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Chronic use of alendronate has been linked to gastrointestinal tract problems. Our objective was to eval-
uate the role of the NO/cGMP/KATP signaling pathway and nitric oxide synthase expression in alendro-
nate-induced gastric damage. Rats were either treated with the NO donor, sodium nitroprusside (SNP;
1, 3, and 10 mg/kg), or the NO synthase (NOS) substrate, L-arginine (L-Arg; 50, 100, and 200 mg/kg). Some
rats were pretreated with either ODQ (a guanylate cyclase inhibitor; 10 mg/kg) or glibenclamide (KATP

channels blocker; 10 mg/kg). In other experiments, rats were pretreated with L-NAME (non-selective
NOS inhibitor; 10 mg/kg), 1400W (selective inducible NOS [iNOS] inhibitor; 10 mg/kg), or L-NIO (a selec-
tive endothelial NOS [eNOS] inhibitor; 30 mg/kg). After 1 h, the rats were treated with alendronate
(30 mg/kg) by gavage for 4 days. SNP and L-Arg prevented alendronate-induced gastric damage in a
dose-dependent manner. Alendronate reduced nitrite/nitrate levels, an effect that was reversed with
SNP or L-Arg treatment. Pretreatment with ODQ or glibenclamide reversed the protective effects of
SNP and L-Arg. L-NAME, 1400W, or L-NIO aggravated the severity of alendronate-induced lesions. In addi-
tion, alendronate reduced the expression of iNOS and eNOS in the gastric mucosa. Gastric ulcerogenic
responses induced by alendronate were mediated by a decrease in NO derived from both eNOS and iNOS.
In addition, our findings support the hypothesis that activation of the NO/cGMP/KATP pathway is of pri-
mary importance for protection against alendronate-induced gastric damage.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Bisphosphonates are the class of drugs most commonly used for
the control, prevention, and treatment of metabolic bone diseases,
including osteoporosis [1]. Alendronate is a frequently used bis-
phosphonate, due to dosing convenience and benefits related to
the prevention of fractures. However, recent studies have shown
that chronic alendronate use may be associated with side effects
primarily involving the gastrointestinal tract, including gastric
ulcer and erosive esophagitis [2,3].

Recently, studies have demonstrated that gaseous mediators,
such as carbon monoxide (CO) [4] and hydrogen sulfide (H2S) [5],
contribute to the protection and maintenance of gastric mucosal
integrity against alendronate-induced gastric damage. Similarly,
nitric oxide (NO) may protect the gastrointestinal mucosa
from damage caused by chemical agents, such as ethanol [6] and
NSAIDs [7]. However, few studies have demonstrated the
involvement of NO in the pathogenesis of alendronate-induced
gastropathy.

NO plays an important role in regulating various cellular func-
tions in the cardiovascular, immune, and neuronal systems, as well
as in the gastrointestinal tract. NO is synthesized in endothelial
cells by the nitric oxide synthase (NOS) family of enzymes; NOS
enzymes convert the amino acid, L-arginine, into L-citrulline and
NO [8]. Constitutive NOS (cNOS), which is expressed in normal
conditions, comprises the 2 isoforms endothelial NOS (eNOS) and
neuronal NOS (nNOS), that play important roles in the mainte-
nance of mucosal integrity [9,10]. A third isoform, which is known
as inducible NOS (iNOS), is not constitutively expressed. Rather, it
is stimulated by factors such as cytokines or microbial products
[11].
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In this study, we have investigated the role of the NO/cGMP/
KATP signaling pathway and nitric oxide synthase expression in
alendronate-induced gastric damage in rats.
2. Materials and methods

2.1. Animals

Female Wistar rats (100–140 g) were obtained from the Depart-
ment of Physiology and Pharmacology, Federal University of Ceará.
The animals were deprived of food for 18–24 h before the experi-
ment, but had free access to water. All animal treatments and sur-
gical procedures were performed in accordance with the Guide for
Care and Use of Laboratory Animals (National Institutes of Health,
Bethesda, MD) and were approved by the local ethics committee
(Protocol No. 0067/10).
2.2. Drugs and solutions

Sodium nitroprusside (SNP), L-arginine (L-Arg), 1H-
[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), glibenclamide,
NG-nitro-Larginine methyl ester (L-NAME), 1400W and alendro-
nate were purchased from Sigma Aldrich (St. Louis, MO). L-NG-imi-
noethyl-L-ornitine (L-NIO) was purchased from Cayman Chemical
(Ann Arbor, MI). ODQ was dissolved 0.01% DMSO. Glibenclamide
was dissolved in 0.01 N NaOH containing 4% glucose. Alendronate
was dissolved in saline and adjusted to pH 7.0 by adding NaOH or
HCl [12]. All other drugs were dissolved in saline.
2.3. Effect of sodium nitroprusside or L-arginine on alendronate-
induced gastric damage

The animals were pretreated with saline, SNP (a nitric oxide
donor: 1, 3, and 10 mg/kg, po) or L-Arg (a substrate of NOS; 50,
100 and 200 mg/kg, ip). After 30 min, alendronate (30 mg/kg, pH
7.0, po) was administered. The control group received only saline.
All drugs were administered once daily for 4 days [4]. On the last
day of treatment, 4 h after alendronate administration, the animals
were killed and their stomachs removed. Gastric damage was mea-
sured using Image J� software. A sample was fixed in 10% formalin
immediately after its removal for subsequent histopathological
assessment. Other samples were then weighed, frozen, and stored
at �80 �C until assayed for NO3/NO2 production [13], glutathione
(GSH) levels [14], malondialdehyde (MDA) concentration [15],
myeloperoxidase (MPO) activity [16] and cytokine levels [17].
2.4. Histological evaluation of gastric damage

For histological evaluation, the stomach samples were fixed in
10% formalin solution for 24 h. After fixation, the samples were
transferred to a solution of 70% alcohol. The material was then
embedded in paraffin and sectioned; 4-lm-thick sections were
deparaffinized, stained with hematoxylin and eosin (H&E), and
then examined under a light microscope by an experienced pathol-
ogist without knowledge of the treatments (Soares, PMG). The
specimens were assessed according to the criteria as previously
described [18].
2.5. Measurement of nitrite plus nitrate production

Homogenate of gastric tissue was incubated in a microplate
with nitrate reductase for 12 h to convert NO3 in NO2. Nitric oxide
production was determined by measuring nitrite concentrations in
an ELISA plate reader at 540 nm using the Griess method [13].
Results were expressed as micromoles of nitrite (lmol) using the
internal standard curve.

2.6. Role of soluble guanylate ciclase and ATP-Sensitive K+ channels on
gastroprotective effect of sodium nitroprusside or L-arginine

The animals were pretreated with ODQ (guanylate ciclase
inhibitor: 10 mg/kg, ip) or glibenclamide (a drug that blocks ATP-
Sensitive K+ Channels: 10 mg/kg, ip). One hour after, received
SNP (a nitric oxide donor: 10 mg/kg, po) or L-Arg (a substrate of
NOS; 200 mg/kg, ip). After 30 min, the animals received alendro-
nate (30 mg/kg, pH 7.0, po). The control group received only saline.
All drugs were administered once daily for 4 days. On the last day
of treatment, 4 h after alendronate administration, the animals
were killed, their stomachs removed, gastric damage and biochem-
ists analysis were determined as described above.

2.7. Role of nitric oxide synthase on alendronate-induced gastric
damage

The animals were initially treated with L-NAME (a non-selective
inhibitor of NOS; 3 mg/kg, ip), 1400W (a selective inhibitor of
iNOS; 10 mg/kg, ip) or L-NIO (a selective inhibitor of eNOS;
30 mg/kg, sc) [6,19]. After 1 h, the animals received alendronate
(30 mg/kg, pH 7.0, po). All drugs were administered once daily
for 4 days [4]. On the last day of treatment, 4 h after alendronate
administration, the animals were killed and their stomachs
removed and gastric damage and biochemists analysis were deter-
mined as described above. Samples were removed for immunohis-
tochemistry analysis and western blot for iNOS and eNOS as
described below.

2.8. Immunohistochemistry for eNOS and iNOS

The samples from the stomach of rats undergoing alendronate-
induced gastric damage were assessed for the expression of eNOS
and iNOS by employing an immunohistochemical technique. The
slides mounted from the paraffin blocks were deparaffinized and
then hydrated. Endogenous peroxidase activity was blocked with
1% H2O2 diluted in methanol. Then, the slides were washed in
phosphate-buffered saline (PBS). Next, the slides were incubated
with primary antibody (1:400, Santa Cruz Biotechnology, Santa
Cruz, CA) overnight at 4 �C. After washing, the slides were incu-
bated with biotinylated secondary antibody, diluted in PBS plus
bovine serum albumin (PBS–BSA). Negative control sections were
processed simultaneously as described above, but without adding
an antibody. Finally, the tissue was stained for antigen–antibody
complexes using a peroxidase detection system and then viewed
under a microscope.

2.9. Western blot for iNOS and eNOS

Briefly, the tissues were homogenized in 0.2 ml of lysis buffer
containing protease inhibitors. Total protein (50 lg protein/well)
was resolved on 10% (iNOS) or 12.5% (eNOS) sodium dodecyl sul-
fate–polyacrylamide gel (SDS–PAGE) and transferred to a nitrocel-
lulose membrane (Hybond-ECL, Amersham Pharmacia Biotech,
Amersham, UK). The membranes were blocked with 5% skimmed
milk/Tris-buffered saline with 0.1% Tween 20 (TBS-T) for 2 h at
4 �C followed by an overnight incubation period at 4 �C with the
primary antibodies (rabbit polyclonal anti-iNOS, 1:500; anti-eNOS,
1:800 or anti-b-actin, 1:1000; Santa Cruz Biotechnology, Santa
Cruz, CA). The blots were washed, followed by incubation with
horseradish peroxidase-conjugated secondary antibody (donkey
anti-rabbit immunoglobulin G, 1:1000; Santa Cruz Biotechnology,
Santa Cruz, CA) for 1 h at 4 �C. The membranes were washed,



24 R.O. Silva et al. / Nitric Oxide 40 (2014) 22–30
incubated with electrogenerated chemiluminescence (Amersham
Pharmacia Biotech), and exposed to Hyperfilm ECL (Amersham
Pharmacia Biotech) to observe the marked proteins. Densitometry
analyses were performed by Image J� software. Data were
expressed as the relative density of iNOS/b-actin and eNOS/b-actin
bands.
2.10. Glutathione (GSH) levels

The samples were homogenized in 0.02 M EDTA (1 ml/100 mg
of tissue). Aliquots (400 ll) of the tissue homogenate were mixed
with 320 ll of distilled water and 80 ll of 50% (w/v) trichloroacetic
acid in glass tubes and centrifuged at 3000 rpm for 15 min. Next,
400 ll of each supernatant was mixed with 800 ll of Tris buffer
(0.4 M, pH 8.9) and 20 ll of 0.01 M DTNB. Subsequently, the sam-
ples were stirred for 3 min and read on a spectrophotometer at
412 nm [14]. The results are expressed as micrograms of GSH per
gram of tissue (lg/g).
2.11. Malondialdehyde (MDA) concentration

The samples were homogenized in cold 1.15% KCl (1 ml/100 mg
of tissue). Briefly, 250 ll of each homogenate was added 1% phos-
phoric acid (H3PO4) and 0.6% tert-butyl alcohol (aqueous solution).
Then, this mixture was stirred and heated in a boiling water bath
for 45 min. The mixture was then cooled immediately in an ice
water bath followed by the addition of 4 ml of n-butanol. This mix-
ture was shaken and the butanol layer was separated by centrifu-
gation at 1200 rpm for 15 min. Optical density was determined to
be 535 and 520 nm, and the optical density difference between the
two determinations was calculated as the tert-butyl alcohol value
[15]. Results are expressed as nanomoles per gram of tissue
(nmol/g).
2.12. Myeloperoxidase (MPO) activity

Briefly, tissue was homogenized in potassium buffer with 0.5%
of hexadecitrimetilamônio (HTAB) (1 ml/100 mg of tissue). Then,
homogenate was centrifuged at 4500 rpm for 20 min. MPO activity
in the resuspended pellet was assayed by measuring the change in
absorbance at 450 nm using o-dianisidine dihydrochloride and 1%
Fig. 1. Effect of (A) sodium nitroprusside (SNP) and (B) L-arginine (L-Arg) pretreatment on
SNP, or L-Arg 30 min before the administration of alendronate (30 mg/kg). The contro
Macroscopic gastric lesions were determined 4 h after alendronate administration on the
vs. saline group, #P < 0.05 vs. alendronate group, one-way ANOVA and Newman–Keuls t
hydrogen peroxide [16]. The results were expressed as the MPO
units per mg of tissue (UMPO/mg of tissue).

2.13. Cytokine measurements

Briefly, microtiter plates were coated overnight at 4 �C with an
polyclonal anti-rat TNF-a or IL-1b (4 lg/ml, DuoSet ELISA Develop-
ment kit R&D Systems). After blocking the plates, the samples and
standards were added at various dilutions in duplicate and incu-
bated at 4 �C for 24 h. The plates were washed with buffer
(0.01 M phosphate, 0.05 M NaCl, 0.1% Tween 20, pH 7.2). After
washing the plates, biotinylated sheep polyclonal anti-TNF-a or
anti-IL-1b (diluted 1:1000 with assay buffer containing 1% bovine
serum albumin [BSA]) was added to the wells. After further incuba-
tion at room temperature for 1 h, the plates were washed and 50 ll
of avidin-conjugated horseradish peroxidase diluted 1:5000 was
added to the wells. The color reagent o-phenylene-diamine (OPD;
40 lg/well) was added 15 min later and the plates were incubated
in the dark at 37 �C for 15–20 min. The enzyme reaction was
stopped with H2SO4 and absorbance was measured at 490 nm
[17]. Values are expressed as pictograms of cytokines per milliliter
(pg/ml).

2.14. Statistical analysis

Data were described as either means ± SEM or median, as
appropriate. Analysis of Variance (ANOVA) followed by Student-
Newman–Keuls test was used to compare means and Kruskal–
Wallis nonparametric test, followed by Dunńs tests to compare
medians; P < 0.05 was defined as statistically significant.
3. Results

3.1. Effect of SNP or L-arginine on alendronate-induced gastric damage

In the present study, we observed that pretreatment with either
the NO donor, sodium nitroprusside (SNP; Fig. 1A) or the NOS sub-
strate, L-arginine (L-Arg; Fig. 1B) prevented alendronate-induced
macroscopic gastric damage in a dose-dependent manner. Further-
more, the results of microscopic analysis indicated that alendro-
nate administration induced alterations in the gastric region
characterized by epithelial cell loss, inflammatory cell, edema,
alendronate-induced gastric damage. Rats were treated with either saline (control),
l group received only saline. All drugs were administered once daily for 4 days.
fourth day. Data are expressed as the mean ± S.E.M. of 5–6 rats per group. ⁄P < 0.05

est.
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and intense hemorrhage (Fig. 2 and Table 1). These changes were
significantly prevented in rats pretreated with either SNP
(Fig. 2D) or L-Arg (Fig. 2E).

3.2. Nitrite/nitrate production

As shown in Fig. 3, administration of alendronate to gastric tis-
sue significantly reduced the generation of nitrite and nitrate
metabolites of NO compared to controls. Pretreatment with SNP
or L-Arg reversed this effect of alendronate; nitrite and nitrate lev-
els were raised to values similar to those observed in the control
group.

3.3. Role of soluble guanylate ciclase and ATP-sensitive K+ channels on
gastroprotective effect of SNP or L-arginine

To assess the contribution of soluble guanylate cyclase and KATP

channels to the protective effects of SNP and L-Arg, rats were
Fig. 2. Histopathological changes in the gastric mucosa (40�magnification). (A) Control
showing lesions in the superficial gastric glandular region with (B) epithelial cell lo
po) + alendronate (30 mg/kg po), and with (E) L-Arginine (L-Arg; 200 mg/kg, ip) + alendro
pretreated with either ODQ, a guanylate cyclase inhibitor, or gli-
benclamide, a KATP channel blocker. Fig. 4 shows that pretreatment
with ODQ or glibenclamide significantly (P < 0.05) reversed the
positive effect that SNP (Fig. 4A) and L-Arg (Fig. 4B) had on alendr-
onate-induced gastric macroscopic damage.
3.4. Role of nitric oxide synthase on alendronate-induced gastric
damage

The role of NOS in alendronate-induced gastric damage was also
evaluated and the results are shown in Fig. 5. Pretreatment with L-
NAME, 1400W, or L-NIO markedly aggravated the severity of
alendronate-induced gastric macroscopic damage.

The expression of iNOS (Fig. 6A) and eNOS (Fig. 6B) was evident
from immunohistochemical analysis of the gastric mucosa of con-
trol rats. However, lower staining levels of both iNOS and eNOS
were observed in rats treated with alendronate. The results of pro-
tein expression experiments by western blotting were in
(saline) group showing gastric mucosal integrity. Alendronate (30 mg/kg, po) group
ss, (C) and bleeding. (D) Treatment with sodium nitroprusside (SNP; 10 mg/kg,
nate (30 mg/kg po), showing reduction in alendronate-induced microscopic lesions.



Table 1
Effect of sodium nitroprusside or L-arginine in alendronate-induced gastric microscopic damage.

Experimental group Hemorrhagic damage (score 0–4) Edema (score 0–4) Epithelial cell loss (score 0–3) Inflammatory cells (score 0–3) Total (score 0–14)

Saline 0 (0–1) 0 0 (0–1) 0 0
Saline + alendronate 3 (1–3)a 3 (2–3)a 3 (2–3)a 2 (2–3)a 11 (2–3)a

SNP + alendronate 2 (0–2) 0 (0–1)b 0 (0–1)b 0 (0–1)b 2 (0–2)b

L-Arg + Alendronate 1 (0–2)b 1 (0–1)b 0 (0–1)b 1 (0–1)b 3 (0–1)b

Data shown are medians with minimal and maximal scores shown in parentheses. Kruskal–Wallis nonparametric test, followed by Dunn’s test was used for multiple
comparisons for histological assessment.

a P < 0.05, when compared with saline group.
b P < 0.05, when compared with alendronate group.
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agreement with immunohistochemical findings; protein expres-
sion levels of iNOS (Fig. 7A) and eNOS (Fig. 7B) were significantly
(P < 0.05) reduced after treatment with alendronate.

3.5. GSH, MDA, MPO and cytokine levels

Alendronate significantly reduced GSH levels, increased MDA
concentrations, and increased MPO activity in gastric tissue when
Fig. 3. Nitric oxide levels (NO3/NO2) in rats pretreated with sodium nitroprusside
(SNP) and L-arginine (L-Arg) in rats with alendronate-induced gastric damage. Rats
were pretreated with either saline, SNP (10 mg/kg, po), or L-Arg (200 mg/kg, ip)
30 min before alendronate (30 mg/kg) administration. The control group received
only saline. All drugs were administered once daily for 4 days. Data are expressed as
the mean ± S.E.M. of 5–6 rats per group. ⁄P < 0.05 vs. saline group, #P < 0.05 vs.
alendronate group, one-way ANOVA and Newman–Keuls test.

Fig. 4. Role of soluble guanylate cyclase (sGC) and ATP-sensitive K+ channels (KATP) in the
model of alendronate-induced gastric damage. Rats were pretreated with either saline, L

(10 mg/kg, po) or L-Arg (200 mg/kg, ip) was administered after 1 h, followed by alendrona
are expressed as mean ± S.E.M. of 5–6 rats per group. ⁄P < 0.05 vs. saline group, #P <
Arg + alendronate group, one-way ANOVA and Newman–Keuls test.
compared to control, as shown in Table 2. Pretreatment with SNP
or L-Arg significantly increased GSH levels, reduced MDA concen-
trations, and reduced MPO levels (P < 0.05) in rats that received
alendronate. Furthermore, we observed that administration of
either ODQ or glibenclamide reversed the gastroprotective effects
of SNP or L-Arg, as evidenced by changes in GSH, MDA and MPO.
Similarly, L-NAME combined with L-Arg treatment significantly
reduced GSH levels, increased MDA concentrations, and increased
MPO activity compared to rats treated with L-Arg alone. In contrast,
pretreatment with L-NAME, 1400W, and L-NIO had no effect on
GSH levels, MDA concentration, or MPO activity in the gastric
mucosa of rats treated with alendronate alone (Table 2).

Treatment with either SNP or L-Arg significantly (P < 0.05)
reduced TNF-a levels in rats with alendronate-induced gastric
damage. In addition, SNP treatment led to a reduction in IL-1b lev-
els (Fig. 8). The observed changes in TNF-a were significantly
reversed with L-NAME pretreatment, but not with L-Arg pretreat-
ment. L-NAME pretreatment had no impact on IL-1b levels.
4. Discussion

In the present study, we show that SNP and L-Arg, acting via NO/
cGMP/KATP-dependent mechanisms, protect the gastric mucosa
against alendronate-induced damage. In addition, we demon-
strated that alendronate reduced NO generation by modulating
NOS expression.

Consistent with previous studies [4,20,21], we observed that
when given as a single injection for 4 days to fasting rats, alendro-
nate damaged the gastric mucosa causing lesions to appear in the
antrum and extend further to develop into ulcers with a white cap.
gastroprotective effect of sodium nitroprusside (SNP) and L-arginine (L-Arg) in a rat
-NAME (3 mg/kg, ip), ODQ (10 mg/kg, ip) or glibenclamide (5 mg/kg, ip). Either SNP
te (30 mg/kg, po) injection 30 min later. The control group received only saline. Data
0.05 vs. alendronate group, wP < 0.05 vs. SNP + alendronate group, dP < 0.05 vs. L-



Fig. 5. Role of nitric oxide synthase (NOS) in alendronate-induced gastric damage.
Rats were treated with either saline, L-NAME (3 mg/kg, ip), 1400 W (10 mg/kg, ip),
or L-NIO (30 mg/kg, sc). Alendronate (30 mg/kg) was administered after 1 h. The
control group received only saline. All drugs were administered once daily for
4 days. Data are expressed as the means ± S.E.M. of 5–6 rats per group. ⁄P < 0.05 vs.
saline group, #P < 0.05 vs. alendronate group, one-way ANOVA and Newman–Keuls
test.
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In contrast, lesions that formed in the corpus healed. A previous
study demonstrated that the white cap covering the damaged
mucosa is composed mainly of inflammatory cells and fibrin-like
substances [22]. Histologically, we observed that gastric ulcers
caused by alendronate administration induced severe edema, hem-
orrhagic damage, epithelial cell loss, and infiltration of inflamma-
tory cells in the submucosa. Other studies have reported that
when alendronate is applied to the gastric mucosa it causes a
decrease in transmucosal potential difference of the stomach,
which is suggestive of a disruption to surface epithelial cells due
to a direct action [12]. These toxic effects of alendronate in the
stomach have been linked to a direct effect of this agent on the
mucosal surface [22,23].

Several studies have shown that biphosphonates also interfere
with cell migration at the site of inflammation, and this effect is
Fig. 6. Photomicrographs of gastric mucosa at 100� magnification. (A) iNOS and (C) eN
eNOS immunoreactivity in gastric mucosal tissue after alendronate was administered o
associated with increased production of proinflammatory cyto-
kines, IL-1b, TNF-a, and IL-6, and oxidative stress [24,25]. In the
present study, increased MDA and MPO levels, increased accumu-
lation of TNF-a and IL-1b, and decreased GSH levels by alendronate
in the gastric mucosa suggest that neutrophil infiltration and pro-
inflammatory cytokines (TNF-a and IL-1b) contribute to oxidative
gastric damage. Activated neutrophils are also a potential source
of oxygen metabolites that can contribute to gastric mucosal injury
[26]. It has been suggested that oxygen-derived free radicals may
contribute to alendronate-induced gastric mucosal lesions [20,21].

NO plays a critical role in mucosal integrity, either by direct
action, or by modulating the effects of other substances [27]
involved in important physiological functions, such as regulation
of mucosal blood flow and mucus generation [28]. In the present
study, we demonstrated that both the NO donor, SNP, and the
NOS substrate, L-Arg protected the gastric mucosa against alendro-
nate-induced macroscopic damage. Histological observations fur-
ther validated macroscopic findings that SNP and L-Arg prevent
gastric damage induced by subchronic treatment with oral alendr-
onate. Furthermore, SNP and L-Arg inhibited alendronate-induced
elevations in MDA, MPO, TNF-a, and IL-1b levels, and alendro-
nate-induced reductions in GSH. Together, these data suggest that
the gastroprotective effects of SNP and L-Arg may be dependent on
their inhibitory effects on neutrophil infiltration and neutrophil-
associated TNF-a and IL-1b responses. Thus, the mechanism
through which NO exerts its gastroprotective effect appears to
involve a reduction of lipid peroxidation induced by alendronate
in the gastric mucosa. Therefore, the effects of NO may result in
a decreased redox state in alendronate-induced gastropathy.

It is well known that NO modulates the activity of mucosal
immunocytes, as well as modulating leukocyte-endothelial inter-
actions. NO inhibits recruitment of neutrophils into the gastroin-
testinal tract mucosa, and inhibitors of NO synthesis enhance
leukocyte recruitment [23,29]. The anti-inflammatory properties
of NO include inhibiting the production of important pro-inflam-
matory molecules [29].
OS immunoreactivity detected in normal gastric tissue. Decreased (B) iNOS and (D)
nce daily for 4 days.



Fig. 7. Protein expression of (A) iNOS and (B) eNOS determined by Western blot
analysis of tissue from rats with alendronate-induced gastric damage. The results
are reported as the relative density of iNOS/b-actin and eNOS/b-actin bands.
⁄P < 0.05 vs. saline group, one-way ANOVA and Newman–Keuls test.
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Studies have also documented that NO donors and L-Arg pro-
mote gastroprotection [6] and accelerate the healing of experimen-
tal gastric ulcers [30]. Therefore, it can be inferred that NO
Table 2
GSH, MDA, and MPO levels in alendronate-induced gastric damage.

Experimental group GSH (lg/g tissue)

Saline 446.4 ± 21.4
Saline + alendronate 160.9 ± 8.7a

SNP + alendronate 471.6 ± 45.2b

ODQ + SNP + alendronate 220.2 ± 30.3c

Glibenclamide + SNP + alendronate 239.4 ± 33.6c

L-Arg + alendronate 318.7 ± 16.8b

L-NAME + L-Arg + alendronate 204.3 ± 16.9d

ODQ + L-Arg + alendronate 190.9 ± 32.0d

Glibenclamide + L-Arg + alendronate 223.7 ± 8.1d

L-NAME + alendronate 192.6 ± 28.4

1400W + alendronate 178.5 ± 32.5

L-NIO + alendronate 174.4 ± 23.0

Results are expressed as the means ± S.E.M. of 5–6 rats per group.
a P < 0.05, when compared with saline group.
b P < 0.05, when compared with alendronate group.
c P < 0.05, when compared with SNP + alendronate group.
d P < 0.05, when compared with L-Arg + alendronate group.
synthesis plays an essential role in gastric protection against
alendronate. To demonstrate this, we measured the nitrite and
nitrate levels in the gastric mucosa as an estimation of NO produc-
tion. The inorganic anions, nitrate (NO3

�) and nitrite (NO2
�), are

products of endogenous NO metabolism. NO generated by NOS
enzymes is oxidized in the blood and tissues to form nitrate and
nitrite [8,28]. We observed that alendronate significantly reduced
nitrite and nitrate levels in gastric tissue, and that pretreatment
with either SNP or L-Arg reversed these effects; raising nitrite
and nitrate levels to values similar to those observed in the
controls.

Several actions of NO are mediated by activation of the intracel-
lular second messenger, cyclic GMP (cGMP). Levels of cGMP are
increased in response to activation of soluble guanylate cyclase
by NO. In addition, it is well known that NO and cyclic GMP can
activate different types of KATP channels [31,32] and that the acti-
vation of the NO/cGMP/KATP pathway has gastroprotective effects
[6]. We investigated whether the cGMP/KATP pathway participated
in the gastroprotective effects exhibited by NO in rats with alendr-
onate-induced gastric damage. Using pharmacological approaches,
we demonstrated that inhibition of soluble guanylate cyclase by
ODQ, and blockade of KATP channels with glibenclamide, reversed
the protective effects of SNP and L-Arg against alendronate-
induced damage, and reversed the deleterious changes in GSH,
MDA, and MPO levels in the gastric mucosa. Likewise, pretreat-
ment with the non-selective NOS inhibitor, L-NAME, abolished
the effects of L-Arg. Thus, our results indicate that the NO/cGMP/
KATP pathway is of primary importance in the protection of the gas-
tric mucosa.

The three enzymatic sources of NO, nNOS, eNOS, and iNOS, have
been characterized in the gastrointestinal tract. Several studies
have demonstrated that NO plays a dual role in the ulcerogenic
response of the gastrointestinal mucosa depending on the NOS iso-
form involved; a protective effect of NO is derived from nNOS and
eNOS, and the inhibition of these enzymes can result in distur-
bances in GI motility, blood flow, secretion, and gastric ulcers
[8,23]. In contrast, iNOS, which produces large amounts of NO
under certain pathological conditions, is thought to contribute to
mucosal injury and dysfunction [23]. However, there is little data
to support this theory. Several other studies have suggested the
possibility that excessive endogenous NO production, although
having potentially detrimental hypotensive effects, serves an
essential beneficial role that has yet to be elucidated [33–38].
Nishio et al. (2006) also demonstrated that endogenous NO derived
from both constitutive and inducible forms of NOS contributes to
MDA (nmol/g tissue) MPO (U/mg tissue)

26.6 ± 4.4 3.9 ± 0.9
124.1 ± 4.2a 36.0 ± 5.9a

85.6 ± 3.6b 15.1 ± 1.7b

98.6 ± 10.6 30.9 ± 1.6c

95.4 ± 9.4 32.6 ± 6.6c

56.4 ± 6.0b 16.3 ± 2.4b

97.2 ± 10.6d 37.4 ± 4.5d

102.2 ± 19.9d 45.4 ± 3.8d

113.3 ± 11.7d 28.8 ± 2.8d

99.9 ± 7.3 40.6 ± 4.2

125.8 ± 27.5 37.8 ± 5.1
107.1 ± 20.1 45.2 ± 4.4



Fig. 8. Levels of cytokines TNF-a and IL-1b in rats with alendronate-induced gastric
damage. Rats were pretreated with either sodium nitroprusside (SNP; 10 mg/kg, po)
or L-arginine (L-Arg; 200 mg/kg, ip). A third group received L-NAME (10 mg/kg,
ip) + L-Arg (200 mg/kg, ip). Alendronate (30 mg/kg) was administered after 1 h. The
control group received only saline. All drugs were administered once daily for
4 days. Data are expressed as mean ± S.E.M. of 5–6 rats per group. ⁄P < 0.05 vs.
saline group, #P < 0.05 vs. alendronate group, dP < 0.05 vs. L-Arg + alendronate
group, one-way ANOVA and Newman–Keuls test.
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mucosal defense against iodoacetamide-induced gastric damage,
partly by reducing acid secretion and maintaining mucosal integ-
rity [39].

The roles played by different isoforms of NOS during the devel-
opment of alendronate-induced ulcers are not well understood. In
our study, we demonstrated that NO produced by eNOS and iNOS
are essential for the promotion of gastroprotection against alendr-
onate-induced damage. We showed that the administration of a
nonselective inhibitor of NOS (L-NAME), a selective inhibitor of
iNOS (1400W), or a selective inhibitor of eNOS (L-NIO), aggravated
the severity of the lesions induced by alendronate, but did not alter
the biochemical parameters analyzed (MPO, GSH and MDA). Since
subchronic administration of alendronate diminished NO levels in
the gastric mucosa, we believe that regardless of source, increased
levels of NO would be beneficial. Indeed, eNOS and iNOS may pro-
vide an endogenous mechanism to increase local NO levels, mini-
mize gastric dysfunction, and increase gastric mucosal defense.
We also demonstrated using immunohistochemistry that alendro-
nate reduced the expression of iNOS and eNOS in the gastric
mucosa. This finding was consistent with the observed reduction
in protein expression levels of both iNOS and eNOS after treatment
with alendronate. These findings strongly suggest that the
increased gastric ulcerogenic response induced by alendronate is
mediated by a decrease in NO derived from eNOS and iNOS.

Other possible protective mechanism of NO may be a decrease
in gastric acid secretion and gastric acidity. In fact, it seems con-
sensus that NO, either generated endogenously or administered
exogenously, produced in low or large quantity, inhibits acid secre-
tion under basal and stimulated conditions in rats [40], rabbits [41]
and isolated human gastric glands [42]. The literature also show
that alendronate increase the gastric acid secretion and gastric
acidity in rats [43] and this condition is essential to increase the
irritating effect of alendronate in gastric mucosa, since at very
low pH conditions (pH < 2) alendronate is known to be more harm-
ful. Thus, the absorption profile and consequent gastric damage of
alendronate may differ when NO-donors or NO-inhibitors are used.

Since NO produced by eNOS is generally considered to be
important in maintaining mucosal integrity [8,10], it is reasonable
to assume that alendronate-induced lesions are aggravated by L-
NAME and L-NIO. However, we show that the involvement of
iNOS/NO in gastric mucosal defense against irritation induced by
subchronic administration of alendronate further suggests that
iNOS is also responsible for the production of NO under such con-
ditions. Moreover, it was recently reported that NO generated by
iNOS contributes to mucosal protection during the late phase of
adaptative cytoprotection, while increasing tissue injury in the
chronic phase [37]. Indeed, the suppression of NO synthesis by
cNOS and/or iNOS inhibition during the late phase may render
the gastric mucosa more susceptible to injury [44], whereas
administration of NO donors can protect the stomach from injury
[45].

5. Conclusions

In summary, eNOS- and iNOS-derived NO prevents alendro-
nate-induced gastric damage by activation of soluble guanylate
cyclase and KATP channels. Furthermore, it decreases direct oxida-
tive damage, and causes inhibition of neutrophil infiltration.
Although there are many mechanisms through which this effect
can occur, our data support the hypothesis that activation of the
NO/cGMP/KATP pathway is of primary importance. These observa-
tions also raise the possibility that NO-releasing agents could be
used to improve resistance to gastric mucosa injury.
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