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BACKGROUND AND PURPOSE
Deletion of the cyclooxygenase-2 (COX-2) gene causes impairment of kidney development, but the effect of selective
inhibitors of COX-2 (coxibs) or the non-selective inhibitors of COX (the classical non-steroidal anti-inflammatory drugs;
NSAIDs) on kidney development was less well described.

EXPERIMENTAL APPROACH
We assessed the effects of equipotent analgesic doses of celecoxib, rofecoxib, valdecoxib, etoricoxib and lumiracoxib and of
the NSAIDs, diclofenac and naproxen, on postpartum kidney development in mice, from postnatal day 1 (P1) to P21.

KEY RESULTS
All the COX inhibitors, at the doses used, blocked COX-2 activity by more than 80% as assayed by PGE2 synthesis in
lipopolysaccharide-stimulated mouse blood samples. Rofecoxib, etoricoxib and lumiracoxib exerted the most marked
impairment of postpartum kidney development, demonstrated by attenuation of kidney growth, reduction in size of glomeruli,
increase in immature superficial glomeruli, thinning of subcapsular cortical mass and reduction in size of juxtamedullary
glomeruli. These defects were less severe than those in kidneys from COX-2-/- mice. Administration of diclofenac and
naproxen revealed renal defects similar to those after coxib treatment, but both NSAIDs induced greater arrest of immature
superficial glomeruli in the outer cortex and increased the number of undifferentiated proliferating cell nuclear
antigen-positive cells. Treatment with celecoxib or valdecoxib caused only minimal changes in renal morphology.

CONCLUSIONS AND IMPLICATIONS
Classical NSAIDs cause similar or even stronger nephrodysgenesis than the coxibs. Also, the ranking of coxibs regarding
adverse effects on renal development, using equi-analgesic doses, is rofecoxib = etoricoxib = lumiracoxib > valdecoxib >
celecoxib.

Abbreviations
COX, cyclooxygenase; coxib, selective cyclooxygenase-2 inhibitor; DMC, methyl-celecoxib; LPS, lipopolysaccharide;
NSAIDs, non-steroidal anti-inflammatory drugs; PCNA, proliferating cell nuclear antigen

Introduction

Cyclooxygenase (COX) inhibitors, also called non-steroidal
anti-inflammatory drugs (NSAIDs), are among the most used
drugs over the world due to their efficient analgesic, anti-
pyretic and anti-inflammatory effects (Vane et al., 1998).
COX is the rate-limiting enzyme in the biosynthesis of pros-

taglandins responsible for the conversion of arachidonic acid
into PGH2, which is then converted to various prostaglandins
(Smith et al., 2000), mostly PGE2, which modulates pain,
fever and inflammation (Simmons et al., 2004). Apart from
pathophysiological roles, prostaglandins are known to con-
tribute to organ physiology (Smith, 1992). The unwanted
renal side effects of NSAIDs, such as reduced renal blood flow
and glomerular filtration, disturbed electrolyte regulation or
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impairment of renal development are the consequences of
prostaglandin inhibition (Hao and Breyer, 2008). The discov-
ery of two isoforms, COX-1 and COX-2 and the identification
of COX-2 as the prominent pharmacological target led to the
development of a new subclass of NSAIDs, selective COX-2
inhibitors called coxibs, such as celecoxib or rofecoxib
(Flower, 2003). However, a number of studies have shown
that the coxibs exert renal side effects similar to those of
classical NSAIDs (Harris and Breyer, 2006). As implied by
these results, the COX-2 enzyme has been found constitu-
tively expressed in macula densa, cortical thick ascending
limb and papillary parenchyma of the kidney (Harris et al.,
1994; Guan et al., 1997; Kömhoff et al., 1997). COX-2 expres-
sion has also been shown in human fetal kidneys with high
levels at gestational age 15–24 weeks, a time of active neph-
rogenesis (Kömhoff et al., 1997). Treatment with NSAIDs
during pregnancy can cause renal dysgenesis in neonates as
well as oligohydramnion, due to reduced urine production
and, in a few cases, death by renal failure (van der Heijden
et al., 1994; Kaplan et al., 1994; Voyer et al., 1994). The
assumption that the non-selective inhibition of COX-2 by
NSAIDs may be responsible for impaired renal development is
supported by the observation that mice with genetic deletion
of COX-2 (COX-2-/- mice) exhibited morphological damages
to the kidney, similar to those found in human neonates after
NSAIDs (Dinchuk et al., 1995; Morham et al., 1995). COX-2-/-

mice exhibit renal dysgenesis associated with markedly
reduced renal cortical volume but maintaining normal pap-
illary volume, and hypoplastic glomeruli. The small subcap-
sular glomeruli appear immature, as judged by more densely
packed glomerular cells and the presence of cuboidal shaped
podocytes (Kömhoff et al., 2000). In addition the kidneys
show periglomerular and diffuse interstitial fibrosis (Norwood
et al., 2000). Treatment with the experimental COX-2 inhibi-
tor, SC-236, postnatally from the day of birth (P0) to postna-
tal day 21 (P21) caused comparable renal pathologies, but
treatment with the COX-1 inhibitor SC-560 in drinking water
or genetic disruption of COX-1 gene did not cause such
damage (Kömhoff et al., 2000; Norwood et al., 2000; Koki
et al., 2002). Exposure to COX-2 inhibitors limited to the
prenatal period (E0.5 to P0) was without effect on glomerular
size. These results suggest that COX-2 activity is important at
least in postnatal renal development and renal developmen-
tal defects are likely to be responsible for reduced GFR or even
renal failure observed in adult COX-2-/- mice (Dinchuk et al.,
1995; Norwood et al., 2000).

For clinically used coxibs but also for classical NSAIDs,
there are still no data available regarding their ability to
induce renal dysgenesis. Extrapolation of the observations
made in COX-2-/- mice or in SC-236-treated mice, on the
effect of clinically used coxibs on renal development may be
questionable for two reasons. First, it cannot be ruled out that
genetic deletion of the COX-2 gene may result in additional
effects, not directly associated with the loss of COX-2 activity.
Then; SC-236 is known to exhibit an extremely long half-life
(several days) and may accumulate in kidney tissue; this is
one reason why SC-236 was rejected for further clinical devel-
opment during preclinical evaluation (Penning et al., 1997).
Of note, COX-2 knockdown mice (COX-2Neo/Neo), expressing
low levels of COX-2 and mimicking level of maximal phar-
macological suppression obtained with COX-2 inhibitors,

show only mild renal dysgenesis and normal GFR was
observed (Seta et al., 2009).

The main clinical aim for the use of COX inhibitors,
NSAIDs and coxibs, is the treatment of pain. We therefore
investigated the impairment of renal development in mice
following administration of COX inhibitors, in equipotent
analgesic doses, from postnatal day P1 to P21. In our present
experiments, the coxibs, celecoxib, rofecoxib, valdecoxib,
etoricoxib and lumiracoxib, used in clinical practice currently
and in the past, as well as the classical NSAIDs, diclofenac and
naproxen, were studied in comparison with methyl-celecoxib
(DMC), a derivative of celecoxib, which exhibits no inhibi-
tion of COX-2, and the selective COX-1 inhibitor, SC-560.

Methods

Animals and treatment
All animal care and experimental procedures were in accor-
dance with institutional guidelines and approved by the
Animal Welfare Committee of the State Agency Darmstadt
(Germany). Breeder pairs of C57/BL6J wild-type mice were
obtained from Jackson Laboratories (Bar Harbour, ME, USA).
Breeder pairs of COX-2-/- mice were kindly provided by
Robert Langenbach, Nashville, TN, USA. The animals were
maintained in individually ventilated cages in a temperature
controlled (21°C) room with 12 h light-12 h dark cycle. Food
and water were provided ad libitum.

The day of birth was defined as postnatal day 0 (P0). Mice
were treated with the experimental selective COX-2 inhibitor
SC-236 (Calbiochem, Darmstadt, Germany), the non-specific
COX inhibitors diclofenac (Sigma-Chemie, Deisenhofen,
Germany) and naproxen (Sigma-Aldrich, Steinheim,
Germany), the selective COX-2 inhibitors celecoxib, rofe-
coxib, etoricoxib, valdecoxib (all were synthesized by Witega-
Laboratory-Adlershofen (Berlin, Germany), and lumiracoxib
(Novartis, Germany), COX-1 inhibitor SC-560 (Calbiochem,
Darmstadt, Germany) and DMC, which exhibits structural
similarity to celecoxib but has minimal COX inhibitory
potency (Schiffmann et al., 2008). Drug and molecular target
nomenclature follows (Alexander et al., 2009).

All substances were dissolved in dimethylsulphoxide.
Doses of coxibs and NSAIDs used were based on given or
extrapolated ED80 values for anti-nociceptive effects from the
literature (Table 1). As the ED values depended on the model
of anti-nociception, we used the highest dose reported. Drugs
were injected s.c. between the shoulder blades of the pups
from day P1 to P6 and i.p. from day P7 to P21. The volume
injected was roughly adjusted to body weight, so that from P1
to P6, substances were dissolved in a volume of 5 mL, from P7
to P14 in a volume of 7.5 mL and from P15 to P21 in a volume
of 10 mL. Control groups received dimethylsulphoxide alone.

Tissue preparation and micrography
Following short-term anaesthesia with isoflurane, mice were
weighed and killed by cardiac puncture. Kidneys were imme-
diately removed, weighed, transversally hemisected and
immersion-fixed overnight in 4% paraformaldehyde/
phosphate buffered saline. Thereafter kidney tissue was
embedded in paraffin and 4 mm sections were cut, dewaxed in
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xylene and stained with haematoxylin and eosin. Three
kidney sections at least 50–60 mm apart from three individual
animals from each group have been selected. Photomicro-
graphs were obtained using a Nikon microscope (Nikon
GmbH, Düsseldorf, Germany) and the Kappa image version
software and a total of 300 glomeruli chosen at random from
the superficial cortex, mid-cortex and juxtamedullary region
was digitized for each group. The cross-sectional diameters of
glomeruli were measured and the distances from the kidney
edge to Bowman’s capsule were measured perpendicularly to
the renal capsule using NIH ImageJ software. In addition
diameters of juxtamedullary glomeruli located close to the
medullary border were recorded separately. Glomeruli that
appeared to be cut tangentially were excluded from the obser-
vation group. To obtain the distribution of glomeruli sizes,
values of all diameters obtained were categorized according to
their size and arranged in ‘bins’ of 5 mm steps, up to
65–70 mm. Data are presented as the amount in each bin as
per cent of the total amount. To count for relative amount of
superficial glomeruli, we set a distance limit of 58 mm from
the cortical edge, defined as the sum of the distance of glom-
eruli located nearest to the surface plus one mean diameter of
glomeruli in control kidneys. To determine luminal diameter
of cortical tubules a total of 150 transversally cut tubules were
randomly chosen, digitized and measured perpendicularly to
luminal wall.

Ex vivo COX-2 assay
Mice were treated with vehicle or coxibs from day P1 to P21.
Four hours following the last injection 100 mL heparinized
blood was taken and inhibition of COX-2 activity was mea-
sured by ex vivo assay (Patrignani et al., 1994). Briefly, vehicle
or lipopolysaccharide (LPS) at a final concentration of
10 mg·mL-1 were added and samples were incubated at 37°C
for 20 h. Blood samples were centrifuged and PGE2 concen-
tration was determined in the supernatant by enzyme immu-
noassay. Data were expressed relative to control blood
samples from vehicle-treated mice.

Histochemistry and immunohistochemistry
Sections of fixed renal tissue were deparaffinized, rehydrated
and stained with Sirius red (Science Services, Munich,
Germany) to evaluate fibrosis by determination of the
area of basement of Bowman’s capsule. For each group 30
glomeruli were chosen randomly and digitally imaged.
Glomeruli that appeared to be cut tangentially were
excluded from the observation group. Quantitative analysis
of the pictures was performed, without knowledge of the
treatments, using Adobe Photoshop CS2 and QuantityOne
software (Bio-Rad), which allows counting of the pixels
stained specifically. The results are given as stained area of
basement of Bowman’s capsule, normalized to glomerulus
diameter.

Immunohistochemical studies for the detection of mac-
rophages and the proliferating cell nuclear antigen (PCNA)
were performed as follows. Deparaffinized sections were
incubated in a humidified atmosphere with the following
primary antibodies: rat anti-mouse F4/80 (AbD Serotec,
Oxford, UK), which reacts with interstitial macrophages, and
rabbit anti-PCNA antibody (Santa Cruz Biotechnology, CA).
Prior to application of F4/80 antibody sections were treated
with target retrieval solution (DAKO, Hamburg, Germany).
For visualization of F4/80 DAKO ABC System was used and
for PCNA Vectastain Elite System (Vector Laboratories, Bur-
lingame, CA) according to the protocols of the suppliers.
Sections were counterstained with haematoxylin. For all
samples, negative controls for the immunohistochemical
procedures included substitution of the primary antibodies
with non-immune sera. Analysis was performed by an opera-
tor unaware of the origin of each kidney section. For PCNA
and macrophage determination marked cells per index
field were counted. Under a light microscope at 200¥ mag-
nification, five to eight non-overlapping fields (to obtain
around 90% of the cortical kidney section) per kidney
section were captured with a numeric camera connected to
the microscope. Results are presented as positive cells per
field.

Table 1
Cyclooxygenase inhibitors used in the study

Drug name
Inhibition of COX
isoform Reported analgesic ED50 (mg·kg-1)

Dose used in this
study corresponding
to ED80 (mg·kg-1)

SC-236 COX-2 – 10

SC-560 COX-1 – 10

Naproxen COX-1/COX-2 11 (Anikwue et al., 2002) 50

Diclofenac COX-1/COX-2 0.8–8 (Anikwue et al., 2002; Miranda et al., 2006) 20

Celecoxib COX-2 5–25 (Anikwue et al., 2002; Schmelzer et al., 2006) 100

Rofecoxib COX-2 6–8 (Schmelzer et al., 2006; Bhat et al., 2008) 10

Valdecoxib COX-2 0.03–5.9 (Talley et al., 2000; Gierse et al., 2005) 10

Etoricoxib COX-2 0.58 (Singh et al., 2006) 20

Lumiracoxib COX-2 0.4–5 (Esser et al., 2005) 50

Methyl-celecoxib – – 100

BJPCoxibs and renal development
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Statistics
Results were expressed as mean � SEM. ANOVA with Bonfer-
roni’s multiple comparison post hoc analysis using Prism soft-
ware (Graphpad) was used to determine statistical differences
between multiple groups. P < 0.05 was considered statistically
significant.

Results

In order to study alterations in postnatal mouse nephrogen-
esis caused by selective and non-selective inhibitors, targeting
the two isoforms of COX, we treated mice with COX inhibi-
tors from postnatal day P1 to P21 and determined the follow-
ing kidney characteristics at day P21: (i) ratio of kidney
weight to body weight, which gives an estimate of the relative
organ growth; (ii) glomerular and cortical tubular diameter;
(iii) distance of superficial glomeruli to the cortical edge,
which gives an estimate of the subcapsular cortical growth;
(iv) relative amount of superficial glomeruli within 58 mm of
the cortical edge to give a measure for maturational arrest of
newly formed nephrons in the outer cortex; (v) the size dis-
tribution of glomeruli, disclosing relative hypertrophy of
glomeruli; (vi) size of juxtamedullary glomeruli to establish
whether these early differentiated glomeruli are also affected
by COX inhibition; and (vii) number of interstitial macroph-
ages, proliferating cells and periglomerular fibrosis. Histomor-
phological observations in mice treated with COX inhibitors
were compared with data collected in vehicle-treated control
mice.

We studied COX-2-/- mice as positive controls for renal
maldevelopment. These mice presented significantly altered
kidney characteristics compared with control mice (COX-2+/+)
at day P21. The kidney to body weight ratio of COX-2-/- mice
was significantly lower (Table 2) but ratio of heart weight to
body weight was unaltered (data not shown). Regarding the
size of glomeruli, we observed a significant reduction in mean
diameter, which gave a reduced mean volume of glomeruli
(assuming a spherical form for glomeruli) from 36 679 �

1762 mm3 to 6835 � 536 mm3. Cortical thickness was mark-
edly decreased and the number of glomeruli in the outer
cortex within 58 mm to the cortical edge was significantly
increased (Table 2). Analysis of size distribution of glomeruli
revealed an asymmetric shift to the left with a shoulder on
the right, indicating the presence of relatively hypertrophic

glomeruli (Figure 1), as reported before (Kömhoff et al., 2000;
Norwood et al., 2000). No significant difference in any of our
renal characteristics was observed, comparing COX-2+/+ mice
to C57BL6 mice (data not shown).

As in COX-2-/- mice, renal histological alterations were
observed following administration of the COX-2 selective
inhibitor SC-236 to wild-type C57BL6 mice from day P1 to
P21 (Table 2). Interestingly in contrast to kidneys from COX-
2-/- mice, hypertrophic glomeruli were not observed
(Figure 1). Treatment of wild-type mice with SC-560, a selec-
tive inhibitor of COX-1 did not induce any morphological
changes in the kidney. We also studied the effect of dimethyl-
celecoxib, which is structurally related to the selective COX-2
inhibitor celecoxib but exhibits only minimal COX-2 inhibi-
tory activity and found it did not show any effects on normal
renal morphology (Table 2) in mice.

It is not known whether coxibs, especially the clinically
available coxibs, and non-specific NSAIDs would also inter-
fere with renal development. We studied the effect of equi-
potent anti-nociceptive doses of the coxibs celecoxib,

Table 2
Histomorphological analysis of mouse kidneys

COX-2+/+ COX-2-/- C57BL6 + SC-236 C57BL6 + SC-560 C57BL6 + DMC

Kidney to body weight ratio 17.53 � 0.56 9.22 � 0.23* 11.50 � 0.41* 16.50 � 0.29 15.87 � 0.44

Diameter of glomeruli (mm) 41.23 � 0.65 23.55 � 0.60* 28.87 � 0.69* 37.80 � 1.10 39.35 � 1.32

Subcapsular cortical thickness (mm) 43.60 � 1.03 10.73 � 0.32* 15.59 � 2.08* 45.62 � 3.56 45.92 � 2.23

Relative amount of superficial glomeruli (%) 11.62 � 0.89 68.51 � 2.03* 40.58 � 1.47* 12.73 � 1.48 11.40 � 1.68

*P < 0.05 versus COX-2+/+.
DMC, methyl-celecoxib.

Figure 1
Size distribution of glomeruli from COX-2-/- mice. Mouse kidneys
were harvested at P21 and stained with haematoxylin/eosin. Diam-
eters of glomeruli were measured and their relative frequency was
determined in 5 mm bins. The peak size shifted in kidneys from
COX-2-/- mice to 15 mm, compared with 35 mm in control mice.
Please note the presence of hypertrophic glomeruli (>50 mm) in
COX-2-/- kidneys.
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rofecoxib, valdecoxib, lumiracoxib and etoricoxib and of the
NSAIDs diclofenac and naproxen, two widely used analgesic
drugs. In order to test for inhibition of COX-2 activity we
measured synthesis of PGE2 in LPS-stimulated heparinized
blood samples. All the coxibs and NSAIDs, used in our study,
strongly suppressed COX-2 activity, as reflected by inhibition
of LPS-induced PGE2 synthesis (Figure 2). At the doses used,
PGE2 formation was suppressed by more than 80%, and no
significant differences in inhibitory potency were observed
between the various COX inhibitors.

All COX inhibitors tested under our experimental condi-
tions affected mouse nephrogenesis, albeit to different
extents. For instance, the kidney to body weight ratios for
mice treated with celecoxib and valdecoxib were similar to
control values (Figure 3). In contrast, administration of rofe-
coxib, lumiracoxib and etoricoxib and also of diclofenac and
naproxen resulted in a significant reduction in kidney mass
(Figure 3), expressed by lowered ratio. Ratios of heart weight
to body weight were unaltered by administration of COX
inhibitors (data not shown).

In accordance with previous reports on COX-2-/- mice,
following COX inhibition in wild-type mice, histologically
poorly developed, condensed glomeruli were observed in the
subcapsular space (Figure 4). The mean diameters of glom-
eruli were significantly reduced in all inhibitor groups
(Figure 5A) in comparison with the control group values. The
most marked effects were observed after treatment with rofe-
coxib, etoricoxib, diclofenac and naproxen, which lowered
glomerulus size significantly compared with the sizes after
celecoxib or valdecoxib (Figure 5A). Mean luminal diameters
of cortical tubules in COX inhibitor-treated groups were not
significantly different from control-treated kidneys (Table 3).
We evaluated renal cell proliferation by immunostaining for
PCNA as a measure of undifferentiated cells. A very small
number of PCNA-positive cells were found in cortical sections

of control kidneys with no difference in coxib-treated
kidneys. In contrast, treatment with naproxen and diclofenac
caused a slight but significant increase in PCNA-positive cells
(Table 3).

Regarding subcapsular cortical growth and relative
amount of superficial glomeruli, celecoxib treatment gave
values indistinguishable from the control values (Figure 5B,
C). All other coxibs significantly reduced cortical thickness of
cortical mantle and increased the relative amount of outmost
superficial glomeruli (Figure 5B, C). The percentage of super-
ficial glomeruli was significantly higher in kidneys from
diclofenac- and naproxen-treated mice than in those from
mice treated with the coxibs (Figure 5C).

The size distribution of the glomeruli was affected by all
coxibs, resulting in a shift to the left with nearly Gaussian
distribution (Figure 6A). The most marked effects were
observed following treatment with rofecoxib, etoricoxib,
lumiracoxib, diclofenac and naproxen, with intermediate
left-wards shift after celecoxib or valdecoxib. Furthermore, all
inhibitors reduced the size of juxtamedullary glomeruli, in
comparison with vehicle treatment. As shown in Figure 6B,
although treatment with celecoxib or valdecoxib decreased
the diameter of juxtamedullary glomeruli, the other COX
inhibitors were more effective and significantly different from
control or celecoxib.

In order to evaluate inflammatory infiltrates we deter-
mined the number of macrophages by F4/80 staining. In
kidney sections from control mice, low levels of interstitial
macrophage infiltration were detected but no difference was
found following treatment with coxibs or NSAIDs (Table 3).
Periglomerular fibrosis was studied in Sirius red stained

Figure 2
Inhibition of COX-2 activity determined by ex vivo blood assay.
Heparinized blood was taken from mice after administration of COX
inhibitors or vehicle from day P1 to P21 and incubated with or
without LPS (10 mg·mL-1) for 20 h. Following centrifugation of blood
cells, PGE2 concentrations in the supernatants were determined by
enzyme immunoassay. Data represent mean � SEM of three inde-
pendent experiments, *P < 0.05 versus control. No significant differ-
ence between the COX inhibitor-treated groups was observed.

Figure 3
Ratio of kidney weight/body weight in mice treated with COX inhibi-
tors. Treatment of mice with the indicated coxib or NSAID, at doses
as shown in Table 1, was from P1 to P21. Following measurement of
body weight, blood-free kidneys were removed and weighed. Data
represent mean � SEM of three independent experiments, *P < 0.05
versus control; #P < 0.05 versus celecoxib; §P < 0.05 versus
valdecoxib.
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kidney sections. Although all COX inhibitors caused a slight
increase in the mean area of basement membrane of Bow-
man’s capsules, only the staining in kidneys after SC-236 or
rofecoxib treatment reached significance, in comparison with
control (Table 3).

Discussion and conclusions
Inhibitors of COX are among the most widely used drugs,
but also induce the greatest number of unwanted side
effects, often causing hospitalizations (Wolfe et al., 1999).

Table 3
Effect of treatment with COX inhibitors on relative number of cortical macrophages (F4/80-positive), proliferating cells (PCNA-positive), fibrosis
(area of basement membrane of Bowman’s capsule) and diameter of cortical tubules in mouse kidney sections

Substance

Number of cortical
F4/80-positive cells
per index field

Number of
PCNA-positive cells
per index field

Area of basement
membrane
(arbitrary units)

Diameter of
cortical
tubules (mm)

Control 11.2 � 0.8 1.5 � 0.3 0.25 � 0.03 20.67 � 1.08

SC-236 14.5 � 1.9 2.8 � 0.3 0.76 � 0.11* 19.15 � 0.78

DMC 11.0 � 1.4 0.9 � 0.2 0.23 � 0.04 20.68 � 1.10

Celecoxib 12.1 � 1.1 1.4 � 0.4 0.32 � 0.09 20.49 � 1.33

Rofecoxib 13.0 � 1.2 2.9 � 0.5 0.85 � 0.13* 20.37 � 1.19

Valdecoxib 13.5 � 1.3 3.8 � 0.4 0.47 � 0.11 20.28 � 0.24

Etoricoxib 13.1 � 1.2 2.0 � 0.3 0.71 � 0.12 19.40 � 0.70

Lumiracoxib 12.4 � 0.9 0.9 � 0.2 0.65 � 0.09 19.27 � 0.23

Naproxen 9.2 � 0.9 6.7 � 0.7* 0.66 � 0.14 19.20 � 0.86

Diclofenac 10.2 � 0.8 5.9 � 0.6* 0.70 � 0.13 19.14 � 0.41

*P < 0.05 versus control.
DMC, methyl-celecoxib; PCNA, proliferating cell nuclear antigen.

Figure 4
Renal morphological alterations in mice treated with coxibs or NSAIDs. COX inhibitors were given in the doses indicated in Table 1 from P1 to
P21. Kidneys were harvested at P21, fixed and stained with haematoxylin/eosin. (A) Control, (B) celecoxib, (C) rofecoxib, (D) etoricoxib, (E)
valdecoxib, (F) lumiracoxib, (G) diclofenac, (H) naproxen. A representative cortical section is shown, magnification 200¥. In control animals,
glomeruli exhibited a mature morphology (indicated by asterisk) with minimal space between the glomerular and Bowman’s capsule (indicated
by thin arrow) and several layers of tubules occupy the space between the renal capsule and the subcapsular glomeruli (indicated by thick arrow).
In COX inhibitor-treated animals (B–H) glomeruli exhibit reduced size (indicated by asterisk), condensed glomerular tuft partially with increased
urinary space of Bowman’s capsule (indicated by thin arrow), and, except for celecoxib (B), reduced thickness of subcapsular tubules (indicated
by thick arrow).
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Adverse effects have been reported for non-selective COX,
as well as for COX-2 selective, inhibitors. Renal side effects
are associated with oedema, kidney hypoperfusion, hyper-
tension and renal maldevelopment (Harirforoosh and
Jamali, 2009). Although it has become evident that COX-2
deficiency causes renal dysgenesis in mice (Dinchuk et al.,
1995; Morham et al., 1995), less information is available
regarding the potency of classical NSAID and of clinically
used coxibs to impair renal development, especially at anal-
gesic doses. In the present study we focused on the effect of
equipotent analgesic dosages of COX selective and non-
selective inhibitors on postnatal kidney development in
mice. Our observations let us draw two major conclusions.
First, clear differences do exist between different coxibs in
causing renal developmental defects with celecoxib being
most ‘safe’, and rofecoxib being least. Second, the classical
NSAIDs, diclofenac and naproxen, caused the most marked
defects, overall, in renal development, among all inhibitors
used in this study.

The metanephric kidney undergoes two basic phases of
growth, with a considerable overlap among these phases
(Kleinman, 1982). The first phase is that of nephrogenesis,
the development of new nephrons, which begins in mice at
embryonic day 11 and ends 10 days postpartum. The second
phase of growth is the anatomical maturation and growth of
the nephrons already present, especially an increase in glom-
erular size and elongation of the tubule system leading to
enlargement of subcapsular cortical region and kidney mass.
During nephrogenesis, morphological and functional differ-
entiation of nephrons proceeds centrifugally. Thus, in the
developing kidney, the first nephrons to form are in the
juxtamedullary area and those nephrons located in the out-
ermost region of the cortex are the youngest and least differ-
entiated morphologically (see Horster et al., 1999). All COX
inhibitors used in this study affected various aspects of renal
development.

As a reference compound for COX-2 inhibition, we used
SC-236 as it is known to induce renal dysgenesis in mice

Figure 5
Impairment of postnatal renal development by treatment with coxibs and NSAIDs. COX inhibitors were given in the doses indicated in Table 1
from postnatal day P1 to P21. Thereafter kidneys were removed, fixed in PFA and histomorphometrically analysed. (A) Diameter of glomeruli, (B)
subcapsular cortical thickness, (C) relative amount of superficial glomeruli within 58 mm from the renal cortical edge. Data represent mean � SEM
of three independent experiments, *P < 0.05 versus control; #P < 0.05 versus celecoxib; §P < 0.05 versus valdecoxib; &P < 0.05 versus coxibs.

BJPCoxibs and renal development

British Journal of Pharmacology (2011) 163 927–936 933



(Kömhoff et al., 2000). The effect of SC-236 on kidney growth
retardation, glomerular size and cortical area was similar to,
but not as strong as, the effect of genetic deletion of the
COX-2 gene. Three explanations may be offered. First, SC-236
did not completely block renal COX-2 activity. Second, peri-
partum COX-2 activity already contributes to renal develop-
ment. Third, partial compensation for the block of
prostaglandins via COX-2 is provided via the remaining
COX-1 activity. Support for this last possibility is given by our
observation that the non-selective COX inhibitors (which
block both COX-1 and COX-2) caused, in some aspects,
stronger renal defects than those caused by the coxibs.
However, administration of the COX-1 selective inhibitor
SC-560 caused no detectable changes in renal morphology,
consistent with earlier observations (Kömhoff et al., 2000).

Striking differences in the extent of renal defects were
observed between the coxibs and NSAIDs, although equipo-
tent doses, corresponding to the ED80 doses to block hyperal-

gesia were given and all the COX inhibitors used gave equally
extensive (more than 80%) inhibition of the LPS-induced
COX-2 activity in blood samples. Compared with control
mice, the least detrimental effects on nephrogenesis were
recorded for celecoxib, which affected size of glomeruli but not
nephron growth or kidney mass. DMC, a structural derivative
of celecoxib with no COX-2 inhibitory activity (Kardosh et al.,
2005), did not impair renal development, indicating that the
effect of celecoxib depends on COX-2 inhibition.

In contrast, treatment with rofecoxib strongly diminished
size of glomeruli, subcapsular cortical mass, kidney weight,
but induced maturational arrest of superficial glomeruli and
periglomerular fibrosis, thereby exhibiting the strongest
effects of all the coxibs tested. For valdecoxib, lumiracoxib
and etoricoxib, we observed an intermediate impact on renal
development. Even though equi-analgesic doses were used,
accessibility to renal COX-2 and inhibitory effects on renal
COX-2 enzyme activity may differ among the coxibs and
provide some explanation for the observed differences in
effects on renal development.

The impairment of nephrogenesis by the classical NSAIDs
diclofenac and naproxen was comparable to that induced by
rofecoxib, in terms of attenuation of glomerular and subcap-
sular cortical growth. Moreover, both diclofenac and
naproxen induced a significantly higher percentage of super-
ficially located glomeruli, indicating a stronger effect on
cortical maturation and growth. Compatible with this
assumption is our observation that among COX inhibitors
used in our study, diclofenac and naproxen held a small
number of renal cells in an undifferentiated state, as shown
by the increase in PCNA-positive cell number. In general,
PCNA expression is restricted to the nephrogenic zone and is
down-regulated rapidly as renal epithelial cells differentiate
and acquire functional characteristics (Saifudeen et al., 2002).

Apart from the cortical glomeruli, the juxtamedullary
glomeruli were also affected by coxibs and NSAIDs, and here
growth inhibition was significantly stronger for rofecoxib,
etoricoxib, lumiracoxib, diclofenac and naproxen. This indi-
cates that also the maturation program of the earliest glom-
eruli during nephrogenesis is modulated by COX activity. In
contrast to this observation, in COX-2-/- mice, juxtamedul-
lary glomeruli were observed to be relatively hypertrophic
(Kömhoff et al., 2000). One explanation may be that embry-
onic loss of COX activity activates compensatory mecha-
nisms, which do not operate when there is postnatal
inhibition of COX.

Regarding the differences in renal defects caused by
coxibs and NSAIDs, we postulate that prostanoids exercise
different and subtle control on cortical tubule growth and on
maturation of superficial and juxtamedullary glomeruli.
From a clinical point of view, the risk of renal maldevelop-
ment may differ between different coxibs and these renal side
effects may be more likely to occur following the use of
NSAIDs than after the coxibs.
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