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The clinical utility of nonsteroidal anti-inflammatory drugs (NSAIDs) is often limited by the adverse effects
that they produce in the small intestine. Alterations in the composition and functions of the glycocalyx and
brush border membranes of the rat small intestine have been shown to occur in response to indomethacin, an
NSAID often used in the study of adverse effects of these drugs. The micronutrient, zinc, has been documented
to have cytoprotective effects in the gastrointestinal tract. The aim of this study was to evaluate the potential
of zinc to reduce indomethacin-induced small intestinal damage. We pre-treated rats with zinc sulphate
(50 mg/kg body weight) 2 h before administration of indomethacin (20 mg/kg body weight) and sacrificed
the rats 1, 12 or 24 h after indomethacin. The extent of small intestinal mucosal damage and the content of
lipids and sugars in the mucosa were determined. Bacterial counts in the intestinal lumen and the mucosa
were ascertained. Activities of matrix metalloproteinases (MMPs) and levels of metallothionein in themucosa
were also measured. Pre-treatment with zinc sulphate was found to reduce the extent of indomethacin-
induced mucosal damage. It also prevented drug-induced changes in the content of lipids and sugars in the
mucosa. Drug-induced increases in activities of the MMPs and bacterial counts in the intestine were also
attenuated by zinc. Metallothionein levels were significantly higher in animals pre-treated with zinc. We
conclude that zinc was effective in protecting against indomethacin-induced small intestinal damage and
suggest that it may do so by induction of metallothionein.
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1. Introduction

Long-term use of nonsteroidal anti-inflammatory drugs (NSAIDs),
in the treatment of chronic inflammatory diseases, is often associated
with enteropathy (Bjarnason et al., 1993), with chronic bleeding and
protein loss being features of this condition (Thiefin and Beaugerie,
2005). This often results in poor patient compliance and limits the
clinical utility of these drugs.

Mechanisms that have been shown to contribute to NSAID-
induced gastrointestinal toxicity include inhibition of cyclooxygenase
(Vane, 1971), mitochondrial dysfunction (Nagano et al., 2005;
Somasundaram et al., 1997), induction of inducible nitric oxide
synthase (iNOS) (Konaka et al., 1999; Tanaka et al., 1999) and
oxidative stress (Basivireddy et al., 2002, 2003; Nagano et al., 2005).

Administration of indomethacin has been reported to lead to
oxidative stress and alterations in the intestinal brush border
membranes (BBM) and glycocalyx of the rat small intestine
(Basivireddy et al., 2002, 2003, 2005). Surfactant-like particles (SLP)
that form part of the glycocalyx (DeSchryver-Kecskemeti et al., 1989)
have a high content of glycoproteins, glycolipids and sugars. The sugar
epitopes of these molecules act as attachment sites for normal flora
and serve to trap and expel pathogens (Moncada et al., 2003), thus
contributing to host-bacterial interactions.

Luminal bacteria are known to play a role in NSAID-induced
intestinal injury (Melarange et al., 1992; Robert and Asano, 1977).
Germ-free animals treated with indomethacin showed significantly
fewer intestinal lesions compared with normal animals (Weissenborn
et al., 1985). It is thought that drug-induced alterations in mucosal
glycosylation and gut flora may facilitate translocation of luminal
bacteria into the mucosa and subsequent development of NSAID-
induced enteropathy (Basivireddy et al., 2005).

Zinc, an essential trace metal, has well-documented anti-oxidant
properties. Low concentrations of zinc have been associated with slower
woundhealing (Seymour, 1996). It has been shown to facilitate healing of
ulcers in the stomach (Mann et al., 1992) and duodenum (Troskot et al.,
1997). It has also been reported to inhibit the growth of enteric pathogens
in vitro (Surjawidjaja et al., 2004), attenuate Helicopylori felis-induced
gastritis inmice (Tran et al., 2005) and ameliorate indomethacin-induced
oxidative stress (Basivireddy et al., 2002, 2003).

Metallothionein, a small molecular weight metal-binding protein rich
in cysteine (Coyle et al., 2002) has marked anti-oxidant properties and is
inducedbyzinc (Andrews, 2000;Cousins and Lee-Ambrose, 1992; Powell,
2000). It has been shown to scavenge hydroxyl radicals and prevent
oxidative stress (Bodiga and Krishnapillai, 2007).

Matrix metalloproteinases (MMP), zinc-dependent endopepti-
dases actively involved in extracellular matrix degradation (Visse
and Nagase, 2003), play an active role in tissue repair and re-modeling
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(Egeblad and Werb, 2002). MMP-2 and -9 have been reported to be
activated by oxidative stress (Belkhiri et al., 1997; Rajagopalan et al.,
1996). Such activation has been held to be involved in the
development of damage in the heart and retina (Ali and Schulz,
2009; Kowluru and Kanwar, 2009).

Inviewof its properties, this studywasdesigned to assess thepotential
of zinc to protect against indomethacin-induced damage in the rat small
intestine and to ascertain the mechanisms by which its effects are
mediated.

2. Materials and methods

Bovine serum albumin (BSA), L-cysteine hydrochloride, o-dianisi-
dine, D-fucose, D-galactose, glucosamine, galactosamine, glucose
oxidase, indomethacin, lipid standards, poly-L-lysine, sodium meta-
periodate, sodium arsenite, thiobarbituric acid and D-mannose were
obtained from Sigma Chemical Co., St. Louis, USA. Polyethylene glycol
4000, silica gel and crystal violet were purchased from Sisco Research
Laboratory,Mumbai, India. McConkey's media and agarwere obtained
fromHi-media, Mumbai, India. Specific antibodieswere obtained from
Stressgen Bioreagents,Michigan, USA (metallothionein-1), Santa Cruz,
CA, USA (iNOS), Lab Vision Corporation, CA, USA (MMP-2 and 9),
Sigma, St. Louis, USA (beta-actin) and Pierce Biotechnology, CA, USA
(anti-mouse IgG conjugated with horse-radish peroxidase). The COX
Fluorescent Activity Assay Kit (Cat. no. 700200) was obtained from
Cayman Chemical Company, USA. 109Cd was obtained from Board of
Radiation and Isotope Technology, Department of Atomic Energy,
Government of India. The reverse transcriptase core kit, qPCR Master
Mix Plus for SYBR Green kit and the primer sequences were obtained
from Eurogentec, Belgium. All chemicals usedwere of analytical grade.

2.1. Animals

Adult male Wistar rats (200–250 g) bred in the licensed animal
house facility of the Christian Medical College, Vellore, India, were
used for all the experiments. The animals were housed in standard rat
cages (421×290×190 mm), with each cage housing five animals.
They were exposed to 12 h dark–light cycles and allowed unlimited
access to standard rat chow and water. The experiments done were
approved by the institutional animal ethics committee and were in
accordance with the guidelines of the Committee for the Purpose of
Control and Supervision of Experimentation on Animals (CPCSEA),
Government of India.

2.2. Protocol for drug administration

Rats were fasted over-night and pre-treated with zinc sulphate
(50 mg/kg dissolved in water, equivalent to 11.3 mg of elemental
zinc) by oral gavage (Joseph et al., 1999). Two hours later, the animals
were given indomethacin (Indo; 20 mg/kg in 5% sodium bicarbonate)
by gavage. This dose was chosen as it is documented that
indomethacin produces biochemical effects and macroscopic damage
in a rat model at this dose (Jacob et al., 2007). Control animals
received the vehicles for zinc and indomethacin at the appropriate
time periods. Animals were sacrificed by cervical dislocation at
different time periods (1, 12 and 24 h) after the dose of indomethacin.
The time periods chosen were based on earlier work (Basivireddy et
al., 2002, 2005) and are specified in each of the studies carried out. The
abdomen of each rat was opened immediately after sacrifice and the
entire small intestine was removed.

2.3. Quantitation of ulcers

This was done 24 h after the dose of indomethacin. The isolated
intestine was flushed with physiological saline to clear any residual
food particles. It was then opened along its anti-mesenteric border
and the tissue spread out carefully. The total numbers of mucosal
ulcers seen along the entire length of the intestine were counted in all
the treatment groups. The numbers of pointed ulcers (less than 5 mm
in length) and longitudinal ulcers (more than 5 mm in length) were
also determined (Somasundaram et al., 2002). Images of the ulcers
seen were obtained using a HP digital camera.

2.4. Isolation of SLP

SLP were isolated as described (Eliakim et al., 1989) with minor
modifications, after sacrificing the rats 24 h after the dose of
indomethacin. Briefly, the entire small intestinewas removed, opened
along its anti-mesenteric border and washed with physiological
saline. The thin viscous layer on the surface of themucosawas scraped
gently with filter paper (Whatmann No. 3) to remove the gelatinous
SLP. This was done along the entire length of the intestine. The filter
paper was soaked in 2 ml of phosphate-buffered saline (PBS), pH 7.4,
centrifuged at 3000 rpm for 10 min at 4 °C and the supernatant
collected. This procedurewas repeated and the supernatants collected
were pooled to obtain SLP. The SLP preparations were used for the
studies described below.

2.5. Preparation of brush border membranes (BBM)

For this part of the study, rats were sacrificed 24 h after the dose of
indomethacin and the small intestine isolated. Once opened along its
anti-mesenteric border, the whole length of the small intestinal
mucosa was scraped with a glass slide. The scrapings obtained were
homogenised and brush border membranes (BBM) were prepared
from the homogenates as described (Prabhu and Balasubramanian,
2001). The purity of the BBM preparation was determined by
enrichment of the marker enzyme, alkaline phosphatase (Dorai and
Bachhawat, 1977). The BBM preparations were used for the studies
described below.

2.6. Analysis of lipids in SLP and BBM preparations

Lipids were extracted from the SLP and BBM samples by as
described (Bligh and Dyer, 1959). Neutral lipids were separated on
silica gel G plate, using the solvent system consisting of hexane,
diethyl ether and acetic acid (80:20:1 v/v). The separated lipids were
identified by exposure to iodine vapour. Spots corresponding to
standards were eluted. Cholesteryl esters (CE), free cholesterol
(Zlatkis et al., 1953), triacylglycerol (TAG) and diacylglycerol (DAG)
(Snyder and Stephens, 1959) levels were estimated.

Phospholipids were separated on silica gel H plates using the
solvent system of chloroform, methanol, acetic acid and water
(25:14:4:2 v/v). Individual phospholipids were identified by exposure
to iodine vapour. Spots corresponding to standards were eluted and
quantitated by phosphate estimation after acid hydrolysis (Bartlett,
1959). Phosphatidic acid (PA) was separated on oxalic acid-
impregnated silica gel G plates and quantitated by phosphate
estimation (Cohen and Derksen, 1969).

2.7. Estimation of sugar content in SLP and BBM

The content of sugars in the SLP and BBMwas measured. The level
of sialic acid was estimated as described (Saifer and Gerstenfeld,
1962). Levels of hexose and fucose were also determined as described,
with minor modifications (Djurdjic and Mandic, 1990). Briefly, to
200 μl of sample (corresponding to 10–20 μg of protein) 1 ml of a
cooled mixture, consisting of six parts of concentrated sulphuric acid
and one part of water, was added. This was heated for 3 min in a
boiling water bath and then immediately cooled in ice. To this, 0.2 ml
of CPS reagent (containing 1% of L-cysteine hydrochloride and 0.075%
of phenol) was added. The mixture was kept in an ice-bath for 60 min
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and then its absorbance was read at 398 nm for fucose and 490 nm for
hexoses. Total hexosamines were estimated using Ehrlich's reagent as
described (Ludowieg and Benmaman, 1967).

2.8. Isolation and quantitation of bacteria from intestinal contents and
mucosa

Twenty four hours after the dose of indomethacin the small
intestine was isolated and the small intestine was infused with 15 ml
of sterile saline. The contents of the lumenwere collected into a sterile
tube. This fluid was then serially diluted in saline and cultured on
McConkey agar plates. The numbers of E. coli grown were quantitated
by counting the number of colony forming units (cfu) per milliliter of
intestinal washing.

Small intestinal mucosal tissue, (approximately 1 cm2 in size), was
taken from a site 1 cm proximal to the ileo-caecal junction in each
animal, washed in sterile saline and homogenized in 1 ml of sterile
saline. The homogenate was serially diluted and subjected to
quantitative culture analysis as described above. The numbers of
bacteria grown were expressed as cfu/cm2 tissue.

2.9. Assessment of bacterial adherence in vitro

E. coli strains were isolated from the caecal contents of control
animals. These were grown on McConkey's media. They were
identified using standard microbiological techniques. These organ-
isms were used for in vitro assays to measure bacterial adherence, as
described below.

E. coli isolated from the caecal contents of control rats were tested
for their ability to adhere to microtitre plates coated with SLP or
BBM, isolated from control and treated groups, as described above.
Poly L-lysine (PLL) was coated on microtitre plates by adding 10 μg
PLL in PBS to each well and leaving it at room temperature for 30 min.
The unbound PLL was removed from the wells by gently washing the
wells with PBS. The wells were dried at room temperature for 1 h.
They were then loaded with either SLP or BBM corresponding to 30 μg
of protein and allowed to stand at room temperature for 20 min.
Unbound material was removed and its protein content estimated.
The percentage of sample bound was calculated from measurements
of the protein content in the bound and unbound fractions of the
samples.We have found that this resulted in approximately 40–50% of
the SLP and 20–30% of BBM added coating eachwell (data not shown).
Thewells werewashedwith PBS. To each of thesewells, 0.1 ml of an E.
coli suspension, containing 3×106 bacteria, was added and incubated
for 30 min at room temperature. Following this, the media in the
wells, containing unbound bacteria, was collected, serially diluted and
quantitated by culturing on McConkey agar plates. Colony counts
were done to obtain the number of unbound bacteria in the wells. The
percentage of bound bacteria was calculated using the following
formula:

Total number of bacteriað Þ– unbound bacteriað Þ
= bound bacteria Bound bacteria= total number of bacteria

= percentage of bacteria bound to the sample:

E. coli bound to the wells was also quantitated using crystal violet
staining (Merritt et al., 1998). For this, following removal of unbound
bacteria, microtitre wells werewashedwith PBS. This was followed by
addition of 0.1 ml of 10% formalin. This was allowed to stand for 5 min
at room temperature. The formalin was then washed out using PBS
and then 0.1 ml of 1% crystal violet was added to each well. The dye
solution was removed after 3 min and the wells washed twice with
PBS. The wells were then dried and 0.3 ml of 95% ethanol added to
each well and kept for 5 min. After 5 min, the optical density (OD) of
the solution in each well was read at 540 nm. The value of the OD
measured indicated the degree of bacterial adherence.

2.10. Determination of matrix metalloproteinase activity

For this part of the study, rats were sacrificed 1, 12 and 24 h after
the dose of indomethacin. The small intestinewas isolated and opened
along its anti-mesenteric border. The entire length of the mucosal
surface was scraped with a glass slide. The scrapings obtained were
homogenised on ice in 10 mmol/L phosphate-buffered saline that
contained serine- and cysteine-protease inhibitors 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSF) 500 μg/ml, leupeptin
(0.5 μg/ml), aprotinin (1 μg/ml), and E64 (5 μg/ml). The homogenates
were centrifuged at 14,000 g for 30 min at 4 °C (Rosario et al., 2004).
The supernatant obtained was used for estimation of the activities of
matrix metalloproteinases-2 and -9, by gelatin zymography (Keck et
al., 2002; Lindsey et al., 2001). Briefly, homogenates containing 5 μg of
protein were denatured with SDS under non-reducing conditions and
were loaded on to 10% polyacrylamide gels containing 0.1% gelatine.
HT1080 cells-conditioned medium was used as a positive control for
MMP-2 and -9. Electrophoresis was carried out at 80 V in a cold room.
Equal loading of the samples was confirmed by staining the gel with
Coomassie blue solution after the separation and looking for equal
staining of bands in each lane. The proteins were then re-natured with
2% Triton X-100 solution for 90 min in a cold room, using a rocking
platform. The gel was then incubated for 18 h at 37 °C in a developing
buffer, pH 7.4, containing 50 mmol/L Tris–HCl, 150 mmol/L NaCl,
5 mmol/L CaCl2, and 0.02% Brij35. The gelwas subsequently developed
with 0.5% Coomassie blue in 40% methanol and 10% acetic acid. It was
then de-stained three times with the same solution without the
Coomassie blue. The bands of clearing were visualized and documen-
ted using an AlphaEase FC gel documentation system (Alpha Innotech
Corporation, CA.).

2.11. Assessment of levels of MMP-2, MMP-9 and iNOS by Western
blotting

Intestinal mucosal scrapings were obtained at 1, 12 and 24 h after
the dose of indomethacin. They were homogenised as described
above and samples corresponding to 50 μg of protein were denatured
and separated by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to 0.2 μm nitrocellulose
membranes. The membranes were blocked with 5% bovine serum
albumin (BSA) in PBS, containing 0.1% Tween-20, for 2 h. Thereafter,
the membranes were incubated, overnight in a cold room, with
specific antibodies. The secondary antibodies used were conjugated
with horse radish peroxidase. Visualization of the bands was done by
chemiluminesce (using Super Signal West Pico chemiluminescent
substrate from Pierce Biotechnology, CA) on an AlphaEase FC gel
documentation system (Alpha Innotech Corporation, CA.).

2.12. Determination of activities of cyclooxygenase (COX) 1 and 2

Mucosal scrapings (obtained 1, 12 and 24 h after the dose of
indomethacin) were homogenised on ice in 100 mM Tris–HCl, pH 7.5,
containing leupeptin (0.5 μg/ml) and phenylmethylsulfonyl fluoride
(PMSF) (1 mM). The homogenates were subjected to centrifugation at
10,000 g for 15 min at 4 °C. The supernatant was used for assays of
COX activity, using a commercially available kit (COX Fluorescent
Activity Assay Kit, Cayman Chemical Company, USA).

2.13. Determination of metallothionein levels

2.13.1. Cadmium-haemoglobin affinity (Cd-hem) assay
For this part of the study, rats were sacrificed 1, 12 and 24 h after

the dose of indomethacin. The metallothionein content of the small
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intestinal mucosa was estimated by the cadmium-haemoglobin
affinity (Cd-hem) assay (Eaton and Toal, 1982). Briefly, small
intestinal mucosal scrapings (obtained from the whole length of the
tissue) were homogenized (1:10 w/v) in homogenization buffer
(10 mM Tris buffer, pH 8.2). The samples were boiled for 2 min,
cooled in ice-cold water and centrifuged at 10,000 g for 4 min at 4 °C.
Fifty microlitres of the supernatant were added to 200 μl of 109Cd
(19.6 μM) and made up to a final volume of 400 μl with homogeni-
zation buffer. The samples were incubated at room temperature for
15 min. Excess 109Cd was precipitated by adding 100 μl of 4%
haemoglobin prepared from human blood. The samples were
centrifuged at 10,000 g for 4 min at 4 °C. This was followed by careful
removal of 450 μl of the supernatant. The radioactivity of this sample
was determined using a PerkinElmer 1470 gamma counter. Total
metallothionein concentration was expressed as nanomole of Cd
bound per milligram of protein.

2.13.2. Western blot for metallothionein
The level of metallothionein was also determined by western

blotting. Samples were prepared for western blotting as described
above. Samples, corresponding to 50 μg of protein, were denatured
and separated by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to 0.2 μm nitrocellulose
membranes. The membranes were blocked with 5% bovine serum
albumin (BSA) in PBS, containing 0.1% Tween-20, for 2 h. Thereafter,
the membranes were incubated, overnight in a cold room, with
antibodies against metallothionein. The secondary antibodies used
were conjugated with horse radish peroxidase. Visualization of the
bands was done by use of a chemiluminescent substrate (Super Signal
West Pico chemiluminescent substrate fromPierce Biotechnology, CA)
on an AlphaEase FC gel documentation system (Alpha Innotech
Corporation, CA).

2.14. Real time PCR assays

These were carried out for metallothionein and iNOS. Snap-frozen
mucosal scrapings (obtained from the whole length of the intestine)
isolated after 1, 12 and 24 h after the dose of indomethacin were used
to isolate total RNA using TRI-reagent (Sigma, USA). RNAwas reverse-
transcribed to cDNA (Reverse Transcriptase Core kit, Eurogentec,
Belgium). Expression levels of mRNA for metallothionein, iNOS and
beta-actin (used as a housekeeper gene) were analyzed by real-time
quantitative polymerase chain reaction (PCR), using a qPCR Master
Mix Plus for SYBR green I dNTP kit (Eurogentec, Belgium), according
to the manufacturer's protocol. The primers used for metallothionein-
1 and beta-actin (Jiang et al., 2005) and iNOS (Okazaki et al., 2009)
were as follows:

Metallothionein-1
Forward — 5′-GCG ATC TCT CGT TGA TCT CC-3′
Reverse — 5′-CAG CTG CAC TTG TCC GAA G-3′
iNOS
Forward — 5′-CAT TGG AGG TGA AGC GTT TCG-3′
Reverse — 5′-CAG CTG GGC TGT ACA AAC CTT-3′
Beta-actin
Forward — 5′-ATC TGG CAC CAC ACC TTC-3′
Reverse — 5′-AGC CAG GTC CAG ACG CA-3′.

Expression levels of the 2 genes were calculated using the
modified comparative CT method (Pfaffl, 2001) and normalized to
that of beta-actin.

2.15. Statistical analysis

Data obtained in the various groups were analyzed by analysis of
variance (ANOVA), using the Statistical Package for the Social Scientist
(SPSS), version 11. A P value of less than 0.05 was taken to indicate
statistical significance.

3. Results

3.1. Assessment of small intestinal damage

Rats treated with indomethacin developed ulcers 24 h later. The
ulcers were seen scattered throughout the length of the intestine. The
number of ulcers increased from the proximal to the distal end of the
intestine (Fig. 1). The numbers of pointed and longitudinal ulcers that
were seen are shown in Table 1. Pre-treatment of rats with zinc
resulted in a significant decrease in the number and size of the ulcers,
when compared with indomethacin-treated rats (Table 1). Control
rats that received either only the vehicles or zinc alone did not
develop any ulcers (Fig. 1).

3.2. Effects on the lipid content of SLP and BBM

Rats treated with indomethacin showed significant decreases in the
levels of cholesteryl esters, cholesterol and triacylglycerol in SLP, with
significant increases in levels ofmonoacylglycerol 24 h later (Table 2). In
the case of BBM, there were significant decreases in levels of cholesteryl
esters, triacylglycerol and diacylglycerol and significantly increased
levels ofmonoacylglycerol levels in the indomethacin-treated ratswhen
compared with control rats. Pre-treatment with zinc resulted in
significant reversal of the drug-induced changes seen in the lipids in
SLP and BBM. Levels of these neutral lipids did not change significantly
in response to zinc alone.

Significant changes were also seen in the content of phospholipids
in SLP and BBM in response to indomethacin. Levels of phosphatidyl-
choline and phosphatidylethanolamine were significantly decreased
in SLP and BBM of indomethacin-treated animals when compared
with control animals (Table 3). Levels of lysophosphatidylcholine and
lysophosphatidylethanolamine were significantly higher in drug-
treated SLP (Table 3). In the case of BBM, only lysophosphatidyletha-
nolamine levels were significantly elevated (Table 3). Other phos-
pholipids, such as phosphatidylinositol, sphingomyelin and
phosphatidic acid, were not significantly affected (data not shown).
Pre-treatment of the animals with zinc resulted in reversal of the
drug-induced effects seen in the levels of phospholipids in SLP and
BBM (Table 3). Administration of zinc alone did not affect these
parameters significantly.

3.3. Effects on the sugar content of SLP and BBM

Twenty four hours after the dose of indomethacin, significant
increases were seen in the content of fucose, galactose, hexosamine and
sialic acid in SLP from rats treated with the drug, when compared with
data from control rats (Table 4). There were significant decreases in the
content of these sugars in drug-treated BBM (Table 4). Pre-treatment
with zinc significantly reversed the effects of indomethacin on the levels
of sugars in the SLP and BBM (Table 4). Administration of zinc alone did
not affect the levels of the sugars in the SLP or the BBM.

3.4. Effects on bacterial counts in the small intestine

Twenty four hours after the dose of indomethacin, the numbers of
bacteria in the intestinal contents and mucosa of the small intestine
were significantly higher in indomethacin-treated rats when compared
with control animals (Fig. 2A–D). Similar increases were seen in
the number of bacteria in the caecal contents and caecal tissue of the
drug-treated animals. Pre-treatment with zinc significantly reversed
these effects. Administration of zinc alone did not affect the bacterial
content of the small intestine or caecum significantly.



Table 1
Numbers of pointed and longitudinal ulcers in the small intestine at 24 h, produced by
indomethacin, with and without pre-treatment with zinc. Results are expressed as
means±S.D.; n=6.

Groups Number of pointed ulcers
(b5 mm in lengthN)

Number of longitudinal ulcers
(N5 mm in length)

Control 0 0
Indomethacin 89.25±(2.79)a 3.25±(0.95)a

Zinc+indo 49.75±(3.48)b 1.00±(0.81)b

Zinc alone 0 0

a Denotes Pb0.05 when compared with control.
b Denotes Pb0.05 when compared with the indomethacin-treated group.
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3.5. Effects on bacterial adherence to SLP and BBM in vitro

Significantly higher numbers of bacteria adhered to SLP isolated
from indomethacin-treated rats, 24 h after the dose of the drug. These
were observed by both methods (culture of unbound bacteria and
quantification of bound bacteria by crystal violet staining) used to
quantify the degree of adherence (Fig. 3A and B). In the case of BBM,
significantly fewer bacteria tended to bind to the BBM from drug-
dosed animals (Fig. 3C and D). The drug-induced effects in both SLP
and BBM were reversed by pre-treatment with zinc (Fig. 3A–D).
Administration of zinc alone did not significantly affect bacterial
adherence to SLP or BBM, when compared with control data.

3.6. Effects on activity of MMP 2 and 9

Activities of MMP-2 andMMP-9were determined at 1, 12 and 24 h
after the dose of the drug. It was found that both MMP-2 and 9
activities were significantly increased 1 h after the dose of indometh-
acin (Fig. 4A), but not at the other time periods studied (data not
shown). Pre-treatment with zinc was found to reverse these drug-
induced effects (Fig. 4A). However, there were no significant changes
in the protein content of MMP-2 and MMP-9, 1 h after the dose of
indomethacin, as assessed by western blots (Fig. 4B).

3.7. Effects on iNOS

Animals treated with indomethacin showed significantly higher
levels of iNOS in the intestine 12 h after the dose of the drug, but not at
other time periods measured (data not show). This was seen at the
level of mRNA and protein. Pretreatment with zinc did not affect these
changes (Fig. 5).

3.8. Effects on activities of COX 1 and 2

Activities of COX-1 (1.36±21 nmol/min/mg protein) and COX-2
(1.36±21 nmol/min/mg protein) were significantly decreased in
indomethacin-treated rats, 1 h after the dose of the drug, when
compared with activities in control tissue (2.49±0.41 nmol/min/mg
protein for COX-1 and 2.83±0.19 nmol/min/mg protein for COX-2).
Pretreatment with zinc did not affect these values in these animals
(1.94±0.48 nmol/min/mg protein for COX-1 and 1.50±0.37 nmol/
min/mg protein for COX-2).
Fig. 1.Macroscopic damage produced in the small intestine by indomethacin, with and
without pretreatment with zinc, 24 h after the dose of the drug. Each figure shows
views of the intestine at proximal, middle and distal sections. (A) control,
(B) indomethacin only, (C) zinc+indomethacin and (D) zinc alone.
3.9. Effects on levels of metallothionein

There was no significant effect of indomethacin on the level of
metallothionein at any of the time periods studied. In the animals that
received zinc, it was found that there was significant induction of
metallothionein 1 h after the dose of indomethacin (as assayed by the
cadmium-hemoglobin affinity assay) (Fig. 6A). Western blot analysis
showed evidence of significant induction at 1 and 12 h after the drug
(Fig. 6B). At the level of RNA, increased expression of metallothionein
was seen only at 1 h (Fig. 7).

4. Discussion

Studies have reported that zinc has protective effects in the
gastrointestinal tract (Mahmood et al., 2007; Tran et al., 2005).
However, there are no reports of studies that have assessed the ability
of zinc to protect against NSAID-induced enteropathy. Our results
show that pre-treatment with zinc resulted in a significant decrease in
indomethacin-induced intestinal damage. This is in keeping with
results of earlier studies, which have shown that administration of
zinc was effective in attenuating indomethacin-induced oxidative
stress in the rat small intestine (Basivireddy et al., 2002, 2003). The
dose used in the current study was chosen as it has been documented
to have protective effects against the effects of indomethacin in other
organs (Joseph et al., 1999; Varghese et al., 2009).

Administration of indomethacin and other NSAIDs is well known
to be associated with increases in the permeability of the intestinal
mucosa, allowing entry of luminal contents into the mucosa. This
occurs due to these drugs breaching the barrier function of the
intestinal mucosa (Sigthorsson et al., 2000; Thiefin and Beaugerie,
2005). Mechanisms postulated to be involved in such effects include
interaction of the drug with membrane phospholipids (Lichtenberger
et al., 1995), drug-induced disruption of the integrity of SLP and BBM
(Basivireddy et al., 2003, 2005) and mitochondrial dysfunction
(Basivireddy et al., 2002; Somasundaram et al., 1997). The resultant
increased intestinal permeability that ensues allows bacterial invasion
and entry of other noxious agents from the intestinal lumen. This, in
turn, leads to mucosal inflammation and eventually results in
macroscopic damage (Lanas and Scarpignato, 2006).

In our study, the contents of various lipids and sugars in the BBM
and SLP were altered in response to indomethacin. These alterations
are thought to contribute to the loss of integrity of the intestinal
mucosa with subsequent loss of its barrier function. Zinc pre-
treatment was able to reverse many of these drug-induced changes.
Zinc limitation has been reported to affect the composition of lipids in
tissue (Gomez et al., 2006) and to inhibit the activity of phospholi-
pases A2, C and D (Hatakeyama et al., 2002). (Southon et al., 1984)
have reported significant morphological changes in the small
intestine of zinc-deficient rats, with increased uptake of sugars
occurring across the mucosal membrane. In addition, Mahmood
et al. (2007) have shown that the administration of zinc carnosinewas
successful in stabilizing the gut mucosa, possibly by preventing
indomethacin-induced increases in intestinal permeability, an event



Table 2
Content of phospholipids in SLP and BBM isolated from intestinal tissue at 24 h, from rats treated with indomethacin, with and without pre-treatment with zinc.. Each value
represents mean±S.D. of duplicate estimations from six different animals.

(Phospholipids) nanomoles mg−1

protein
SLP BBM

Cont Indo Zinc+Indo Zinc alone Cont Indo Zinc+Indo Zinc alone

1. Phosphatidylcholine 63.6±61 45.5a±9.1 60.8b±3.8 64.3±4.4 65.3±8.1 46.8a±7.2 60.1b±7.0 63.3±5.9
2. Lysophosphatidylcholine 19.5±5.2 30a±6.2 20.3b±4.2 18.3±2.5 17.8±10.1 29.8±9.4 20±9.3 16.8±4.0
3. Phosphatidylethanolamine 30.8±2.6 20.3a±2.8 28.6b±2.0 30.5±3.0 35.3±4.6 24.6a±3.4 32.1b±4.0 32.3±3.3
4. Lysophosphatidylethanolamine 11.3±2.4 21.1a±1.7 13.5b±2.6 11.5±1.8 16.6±2.6 28.8a±2.9 18.5b±2.8 16.6±2.5

a Pb0.05 when compared with control.
b Pb0.05 when compared with the indomethacin-treated group.
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known to precede the development of indomethacin-induced
enteropathy. Thus, levels of zinc in tissues have been shown to affect
their composition and function. Our results, which show a protective
effect of zinc in preserving the integrity of the intestinal mucosa by
preventing indomethacin-induced effects in the composition of the
SLP and BBM and subsequent tissue damage, are in keepingwith these
reports.

It has been reported that indomethacin failed to produce small
intestinal damage in germ-free animals, suggesting that enterobac-
teria play a role in producing the intestinal lesions (Robert and Asano,
1977). The numbers of enterobacteria in the rat small intestine have
been shown to increase in response to administration of indometh-
acin (Konaka et al., 1999). An increase in the number of gram-
negative bacteria has been shown to be causative in the development
of ulcers during the use of NSAIDs (Hagiwara et al., 2004). Bacterial
invasion of the intestinal mucosa is known to occur in rats treated
with indomethacin (Takeuchi et al., 2002). In addition, studies have
shown that antibiotics against gram-negative bacteria and inhibition
of bacterial invasion by a cysteinyl-leukotriene receptor agonist were
effective against indomethacin-induced small intestinal damage in
rats (Nishio et al., 2007; Watanabe et al., 2008). These reports
underscore the role of enteric bacteria in the pathogenesis of
intestinal damage produced by indomethacin.

The precise mechanisms by which luminal bacteria contribute to
the development of indomethacin-induced intestinal damage are not
clear. Our results show that administration of indomethacin resulted
in increased bacterial numbers in the small intestine and caecum,
findings that are in keeping with earlier work (Basivireddy et al.,
2005). We postulate that these findings are a result of drug-induced
changes in normal peristalsis in the gastrointestinal tract (Shahbazian
et al., 2001). Disturbances in normal intestinal flora during antibiotic
treatment have been shown to result in bacterial overgrowth with
pathogenic bacteria as main colonizers (Sullivan et al., 2001). Under
such pathological conditions, attachment of bacteria to receptors on
the surface of epithelial cells rich in sugars (such as sialic acid, hexose,
fucose and hexosamine) occurs. This facilitates translocation of the
bacteria into the mucosa (Helander et al., 1997). We postulate that
indomethacin-induced changes in the glycocalyx of the intestinal
mucosa resulted in altered host-microbial interactions in the gut,
Table 3
Content of neutral lipids in SLP and BBM isolated from intestinal tissue at 24 h, from rats treat
mean±S.D. of duplicate estimations from six different animals.

(Neutral lipids)
nanomoles mg−1

protein

SLP

Cont Indo Zinc+Indo Zin

1. Cholesterol esters 29.3±8.3 18a±7.0 29.8b±5.9 25
2. Cholesterol 85.3±14.3 65.1a±8.2 83b±11.3 79
3. Triacylglycerol 40.03±6.3 25.5a±3.1 36.3b±5.9 36
4. Diacylglycerol 17.5±4.3 12.1±3.8 16.8±3.3 16
5. Monoacylglycerol 9.1±3.4 23a±2.0 12b±3.1 9

a Pb0.05 when compared with control.
b Pb0.05 when compared with the indomethacin-treated group.
resulting in changes in adherence of bacteria to the intestinal mucosa,
as observed in our study. Such changes have been postulated to
increase binding of bacteria to enterocytes in vivo (Basivireddy et al.,
2005; Helander et al., 1997) and predispose to bacteria invading the
mucosa and cause subsequent damage.

Administration of zinc decreased indomethacin-induced increases
in the number of bacteria in the small intestine and caecum, both in the
intestinal washings and that adherent to the mucosa. (Surjawidjaja et
al., 2004) have reported that zinc supplementation inhibited the
growth of enteric bacteria in vitro while (Roselli et al., 2003) have
shown that zinc oxide prevents E. coli adhesion and internalisation of
bacteria in Caco-2 cells. Such mechanisms may account for the
protective effect of zinc seen in our study. We found that indometh-
acin-induced alterations in the content of sugars in the SLP and BBM
were reversed by the administration of zinc. We postulate that this
reduced the ability of bacteria to adhere to the mucosa. The zinc-
induced decreases in the number of E. coli were associated with
reduced mucosal damage. Protection afforded by zinc may also be
accounted for by the fact that zinc has been shown to improve
intestinal permeability in experimental colitis in rats (Sturniolo et al.,
2002), thereby reducing the probability of enteropathy developing
subsequently.

Indomethacin is known to activate MMP-2 and -9 expression and
secretion in gastric tissue (Ganguly et al., 2005). We found that
indomethacin treatment resulted in increased activities of MMP-2
and -9, in keeping with the above findings. Such activation is possibly
due to drug-induced oxidative stress, a phenomenon that has been
previously reported (Valentin et al., 2005; Viappiani et al., 2009). Studies
have shown that anti-oxidants, such as curcumin, prevent indomethacin-
induced up-regulation of MMP-2 and -9 expression and activity in the rat
gastric tissue (Swarnakar et al., 2005). In our study, we found that zinc
significantly decreased the activation of indomethacin-induced MMP-2
andMMP-9, an hour after the dose of the drug. The changes in activity of
the MMPs seen were not associated with corresponding changes in the
levels of the proteins concerned, suggesting that the changes were due to
direct effects on enzymeaction. The ability of zinc to reverse the activation
of these enzymes is likely to be due to its effect as an antioxidant, thereby
decreasing the oxidative stress produced. Our findings are supported by
those reported by Szuster-Ciesielska et al. (2009), who have shown that
edwith indomethacin, with andwithout pre-treatment with zinc. Each value represents

BBM

c alone Cont Indo Zinc+Indo Zinc alone

.1±2.6 38.8±9.7 19.6a±6.7 32.6b±7.7 27.1±1.7

.6±3.0 100.5±24.5 98.3±9.3 98.3±17.8 93.5±5.2

.6±1.0 51.6±4.9 33.5a±5.3 50.1b±5.1 47.6±3.1

.8±2.6 21.6±3.8 15.5a±2.5 20±3.0 20.1±1.7

.8±1.4 14.1±2.8 27a±2.0 15.3b±3.0 13.5±1.5



Table 4
Content of various sugars in SLP and BBM at 24 h, isolated from intestinal tissue from rats treated with indomethacin, with and without pre-treatment with zinc. Each value
represents mean±S.D. of duplicate estimations from six different animals.

(Sugar levels)
nanomoles mg−1 protein

SLP BBM

Cont Indo Zinc+Indo Zinc alone Cont Indo Zinc+Indo Zinc alone

1. Fucose 118.5±36.3 199.1a±38.4 141b±36.7 115±14.3 226±92.9 126a±11.2 187b±21.5 201±13.7
2. Galactose 341.8±29.3 452.0a±77.4 300b±74.1 306.8±56.3 90.1±8.3 56.5a±6.3 75.8b±12.7 92.6±6.9
3. Hexosamine 371.6±55.5 461a±48.0 388.6b±31.8 328±21.64 257.5±25.7 174.6a±21.5 238.5b±25.3 216.3±19.11
4. Sialic acid 32.1±11.7 71.6a±17.1 39.5b±12.2 32.8±3.8 73.8±8.5 56.8a±7.3 72.8b±9.4 77.5±10.5

a Pb0.05 when compared with control.
b Pb0.05 when compared with the indomethacin-treated group.
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zinc inhibited the activity of MMP in hepatic stellate cells, by reducing
generation of reactive oxygen species and inhibition of nuclear factor
kappa-B (NFkB) andmitogen-activated protein kinase (MAPK) signalling
pathways.

Indomethacin is a non-selective inhibitor of COX (Roberts and
Morrow, 2001). Inhibition of this enzyme by the drug is an important
event in the pathogenesis of indomethacin-induced enteropathy
(Whittle, 2003). Similarly, induction of iNOS by indomethacin has
Fig. 2. Number of colony forming units (cfu) of E. coli (log-transformed data) cultured from s
(C) and caecal tissue homogenates (D), from indomethacin-treated rats, with andwithout zi
of duplicate estimations from six different animals. ⁎Pb0.05 when compared with control,
been reported to contribute to the adverse effects of the drug (Konaka
et al., 1999; Tanaka et al., 1999). We found that pretreatment with
zinc did not affect indomethacin-induced effects on COX and iNOS.
Thus, the protective effects of zinc do not appear to be mediated by
changes in COX activity or iNOS levels.

The acute antioxidant properties of zinc are thought to be due to its
ability to stabilize sulfhydryl groups and to antagonize redox-active
transition metals like iron and copper (Powell, 2000). Its long-term
mall intestinal washings (A), small intestinal mucosal homogenate (B), caecal contents
nc pretreatment, 24 h after the dose of indomethacin. Each value represents mean±S.D.
#Pb0.05 when compared with the indomethacin-treated group.

image of Fig.�2


Fig. 3. Quantitation of E. coli bound in vitro to SLP and BBM isolated from indomethacin-
treated rats, with and without zinc pretreatment, 24 h after the dose of indomethacin.
Percentage of bacteria bound to SLP (A) and crystal violet staining of SLP
(B). Percentage of bacteria bound to BBM (C) and crystal violet staining of BBM (D).
Each value represents mean±S.D. of triplicate estimations from six separate animals.
⁎Pb0.05 when compared with control, #Pb0.05 when compared with the indometh-
acin-treated group.

Fig. 4. Activities of matrix metalloproteinases-2 and -9 (A), as quantitated by
zymography, and protein content of MMP-2 and MMP-9 (B), as assessed by western
blots, in tissue from indomethacin-treated rats, with and without zinc pretreatment,
1 h after the dose of indomethacin. Each value, expressed in arbitrary units, represents
mean±S.D. of data from six separate animals. ⁎Pb0.05 when compared with control,
#Pb0.05 when compared with the indomethacin-treated group.

Fig. 5. Levels of iNOS in intestine from indomethacin-treated rats, with andwithout zinc
pretreatment, 12 h after the dose of indomethacin, as measured by real-time PCR assays
(A) and western blots (B). Each value represents mean±S.D. of data from six separate
animals. ⁎Pb0.05 when compared with control, #Pb0.05 when compared with the
indomethacin-treated group.
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antioxidant effects are postulated to be mediated by metallothionein
(Maret, 2000; Maret and Vallee, 1998), which is induced in response
to metal ions, like copper and zinc. In our studies, we found that the
expression of metallothionein was significantly increased in response
to zinc, at the 1 and 12 h periods studied. Oxidative stress has been
shown to decrease metallothionein levels (Arda-Pirincci et al., 2006),
while zinc can induce the expression of metallothionein by interacting
with a metal-sensitive transcription factor (Andrews, 2000; Cousins
and Lee-Ambrose, 1992). It has been shown that zinc-induced
metallothionein in beta-cells of the pancreas was found to protect
these cells by scavenging hydroxyl radicals (Ohly et al., 1998). In view
of these reports, we postulate that in our study, zinc, possibly by
inducing metallothionein, was able to alleviate the oxidative stress
produced by indomethacin. This is also in keeping with the results of
Yang et al. (2009) who have shown that over-expression of
metallothionein protected against adriamycin-induced oxidative
stress and with those of Lazo et al. (1995) who have demonstrated
that cells deficient in metallothionein show enhanced sensitivity to
oxidative stress.

It is possible that zinc and indomethacin, both of which were given
orally, may form a complex (Zhou et al., 2000) in the gut, leading to a
reduction in the amount of drug absorbed and subsequent damage in
the intestine. We do not think this is likely to have occurred under the
conditions under which the current studies were carried out. Zinc was
given to the experimental rats 2 h before the dose of indomethacin.
Keyzer et al. (1983) have shown that maximum zinc absorption takes
place within two hours of administration under fasting conditions and
that absorption is inhibited when zinc was taken along with food. In
our model, rats were fasted overnight, dosed with zinc, kept fasting
and then given indomethacin 2 h later, followed by access to food. In
view of these conditions, we think that zinc would not have been
available to complex with indomethacin in the intestine and form a
complex that prevented the absorption of indomethacin into the
mucosa, thus reducing mucosal damage by this NSAID. However, to
rule out the possibility that oral zinc may interfere with the
absorption of indomethacin and its subsequent effects on the
intestinal mucosa, rats were given zinc intra-peritoneally, instead of
orally, 2 h before the indomethacin. Mucosal damage was assessed
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Fig. 6. Levels of metallothionein in the intestine from indomethacin-treated rats, with andwithout zinc pretreatment, at 1, 12 and 24 h after the dose of indomethacin, as assessed by
cadmium heme assay (A) and Western blots (B). Each value represents mean±S.D. of data from six separate animals. ⁎Pb0.05 when compared with control, #Pb0.05 when
compared with the indomethacin-treated group.
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after 24 h, as described. It was found that rats that were pre-treated
with zinc before the dose of indomethacin had markedly less damage
when comparedwith those that had received only the drug (71.3±26
ulcers in the indomethacin-treated groupwhen comparedwith 27.3±
9.29 ulcers in the group pre-treatedwith zinc before administration of
indomethacin). Thus, zinc protected against drug-induced damage
Fig. 7. Levels of metallothionein mRNA in intestine from indomethacin-treated rats, with
measured by real-time PCR assays. Each value represents mean±S.D. of triplicate estimatio
compared with the indomethacin-treated group.
even when administered parenterally. Hence, it is unlikely that the
protective effect of oral zinc was due to it forming a complex with
indomethacin, thereby preventing its absorption into the mucosa.

Other mechanisms such as mast cell involvement and induction of
heat-shock protein have also been studied in connection with
indomethacin-induced damage small intestinal damage (Okayama
and without zinc pretreatment, at 1, 12 and 24 h after the dose of indomethacin, as
ns done on six separate animals. ⁎Pb0.05 when compared with control, #Pb0.05 when
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et al., 2009; Jin et al., 1997). However, it is not known whether zinc
affects any of these events. Studies on these aspects may bewarranted
in the future.

5. Conclusion

We conclude that indomethacin-induced damage in the intestinal
mucosa can be reduced by prior administration of zinc. Zinc was found
to preserve the integrity of the intestinal glycocalyx against effects of
the drug and inhibit the growth of enterobacteria and their adherence
to the mucosa. We postulate that these events prevented the entry of
pathogens into the mucosa and subsequent enteropathy. Pretreat-
ment with zinc resulted in induction of metallothionein. It is possible
that this protein may mediate some of the protective effects of zinc
seen in this study.
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