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Abstract Nonsteroidal anti-inflammatory drugs (NSA-
IDs) are used extensively in clinical medicine. One dis-
advantage of their use, however, is the occurrence of
adverse effects in the kidneys. The side effects produced
in this organ have been classically attributed to the
inhibitory effect of these drugs on the activity of cyclo-
oxygenase, a key enzyme in prostaglandin synthesis. Our
earlier work with indomethacin, a commonly used
NSAID, has shown that oxidative stress and mitochon-
drial dysfunction occur in the kidney in response to the
drug. In view of this, this study looked into the effect of
indomethacin on brush border membranes (BBM) from
the kidney, as these biomembranes are prime targets of
oxygen free radicals. Rats, fasted overnight, were dosed
with indomethacin (20 mg/kg) by gavage and sacrificed
24 h later. BBM were isolated from the kidneys by
polyethylene glycol precipitation. It was found that there
was an increase in levels of products of peroxidation and
a fall in the level of alpha-tocopherol in the BBM from
indomethacin-dosed rats. These BBM also exhibited
impaired glucose transport. The lipid composition of the
membranes was also found to be altered. Alterations in
lipids were associated with up-regulation of phospholi-
pase A2. Pretreatment with L-arginine, a nitric oxide
donor, protected against these effects of indomethacin.
Thus, this study suggests that indomethacin induces
impairment in structure and function of BBM in the
kidney, with these effects possibly mediated by free rad-
icals and activation of phospholipases. We postulate that

such alterations may be important in the pathogenesis of
NSAID-induced nephropathy.
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Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are
among the most widely prescribed group of drugs used
in clinical practice. These drugs exert anti-inflammatory,
analgesic and antipyretic effects. They do so through
suppression of prostaglandin synthesis, by inhibiting the
enzyme cyclooxygenase. However, there is growing
concern over the side effects produced by these drugs,
most notably those in the gastrointestinal tract and
kidney (Gabriel et al 1991; Gambaro and Perazella
2003). While the gastrointestinal toxicity of these medi-
cations is well known, it is becoming increasingly
apparent that the kidney is also an important target for
untoward clinical events (Gambaro and Perazella 2003).
Electrolyte disorders and acute renal failure have been
shown to occur in response to NSAIDs. These are ob-
served more frequently in patients with risk factors, such
as those with age-related declines in glomerular filtration
rate, those with hypovolemia (particularly patients tak-
ing loop diuretics) and those with congestive heart fail-
ure, cirrhosis or nephrosis.

The adverse effects of the drugs in the kidneys have
been classically attributed to their action in inhibiting
the enzyme cyclooxygenase, the key enzyme in the
synthesis of prostaglandins. These eicosanoids help
maintain renal blood flow and glomerular filtration
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rate. Decreased levels of these compounds are thought
to compromise renal function (Epstein 2002). Another
possible mechanism that may be operational in the
pathogenesis of NSAID-induced renal injury is inhi-
bition of oxidative phosphorylation by NSAIDs, an
event that may depress renal function (Mingatto et al
1996). Our earlier work has also shown that the oral
administration of indomethacin produced mitochon-
drial dysfunction in the small intestine and the kidney,
as evidenced by decreased oxygen uptake, increased
permeability of the mitochondrial membrane and de-
creased uptake of calcium by these organelles (Basi-
vireddy et al 2002, 2004). Free radical-induced changes
have also been found to occur in the small intestine
and kidney (Hickey et al 2001; Basivireddy et al 2002,
2003, 2004) in response to indomethacin. These in-
clude falls in levels of antioxidant enzymes, increased
levels of products of peroxidation and alterations in
the composition of lipids in the mitochondrial mem-
branes. The extent of the changes suggests that these
oxidant-induced effects may be important in the
pathogenesis of NSAID-induced toxicity in these or-
gans. All these changes were found to be attenuated
by pretreatment with agents that are known to be
scavengers of free radicals (Basivireddy et al 2002,
2003, 2004).

The renal brush border membrane (BBM) (microvil-
lus membrane) is present in the epithelial cells of the
renal tubules and is involved in both the excretion and
absorption of water, electrolytes and small molecules
across a physicochemical gradient. These membranes
contain a number of enzymes and transporters that en-
able them to carry out their functions. Thus, integrity of
these membranes is essential for normal renal function
(Limaye and Sivakami 2003; Coux et al 2002).

Normally, a balance is maintained between free
radical production and scavenging ability in a cell, in
order to ensure cellular integrity. Alterations to this
balance are thought to lead to cell injury. Biomem-
branes are extremely susceptible to the effect of free
radicals (Guan et al 2000). Our earlier work has doc-
umented an increase in the generation of free radicals
in the kidney in response to the administration of
indomethacin. In view of this, this study looked spe-
cifically at the effect of drug-induced free radicals on
the brush border membranes of the kidney. Arginine, a
donor of nitric oxide, was also assessed for its ability
to offer protection against indomethacin-induced
changes in these membranes.

Materials and methods

Indomethacin, L-arginine hydrochloride, ethylene dia-
mine tetraacetic acid (EDTA), bovine serum albumin
(BSA), 5,5¢-dithio-bis-(2-nitrobenzoic acid) (DTNB), 2-
thiobarbituric acid (TBA), and lipid standards were
obtained from Sigma. Polyethylene glycol (PEG) 4000
was obtained from Fluka AG. C14 -labeled glucose was

obtained from Bhabha Atomic Research Center,
Bombay, India. All other chemicals used were of ana-
lytical grade. Millipore membranes (pore size 0.45 lm)
were obtained from Millipore. Rabbit polyclonal anti-
body against cPLA2 (cytosolic PLA2) was from Santa
Cruz Biotechnology Inc. Affinity purified alkaline
phosphatase-conjugated goat anti-rabbit IgG was
obtained from Bangalore Genei, Bangalore, India.

Male albino rats (200–250 g) were used for the
experiments. All of the procedures performed on
the animals had been approved by the Committee for
the Purpose of Control and Supervision of Experiments
on Animals (CPCSEA), Government of India.

Protocol for administration of experimental
compounds

Rats were fasted overnight and dosed with indomethacin
(Indo) (20 mg/kg) by gavage. Control animals received
an equal volume of the vehicle for the drug (5% sodium
bicarbonate). They were then allowed free access to food
and water. Animals were sacrificed by cervical disloca-
tion 12 and 24 h later, their abdomens opened up
immediately and the kidneys removed.

To study the effect of L-arginine, the amino acid was
given in drinking water (at a concentration of 1.5%) for
five days (Sonia and Jose 1997) prior to dosing with
indomethacin (Arg + Indo group). L-NAME (NG-ni-
tro-L-arginine methyl ester), an inhibitor of nitric oxide
synthase, was also used. Rats were administered this
compound (30 mg/kg) (Hogaboam et al 1995) by ga-
vage, two days prior to and along with L-arginine for
five days, for a total of seven days. The animals were
sacrificed on the eighth day, after administration of
indomethacin, as described above (L-NAME + Arg +
Indo group). Sub-groups of controls animals were
treated with vehicles for the agents, arginine alone, L-
NAME alone or arginine + L-NAME.

Preparation of renal homogenate

Kidneys were washed with chilled saline and decapsu-
lated. The renal tissue was sliced and a 5% homogenate
was made in buffer containing 2 mM Tris–HCl and
50 mM mannitol, pH 7.1 (Basivireddy and Balasubra-
manian 2003).

Assay of pro-oxidant and anti-oxidant enzymes
in the homogenate

The renal homogenate was used for the assay of mye-
loperoxidase (MPO) (Kraswisz et al 1984), a pro-oxidant
enzyme used as a marker to detect the infiltration of
neutrophils into tissue. Anti-oxidant enzymes—super-
oxide dismutase (SOD) (Ohkuma et al 1982), catalase
(Aebi 1984), glutathione peroxidase (GPX) (Nakamura
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et al 1974) and glutathione reductase (GR) (Racker
1955)—were assayed as described.

Preparation of brush border membrane vesicles

The homogenate was used to isolate the brush border
membrane as described earlier, by polyethylene glycol
precipitation (Basivireddy and Balasubramanian 2003).
Purity of the BBM prepared was confirmed by checking
for enrichment of the marker enzyme alkaline phos-
phatase in the final preparation (Dorai and Bachhawat
1977). Protein was estimated using bovine serum albu-
min as standard (Lowry et al 1970).

Assessment of parameters of oxidative stress

Levels of malondialdehyde (MDA) (Ohkawn et al 1979),
conjugated diene (Chan and Levett 1972), protein car-
bonyl (Sohal et al 1993), thiols (Habeeb 1972) and a-
tocopherol (Cheeseman et al 1987) were measured in the
BBM preparation.

Analysis of lipids

Total lipids were extracted from BBM by an estab-
lished method (Bliigh and Dyer 1959). Neutral lipids
were separated on silica gel G plates using a solvent
system consisting of hexane:diethyl ether:acetic acid
(80:20:1, v/v). The spots corresponding to the stan-
dards were identified by iodine exposure and eluted.
Cholesterol, cholesteryl esters (CE) (Zaltkis et al 1953),
triacylglycerol (TAG) and diacylglycerol (DAG) (Syn-
der and Stephens 1959) were estimated as described.
Free fatty acids were methylated and quantitated by
gas chromatography (Cohen and Derksen 1969).
Individual phospholipids were separated on silica gel
H plates using a solvent system consisting of chloro-
form:methanol:acetic acid: water (25:14:4:2, v/v) and
quantitated by phosphate estimation after acid
hydrolysis (Bartlett 1959). Phosphatidic acid (PA) was
separated on a silica gel G plate impregnated with
oxalic acid (Cohen and Derksen 1969) and quantitated
by phosphate estimation.

Identification of PLA2 in BBM by immunoblotting

Phospholipase A2 (PLA2) in the BBM was detected by
immunoblotting (Glover et al 1995). Protein concen-
trations corresponding to 100 lg of BBM (approxi-
mately 50 ll) were resolved on SDS polyacrylamide
gels (10%) by electrophoresis for one hour at a con-
stant voltage of 100 V. The samples were then trans-
ferred on to a nitrocellulose membrane (type NC,
0.45 lm pore size) using a blotting apparatus. Non-
specific binding sites were blocked overnight at 4 �C
using 5% fat-free milk (w/v) in a wash buffer con-

taining 10 mM Tris pH 7.4, 150 mM NaCl, 5 mM
sodium azide and 20% Tween 20. The membranes
were then incubated for two hours at room tempera-
ture with 1:200 diluted rabbit polyclonal IgG against
PLA2. After washing in buffer containing Tween 20 for
10–15 min, the membranes were further incubated for
two hours at room temperature with 1:1000 diluted
anti-rabbit IgG conjugated to alkaline phosphatase.
The membranes were again washed with wash buffer
containing Tween 20 before detection of the alkaline
phosphatase activity using bromochloroindolyl phos-
phate (BCIP).

Measurement of uptake of D-glucose by BBM

Isolated BBM were assessed for their ability to transport
glucose via uptake measurements carried out at room
temperature by a rapid filtration technique, as described
previously (Tiruppathi et al 1988). Briefly, 50 ll of BBM
vesicles corresponding to approximately 100 lg protein
was incubated, for varying time intervals, with 150 ll of
uptake buffer containing 150 mM NaSCN, 50 lM D-
glucose, 0.8 lCi (C14) D-glucose and 10 mM HEPES,
pH 7.5. At the end of the incubation, the mixture was
diluted with 2 ml of ice-cold stop buffer (150 mM NaCl,
10 mM HEPES, 0.2 mM of phloridzin, pH 7.5) and
immediately filtered under constant vacuum. The filter
was washed three times with 5 ml of stop buffer and
transferred to counting vials. The radioactivity retained
in the filter was counted using LKB Rack-Beta scintil-
lation counter.

Statistical analysis

Data were analyzed using ANOVA, with Bonferroni
correction for multiple t-test as a post hoc test, to look
for differences between the means of the various exper-
imental groups. A p value of less than 0.05 was taken to
indicate significance. Data analysis was carried out using
Statistical Package for the Social Scientist (SPSS), Ver-
sion 11.

Results

Table 1 shows the levels of enzymes measured in the
renal homogenate. There was an increase in the levels of
the pro-oxidant enzyme, MPO, in the indomethacin-
treated group as compared with the control group. This
was associated with a corresponding decrease in the
levels of the anti-oxidant enzymes—SOD, catalase, GPX
and GR.

Figure 1 shows the parameters of oxidative stress in
the renal BBM. There were increases in the levels of
MDA, conjugated dienes and protein carbonyl, and
decreases in levels of thiols and alpha-tocopherol in the
indomethacin-treated BBM as compared with control
BBM.
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Table 1 Activities of pro-oxidant and anti-oxidant enzymes in kidney homogenate from control, indomethacin-treated and different
pretreatment groups of rats

Control Indo Arg + Indo L-NAME + Arg + Indo

Enzymes in the homogenate (IU/mg protein)
Myeloperoxidase 0.96±0.085 5.52±0.189* 1.03±0.128** 5.12±0.259***
Superoxide dismutase 34.07±1.48 20.03±1.32* 36.95±2.60** 18.97±1.07***
Catalase 40.28±1.12 20.48±1.53* 41.30±1.48** 22.32±1.96***
Glutathione peroxidase 0.594±0.012 0.399±0.020* 0.511±0.032** 0.338±0.015***
Glutathione reductase 0.179±0.009 0.088±0.005* 0.163±0.006** 0.093±0.004***

* p<0.05 as compared with control group; ** p<0.05 when compared with indomethacin-treated group; *** p<0.05 when compared
with indomethacin + L-arginine group. Each value represents mean±SD (n=6 rats)

Fig. 1A–E Levels of
malondialdehyde (A),
conjugated dienes (B), protein
carbonyls (C), thiols (D) and
alpha-tocopherol (E) in BBM
from control, indomethacin-
treated and different
pretreatment groups of rats. *
p<0.05 when compared with
control group, ** p<0.05 when
compared with indomethacin-
treated group and *** p<0.05
when compared with
indomethacin + L-arginine
group. Each value represents
mean±SD (n=6 rats)
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Lipid analysis of the BBM revealed significant
changes after drug treatment. Levels of triacylglycerol
and cholesteryl esters were found to be decreased with
corresponding increases in the level of free diacylglycerol
and cholesterol (Fig. 2). Among the phospholipids,
phosphatidylcholine (PC) and phosphatidylethanol-
amine (PE) were decreased (Fig. 3A, C) with concomi-
tant elevations in the levels of lysophosphatidylcholine
(LPC), lysophosphatidylethanolamine (LPE) (Fig. 3B,
D) and phosphatidic acid (PA) (Fig. 4A). Levels of
other phospholipids such as phosphatidylserine, phos-
phatidylinositol and sphingomyelin were also lower in
the BBM isolated from drug-treated animals (data not
shown). The ratio of total cholesterol to total phos-
pholipids was higher in the indomethacin-treated BBM
(Fig. 4B). Levels of free fatty acids, such as palmitic,
stearic, oleic, linoleic and arachidonic acids were higher
in BBM from drug-treated rats when compared with
control animals (Table 2).

The changes in the lipid composition suggested
PLA2-mediated degradation of BBM lipids and hence
the presence of PLA2 on BBM was investigated by
immunoblot. As shown in Fig. 4C, the expression of

PLA2 was more prominent in BBM from indomethacin-
treated rats than in those from control animals.

The functional integrity of these BBM was assessed
by measuring their ability to transport glucose. Indo-
methacin treatment resulted in a significant decrease in
the ability of these membranes to transport glucose as
compared to control membranes (Fig. 5).

Pretreatment of the experimental animals with argi-
nine negated the effects produced in the BBM in re-
sponse to indomethacin. Changes that had been
observed in the parameters of oxidative stress (Fig. 1;
Table 1), composition of membrane lipids (Figs. 2, 3,
4A, B; Table 2), the content of PLA2 (Fig. 4C), and
glucose transport (Fig. 5) in BBM in response to indo-
methacin were all abolished by pre-treatment with
arginine. The protection conferred by arginine was
found to be nullified by the use of L-NAME (Figs. 1, 2,
3, 4, 5; Tables 1, 2), thereby showing that it was prob-
ably the nitric oxide formed from arginine that was
responsible for the protection seen.

There were no significant differences in the parame-
ters measured among the sub-groups of control animals,
which received either only the vehicles for the agents

Fig. 2A–D Levels of neutral
lipids in BBM from control,
indomethacin-treated and
different pretreatment groups of
rats. * p<0.05 when compared
with control group, ** p<0.05
when compared with
indomethacin-treated group
and *** p<0.05 when
compared with indomethacin
+ L-arginine-treated group.
Each value represents
mean±SD (n=6 rats)
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used, arginine alone, L-NAME alone or arginine + L-
NAME (data not shown).

Discussion

In the kidney, effects of NSAIDs include electrolyte
imbalance, acute renal failure, nephrotic syndrome
associated with interstitial nephropathy and papillary
necrosis. Such changes have been held to be a conse-
quence of pharmacologic depression of prostaglandin
synthesis produced by the inhibitory effect of NSAIDs on
cyclooxygenase (COX), thereby causing decreased blood
supply to the kidneys. Use of indomethacin has shown to

inhibit both isoforms of COX, causing transient sodium
retention (mediated by inhibition of COX-2) and a de-
cline in glomerular filtration rate (due to inhibition of
COX-1) (Catella-Lawson et al 1999).

Our earlier study with indomethacin has shown that
oral administration of the drug produces mitochondrial
dysfunction and oxidative damage in the kidney (Basi-
vireddy et al 2004). Mitochondria act as both a source
and a target of free radicals. Neutrophils were found to
infiltrate the kidney in response to the drug and this
represents another source for free radical generation.
Normally, small amounts of reactive oxygen species
(ROS) are involved physiologically in signaling path-
ways such as those involving growth, differentiation and

Fig. 3A–D Content of
phospholipids in BBM from
control, indomethacin-treated
and different pretreatment
groups of rats. * p<0.05 when
compared with control group,
** p<0.05 when compared with
indomethacin-treated group
and *** p<0.05 when
compared with indomethacin
+ L-arginine-treated group.
Each value represents
mean±SD (n=6 rats)
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gene expression (Guzik et al 2003; Mathy-Hartert et al
2003). However, increased levels of ROS tend to damage
cellular components, with biomembranes being prime
targets for attack.

In the present study using renal BBM, treatment with
indomethacin resulted in increases in the levels of lipid
and protein peroxidation products with concomitant
decreases in level of the anti-oxidant alpha-tocopherol.
Such changes in these parameters constitute evidence of
oxidative stress. This is also reflected in the low levels of
anti-oxidant enzymes. We postulate that the neutrophil
infiltration (evidenced by increased levels of MPO) that
is shown to occur contributes to increased generation of
oxygen free radicals in the tissue. The accumulation of
peroxidation products in membranes may influence a
wide range of their functions, including activities of
various membrane-associated enzymes (Montagna et al

1998). Studies have shown that interaction of these
products with intra-cellular and extra-cellular targets
can produce new reactive species during the course of
chain reactions, resulting in further damage (Dargel
1992). In addition to these changes, the decrease in the
level of the antioxidant alpha-tocopherol, as a result of
increased levels of oxygen free radicals, renders mem-
branes liable to oxidative damage. Alpha-tocopherol is a
lipid-soluble antioxidant found within cell membranes
and it constitutes one of the mechanisms of the cell used
to combat the actions of ROS. It provides the cell with
its primary membrane-based defence against radical
species, inactivating them before they can initiate
potentially destructive peroxidation of membrane lipids
(Yagmurdur et al 2003). Free radical-mediated changes
in membranes are known to result in altered perme-
ability of brush border membranes, leading to disrup-

Fig. 4A–C Phosphatidic acid
(A), cholesterol/phospholipid
ratio (B) and PLA2 content (C)
in BBM from control,
indomethacin-treated and
different pretreatment groups of
rats. * p<0.05 when compared
with control, ** p<0.05 when
compared with indomethacin-
treated rats and *** p<0.05
when compared with
indomethacin + L-arginine-
treated groups. Each value
represents mean±SD (n=6
rats)

Table 2 Levels of free fatty acids in BBM from control, indomethacin and various pretreatment groups

Control Indo Arg + Indo L-NAME + Arg + Indo

Free fatty acids (nmol/mg protein)
Lauric acid 6.3±0.306 8.46±0.352 5.87±0.343 8.80±0.682
Myristic acid 2.16±0.145 2.66±0.161 2.17±0.245 2.58±0.205
Palmitic acid 22.44±2.46 37.57±1.87* 22.67±0.696** 41.79±2.05***
Stearic + oleic acids 31.00±1.59 41.33±2.86* 30.35±0.88** 40.29±2.15***
Linoleic acid 3.83±0.137 7.23±0.261* 4.18±0.533** 7.10±0.486***
Arachidonic acid 3.30±0.39 8.47±0.137* 3.28±0.429** 8.39±0.303***

* p<0.05 as compared with control group; ** p<0.05 when compared with indomethacin-treated group; *** p<0.05 when compared
with indomethacin + L-arginine group. Each value represents mean±SD (n=6 rats)
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tion of cell polarity (Paller 1993) and cellular dysfunc-
tion. In addition, if cells are exposed to a large amount
of free radicals beyond a certain period of time, lowered
intracellular levels of energy may result in apoptotic
changes of the cell (Karbowski et al 1999).

The biophysical properties of membranes are influ-
enced by fatty acyl chain length and saturation, their
content of cholesterol and phospholipids, the tightness
of packing of acyl chains, and their rates of rotational
motion (Paller 1993). Hence any alteration in the com-
position of membranes may bring about structural and
functional changes. Treatment with indomethacin re-
sulted in changes in the neutral and phospholipid com-
position of BBM with consequent alterations in the
cholesterol/phospholipid ratio in the membranes. A
change in this ratio is known to affect fluidity of mem-
branes, thereby altering their functions (Brasitus et al
1984). There were decreases in the levels of PC and PE
with concomitant increases in the levels of lysophos-
pholipids and free fatty acids following indomethacin
treatment. Increased levels of lysophosphatides and free
fatty acids are by themselves toxic to the membrane and
can influence a wide range of membrane functions
(Nakamura et al 1991; Hashizume and Abiko 1999). A
rise in levels of the former has been shown to modify the
viscosity of membranes and affect the function of vari-
ous membrane-associated enzymes. Elevations in levels
of lysophospholipids and arachidonic acid suggest
involvement of PLA2 (Sapirstein et al 1996; Takenaka
et al 1993). Studies by immunoblot, using an antibody to
cytosolic PLA2, showed the presence of this enzyme in
the BBM isolated from drug-treated animals. Activation
of PLA2 has been shown to occur in the small intestinal
mucosa as a result of indomethacin-induced oxidative
stress (Basivireddy et al 2003). We postulate that this
mechanism may be operational in the kidney as well and
that it is possibly the cytosolic isoform of the enzyme,
cPLA2, that is involved, as this was the isoform that was

detected by immunoblot in the current study. The
presence of this isoform is probably accounted for by its
translocation from the cytosol to the membrane, an
event that is possibly triggered by the oxidative stress
(Madesh and Balasubramanian 1997). The resultant
accumulation of free arachidonic acid, due to PLA2

activity and inhibition of cyclooxygenase by indometh-
acin, is likely to contribute to the damage seen in the
kidney, as high intracellular levels of arachidonic acid
are cytotoxic and known to induce apoptosis (Takenaka
et al 1993; Karbowski et al 1999). It was also observed
that the level of phosphatidic acid was increased, sug-
gesting the possible activation of phospholipase D
(PLD). Earlier work has shown the presence of PLD in
intestinal mitochondria, which can be activated by
oxygen free radicals and divalent metal ions (Madesh
et al 1997). It is possible that similar events maybe
operational in the kidney as well. Further work is,
however, required to confirm this possibility.

Transport across the BBM is dependent on mem-
brane composition and physical characteristics such as
membrane fluidity, with appropriate conformation of
transporters. Decreased transport of glucose by the
indomethacin-treated BBM vesicles is an indication of
functional impairment of the BBM. This loss of function
may be a result of alterations in the composition of its
constituent lipids, shown to occur in response to free
radicals. Earlier studies have shown dysfunction in
transport systems of the small intestinal brush border
membrane, under similar conditions (Basivireddy et al
2003; Jourd’heuil and Meddings 2001).

L-Arginine is the substrate for nitric oxide synthase
(NOS) and this releases nitric oxide (NO). Nitric oxide
can diffuse through and concentrate in lipophilic milieu
and react with potent radical species, such as the
superoxide radical, thus preventing oxidative stress
(Rubayani et al 1991). Pretreatment with arginine prior
to indomethacin protected against indomethacin-in-
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duced renal BBM changes. This protective effect was
nullified by pretreatment with L-NAME (inhibitor of
NOS) along with L-arginine, indicating that the effect
was mediated by the production of NO. These obser-
vations thus emphasize the importance of NO in renal
defenses against indomethacin-induced injury and are
supported by earlier studies (Basivireddy et al 2002,
2004). The protective role of NO may lie in its abilities to
ameliorate vasoconstriction and improve organ blood
flow to the kidney (Tokuyama et al 2002), to act as a
scavenger of oxygen free radicals (Majid et al 2004) and
to stimulate COX activity, resulting in increased levels of
reparative prostaglandins (Franchi et al 1994; Salvemini
et al 1993). Thus, multiple mechanisms may underlie the
beneficial effects of NO.

In conclusion, this study has shown various bio-
chemical alterations produced in renal BBM in response
to the administration of indomethacin. These effects
include oxidative damage and impairment of structure
and function of brush border membranes. We postulate
that such alterations may contribute to the damage in
the renal tissue that occurs in response to the drug, with
subsequent progress to organ dysfunction. These alter-
ations appear to be mediated through production of free
radicals and activation of PLA2. Arginine appears to
prevent the initiation of these effects.

Acknowledgments The authors would like to acknowledge the
Council for Scientific and Industrial Research (CSIR), New Delhi
for financial support for the study. Jayasree Basivireddy is a Senior
Research Fellow under CSIR.

References

Aebi H (1984) Catalase invitro. Methods Enzymol 105:121–126
Bartlett GR (1959) Phosphorous assay in column chromatography.

J Biol Chem 234:466–468
Basivireddy J, Balasubramanian KA (2003) A simple method of rat

renal brush border membrane preparation using polyethylene
glycol precipitation. Intern J Biochem Cell Biol 35:1248–1255

Basivireddy J, Vasudevan A, Jacob M, Balasubramanian KA
(2002) Indomethacin-induced mitochondrial dysfunction and
oxidative stress in villus enterocytes. Biochem Pharm 64:339–
349

Basivireddy J, Jacob M, Prabhu R, Pulimood AB, Balasubrama-
nian KA (2003) Indomethacin-induced free radical-mediated
changes in the intestinal brush border membranes. Biochem
Pharm 65:683–695

Basivireddy J, Jacob M, Pulimood AB, Balasubramanian KA
(2004) Indomethacin-induced renal damage: role of oxygen free
radicals. Biochem Pharm 67:587–599

Bhor VM, Sivakami S (2003) Regional variations in intestinal
brush border membrane fluidity and function during diabetes
and the role of oxidative stress and non-enzymatic glycation.
Mol Cell Biochem 252:125–132

Bliigh EG, Dyer WJ (1959) A rapid method of total lipid extraction
and purification. Can J Biochem Physiol 37:911–917

Brasitus TA, Yeh KY, Holt PR, Schachter D (1984) Lipid fluidity
and composition of intestinal microvillus membranes isolated
from rats of different ages. Biochim Biophys Acta 778:341–348

Catella-Lawson F, McAdam B, Morrison BW, Kapoor S, Kujubu
D, Antes L, Lasseter KC, Quan H, Gertz BJ, FitzGerald GA
(1999). Effects of specific inhibition of cyclooxygenase-2 on

sodium balance, hemodynamics, and vasoactive eicosanoids.
J Pharmacol Exp Ther 289:735–741

Chan HW, Levett G (1972) Auto oxidation of methyl linoleate.
Separation and analysis of isomeric mixtures of methyl linoleate
hydroperoxides and methyl hydroxy linoleates. Lipids 12:99–
104

Cheeseman KH, Davies MJ, Emery S, Maddix SP, Slater TF
(1987) Effects of alpha-tocopherol on carbon tetrachloride
metabolism in rat liver microsomes. Free Radical Res Commun
3:325–331

Cohen P, Derksen A (1969) Comparison of phospholipid and fatty
acid composition of human erythrocytes and platelets. Br
J Haematol 17:359–371

Coux G, Trumper L, Elias MM (2002) Renal function and cortical
(Na(+)+K(+))-ATPase activity, abundance and distribution
after ischaemia-reperfusion in rats. Biochim Biophys Acta
1586:71–80

Dargel R (1992) Lipid peroxidation—a common pathogenetic
mechanism? Exp Toxicol Pathol 44:169–181

Dorai DT, Bachhawat BK (1977) Purification and properties of
brain alkaline phosphatase. J Neurochem 29:503–512

Epstein M (2002) Non-steroidal anti-inflammatory drugs and the
continuum of renal dysfunction. J Hypertens 6:S17–S23

Franchi et al (1994) Role of nitric oxide in eicosanoids synthesis
and uterine motility in oestrogen-treated rat uteri. Proc Natl
Acad Sci USA 91:539–543

Gabriel SE, Jaakkimainen L, Bombardier C (1991) Risk for serious
gastrointestinal complications related to use of nonsteroidal
anti-inflammatory drugs: a meta-analysis. Ann Intern Med
115:787–796

Gambaro G, Perazella MA (2003) Adverse renal effects of anti-
inflammatory agents: evaluation of selective and nonselective
cyclooxygenase inhibitors. J Intern Med 253:643–652

Glover S, Baybart T, Jonas M, Chi E, Gelb MH (1995) Translo-
cation of the 85 kDa Phospholipase A2 from cytosol to the
nuclear envelope in rat basophilic leukemia cells stimulated
with calcium ionophore or IgE/antigen. J Biol Chem
270:15359–15367

Guan ZZ, Xiao KQ, Zeng XY, Long YG, Cheng YH, Jiang SF,
Wang YN (2000) Changed cellular membrane lipid composition
and lipid peroxidation of kidney in rats with chronic fluorosis.
Arch Toxicol 74:602–608

Guzik TJ, Korbut R, Adamek-Guzik T (2003) Nitric oxide and
superoxide in inflammation and immune regulation. J Physiol
Pharmacol 54:469–487

Habeeb AFSA (1972) Reaction of protein sulfhydryl groups with
Ellmans’s reagent. Methods Enzymol 25:457

Hashizume H, Abiko Y (1999) Cardiac cell injury induced by
lysophosphatidylcholine. Nippon Yakurigaku Zasshi 114:287–
293

Hickey EJ, Raje RR, Reid VE, Gross SM, Ray SD (2001) Dic-
lofenac induced in vivo nephrotoxicity may involve oxidative
stress-mediated massive genomic DNA fragmentation and
apoptotic cell death. Free Radic Biol Med 31:139–152

Hogaboam CM, Jacobson K, Collins SM, Blennerhassett MG
(1995) The selective beneficial effects of NO inhibition in
experimental colitis. Am J Physiol 268:G673–G684

Jourd’heuil D, Meddings JB (2001) Oxidative and drug-induced
alterations in brush border membrane hemileaflet fluidity,
functional consequences for glucose transport. Biochim Bio-
phys Acta 1510:342–353

Karbowski M, Kurono C, Wozniak M, Ostrowski M, Teranishi M,
Nishizawa Y, Usukura J, Soji T, Wakabayashi T (1999) Free
radical-induced megamitochondria formation and apoptosis.
Free Radic Biol Med 26:396–409

Kraswisz JE, Sharon P, Stenson WF (1984) Quantitative assay for
acute intestinal inflammation based on myeloperoxidase activ-
ity. Gastroenterol 87:1344–1350

Limaye PV, Sivakami S (2003) Evaluation of the fluidity and
functionality of the renal cortical brush border membrane in
experimental diabetes in rats. Int J Biochem Cell Biol 35:1163–
1169

449



Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1970) Protein
measurement with the Folin phenol reagent. J Biol Chem
193:265–275

Madesh M, Balasubramanian KA (1997) Activation of liver
mitochondrial phospholipase A2 by superoxide. Arch Biochem
Biophys 364:187–192

Madesh M, Ibrahim SA, Balasubramanian KA (1997) Phospholi-
pase D activity in the intestinal mitochondria: activation by
oxygen free radicals. Free Radic Biol Med 23:271–277

Majid DS, Nishiyama A, Jackson KE, Castillo A (2004) Inhibition
of nitric oxide synthase enhances superoxide activity in canine
kidney. Am J Physiol Regul Integr Comp Physiol 287(1):R27–
R32

Mathy-Hartert M, Martin G, Devel P, Deby-Dupont G, Pujol JP,
Reginster JY, Henrotin Y (2003) Reactive oxygen species
downregulate the expression of pro-inflammatory genes by
human chondrocytes. Inflamm Res 52:111–118

Mingatto FE, Santos AC, Uyemura SA, Jordani MC, Curti C
(1996) In vitro interaction of nonsteroidal anti-inflammatory
drugs on oxidative phosphorylation of rat kidney mitochon-
dria: respiration and ATP synthesis. Arch Biochem Biophys
334:303–308

Montagna G, Hofer CG, Torres (1998) AM.Impairment of cellular
redox status and membrane protein activities in kidneys from
rats with ischemic acute renal failure. Biochim Biophys Acta
1407:99–108

Nakamura H, Nemenoff RA, Gronich JH, Bonventre JV (1991)
Subcellular characteristics of phospholipase A2 activity in the
rat kidney. Enhanced cytosolic, mitochondrial, and microsomal
phospholipase A2 enzymatic activity after renal ischemia and
reperfusion. J Clin Invest 87:1810–1818

Nakamura W, Hosada S, Hayashi K (1974) Purification and
properties of rat liver glutathione peroxidase. Biochem Biophys
Acta 358:251–261

Ohkuma N, Matsuo S, Tsutsui M, Ohkawara A (1982) Superoxide
dismutase in the epidermis (authors transl). Nippon Hifuka
Gakkai Zasshi 92:583–590

Ohkawn JP, Ohishi N, Yagi K (1979) Assay for lipid peroxides in
animal tissues by thiobarbituric acid reaction. Anal Biochem
95:351–358

Paller MS (1993) Lateral diffusion of lipids in renal cells: effects of
hypoxia and reoxygenation and role of cytoskeleton. Am J
Physiol 264:C201–C208

Racker E (1955) Glutathione reductase (liver and yeast). Methods
Enzymol 2:722–725

Rubayani GM, Ho EH, Cantor EH, Lumma WC, Botelho LHP
(1991) Cytoprotective function of nitric oxide: Inactivation of
superoxide radicals produced by human leukocytes. Biochem
Biophys Res Commun 181:1392–1397

Sapirstein A, Spech RA, Witzgall R, Bonventre JV (1996) Cyto-
solic Phospholipase A2 (PLA2), but not secretory PLA2 pot-
entiates hydrogen peroxide cytotoxicity in kidney epithelial
cells. J Biol Chem 271:21505–21513

Salvemini D et al (1993) Nitric oxide activates cyclooxygenase
enzymes. Proc Natl Acad Sci USA 90:7240–7244

Sohal RS, Agarwal S, Dubey A, Orr WC (1993) Protein oxidative
damage is associated with life expectancy of houseflies. Proc
Nat Acad Sci 90:7255–7259

Sonia MAA, Jose LM, Antonio CS (1997) L-arginine and allopu-
rinol protect against cyclysporine nephrotoxicity. Transplanta-
tion 63:1070–1073

Synder F, Stephens N (1959) A simplified spectrophotometric
determination of ester groups in lipids. Biochim Biophys Acta
34:244–245

Takenaka K, Kassell NF, Foley PL, Lee KS (1993) Oxyhemoglo-
bin-induced cytotoxicity and arachidonic acid release in cul-
tured bovine endothelial cells. Stroke 24:839–846

Tokuyama H, Hayashi K, Matsuda H, Kubota E, Honda M,
Okubo K, Ozawa Y, Saruta T (2002) Stenosis-dependent role of
nitric oxide and prostaglandins in chronic renal ischemia. Am J
Physiol Renal Physiol 282:F859–F865

Tiruppathi C, Miyamoto Y, Ganapathi V, Leibach FH (1988)
Fatty acid induced alterations in transport systems of the small
brush border membrane. Biol Pharmacol 37:1399–1405

Yagmurdur MC, Ozdemir A, Ozenc A, Kilinc K (2003) The effects
of alpha-tocopherol and verapamil on mucosal functions after
gut ischemia/reperfusion. Turk J Gastroenterol 14:26–32

Zaltkis A, Zak B, Boyle AJ (1953) A new method for the direct
determination of serum cholesterol. J Lab Clin Med 41:486–92

450




	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Sec6
	Sec7
	Sec8
	Sec9
	Sec10
	Sec11
	Sec12
	Tab1
	Fig1
	Fig2
	Sec13
	Fig3
	Fig4
	Tab2
	Fig5
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43
	CR44
	CR45
	CR46
	CR47
	CR48
	CR49
	CR50
	CR51
	CR52
	CR53
	CR54
	CR55

