normal tubules from a control
(C) rat. Hypertrophied tubular cells from a diabetic (D) rat. Kidney section from a diabetic rat treated with celecoxib (DCe);
the tubular cells showed less hypertrophy but did not reach normal size. Lower panel: area of proximal tubular cells from
kidneys of diabetic rats 7 days after streptozotocin administration. Control rats (C), diabetic rats (D), and diabetic rats
treated with celecoxib (DCe). Values are expressed as mean + SEM. “p < 0.05 vs control rats; p < 0.05 vs diabetic rats.
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Proteins/DNA ratio (A U)

Figure 3. Proteins/DNA ratio from kidneys of diabetic rats
as an index of renal hypertrophy, 7 days after streptozoto-
cin administration. Control rats (C), diabetic rats (D), and
diabetic rats treated with celecoxib (DCe). Values are ex-
pressed as mean = SEM. “p < 0.05 vs control rats; *p < 0.05
vs diabetic rats.
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Figure 4. Changes in proteinuria from diabetic rats 7 days
after streptozotocin administration. Control rats (C), dia-
betic rats (D), and diabetic rats treated with celecoxib (DCe).
Values are expressed as mean + SEM. “p < 0.05 vs control
rats; *p < 0.05 vs diabetic rats.

ng/24h in the D group), PGI, was quantified as its stable
metabolite 6-ketoPGF,, which increased in D group (60
+ 8.33 ng/24h) as compared to C group (35 £ 4.16
ng/24h), and TXB, more than tenfold (1.59 + 0.59
ng/24h in C group vs 15.9 £ 2.27 ng/24h in the D group).
In rats treated with the COX-2 inhibitor celecoxib, PGE,
excretion was not different from that of the control group,
whereas 6-ketoPGF,, excretion was reduced to 33.3 +
1.66 ng/24h, similar to controls (Figure 5).

3.5. Immunoblot

We also determined COX-2 protein expression in cortex
homogenates. The results of western blot analysis for the
expression of COX-2, AT, receptor and TGF-f, were
standardized against the expression of f-actin, in control,
diabetic, and celecoxib-treated diabetic rat kidneys. In
the DM group, renal COX-2 expression increased by
more than five-fold, the AT; receptor expression also
increased by two-fold and the renal TGF-f, expression
increased by more than fifty-fold. Celecoxib treatment of
the diabetic rats group for 7 days diminished the expres-
sion of COX-2, AT receptor and TGF-4, in the kidney

Copyright © 2013 SciRes.
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Figure 5. Changes in urinary excretion of PGE, (panel A),
6-Keto-PGF,, (panel B) and TXB, (panel C) from diabetic
rats 7 days after streptozotocin administration. Control rats
(C), diabetic rats (D) and diabetic rats treated with, cele-
coxib (DCe). Values are expressed as mean + SEM. “p < 0.05
vs control rats; “p < 0.05 vs diabetic rats.

(Figures 6-8).

4. Discussion

Our results show that STZ-induced DM is associated
with increased COX-2 renal expression and increased
PGs urinary excretion. These changes are possible con-
tributors to the observed renal hypertrophy. On the other
hand, renal hypertrophy may also be related to the in-
creased renal expression of the AT, receptor and TGF-f;.
Treatment of diabetic rats with a highly selective COX-2
inhibitor such as celecoxib for 7 days, beginning 48
hours after STZ administration, reduced the renal expres-
sion of COX-2 and urinary excretion of PGs. A nephro-
protective effect was also observed, characterized by
reduction of the renal hypertrophy and a significant drop
of TGF-f; expression. Celecoxib treatment was also as-
sociated with a non-statistically significant reduction of
AT, receptor expression.
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Figure 6. Relative intensity of COX-2 receptor/f#-actin, from
renal cortex of diabetic rats 7 days after streptozotocin ad-
ministration. Control rats (C), diabetic rats (D), and dia-
betic rats treated with celecoxib (DCe). Values are ex-
pressed as mean + SEM. “p < 0.05 vs control rats; *p < 0.05
vs diabetic rats.
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Figure 7. Relative intensity of AT, receptor/f-actin from
renal cortex of diabetic rats 7 days after streptozotocin ad-
ministration. Control rats (C), diabetic rats (D), and dia-
betic rats treated with celecoxib (DCe). Values are ex-
pressed as mean = SEM. “p < 0.05 vs control rats; *p < 0.05
vs diabetic rats.

There are many studies on diabetes, in humans and
experimental models, which have shown derangements
in arachidonic acid metabolism, and in PGs and TXB,
production. The most typical finding in diabetic rats is
increased COX activity and increased urinary excretion
of PGs, associated with hyperfiltration and renal damage
[26].

Prior to the discovery of the COX isoforms, it was
considered that the constitutive enzyme COX-1 was the
one involved in the synthesis of renal damage-producing

PGs. Later, the inducible isoform COX-2 was discovered.

COX-2 is present in lower amounts in the healthy kidney
and shows increased expression in DM and in inflamma-
tory processes [16,17].

In the present study, changes in proteinuria induced by
celecoxib treatment were not observed, maybe because

Copyright © 2013 SciRes.
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Figure 8. Relative intensity of TGF-f receptor/#-actin from
renal cortex of diabetic rats 7 days after streptozotocin ad-
ministration. Control rats (C), diabetic rats (D), and dia-
betic rats treated with celecoxib (DCe). Values are ex-
pressed as mean + SEM. “p < 0.05 vs control rats; “p < 0.05
vs diabetic rats.

the duration of the treatment was of only one week, a
period that probably was not enough to allow the reversal
of proteinuria. This model of early DM is characterized
mainly by renal hypertrophy, measured in this study by
kidney weight, cellular area in histological preparations
of the kidneys, and by the protein/DNA ratio in kidney
tissue samples. All of these three parameters were higher
in the group of diabetic rats than in the control group.
Treatment of the diabetic rats with the selective COX-2
inhibitor celecoxib reduced kidney hypertrophy; however,
the values did not return to those seen in the control
group. It has been reported that renal hypertrophy in dia-
betic rats is correlated to increased expression of TGF-4;.
Reportedly, TGF-f, has a role in the development of
structural changes of diabetic patients’ kidneys and ex-
perimental models of diabetic nephropathy. In a model of
diabetic nephropathy, treatment with an antibody against
TGF-f, was able to prevent kidney damage [27]. There
are many mechanisms for TGF-f, activation, among
them, hyperglycemia itself [28,29]. Hyperglycemia sti-
mulates alternative pathways for glucose metabolism, fa-
cilitating non-enzymatic glycation of proteins, enhance-
ment of the polyols and diacylglycerol pathways, and
activation of protein kinase C [30]. One of the proposed
mechanisms points out that TGF-£; induces renal hyper-
trophy by stopping the cell cycle in the G1 late phase, in
which the cells synthesize proteins without replicating
DNA, eventually resulting in cell hypertrophy [31]. In
the model described in the present study, we observed
the development of renal hypertrophy as early as the first
week after the induction of DM. The activation of the
intra-renal renin-angiotensin system (RAS) is another
important mechanism that may explain the increased
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TGF-p, renal production and secretion. /n vivo and in
vitro studies have demonstrated that chronic hypergly-
cemia can activate the RAS [32,33]. Ang II is an effector
molecule that besides stimulating TGF-£, expression can
also directly participate in the development of diabetic
nephropathy. In the present study we observed increased
expression of the AT, receptor in the diabetic rats’ kid-
neys. In other studies, it has been observed that AT, re-
ceptors stimulation by Ang II can induce the renal pa-
thological changes of diabetic nephropathy. Treatment of
DM with AT, receptor inhibitors reduces TGF-£; and
AT receptor expression both in humans and in rat mod-
els [34]. In the present study, the expression of the AT,
receptor was increased in the group of diabetic rats.
Treatment with celecoxib reduced COX-2, AT, receptor,
and TGF-p, renal expression.

These results suggest that in early DM, kidney hyper-
trophy is mediated by activation of the RAS. High Ang II
levels can act by stimulating the AT, receptors, and by
increasing TGF-f, expression. In turn, COX-2 may play
an important role regulating both AT, receptors and
TGF-f, expression.

The RAS, and specifically Ang II, have a role in the
production of the kidney damage in diabetic nephropa-
thy, since the treatment of diabetic patients with ACE
inhibitors and/or AT, receptor antagonists improves renal
function and reduces proteinuria. However, the exact
mechanisms explaining why Ang II stimulates the de-
velopment of kidney hypertrophy are not known.

In conclusion, we have shown that COX-2 participates
in the renal hypertrophy developed by rats with STZ-
induced DM. COX-2 may modulate the activity of Ang
II and TGF-g,. Treatment with the selective COX-2 in-
hibitor celecoxib was effective in reducing renal hyper-
trophy, suggesting that this kind of drugs may have a
renoprotective effect, in turn, mediated by reduction of
the expression of AT, receptors and TGF-4,.
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