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Background: Apoptosis is the process of programmed cell death characterized by
a series of distinct iilochemical and morphological changes’ which involve activation
of caspase proteases cascade that remains under the regulatory control of nitric
oxide. Here, we investigated the activity of a key apoptotic protease, caspase-3, and
the expression of inducible nitric oxide synthase (NOS-2) and tumor necrosis
factor-o. (TNF-a) associated with gastric epithelial cells' apoptosis during in-
domethacin-induced gastric mucosal injury, and evaluated the effect of antiulcer
agent sucralfate on this process. Methods: The experiments were conducted with
groups od_raty pretreated intragastrically with 200 mg/kg sucralfate or the vehicle,
followed 30 min later by an intragastric dose of indomethacin at 60 mg/kg. The
animals were killed 2 h later and their gastric mucosal tissue used for macroscopic
assessment, assays of epithelial cells apoptosis and TNF-o, and the measurements of
caspase-3 and NOS-2 activities. Results: In the absence of sucralfate, indomethacin
caused multiple hemorrhagic lesions occupying 29.3 mm? of the corpus area, and
accompanied by a 20-fold ethancement in gastric epithelial cells apoptosis and
a 47% increase in mucosal expression of TNF-a, while NOS-2 showed an 11.9-fold
induction and the activity of caspase-3 increased 3.9-fold. Pretreatment with
sucralfate produced a 59.7% reduction in the extent of mucosal damage caused by
indomethacin, a 41.2% decrease in the epithelial cells apoptosis and a 33.4%
reduction in TNF-a, while the activity of caspase-3 decreased by 45% and that of
NOS-2 showed a 44.7% decline. Conclusions: The results implicate caspase-3 in the
process of indomethacin-induced gastric epithelial cells apoptosis, and point towards
participation of NOS-2 in the amplification of the cell death signaling cascade. Our
findings also show that sucralfate protection against gastric mucosal injury caused
by indomethacin involves the suppression of NOS-2 and the apoptotic events

propagated by caspase-3.
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INTRODUCTION

Sucralfate, a basic aluminum salt of sucrose octasulfate, is a potent
gastroprotective agent, widely used in peptic ulcer therapy (1, 2). Over the

1*



4

years, numerous studies demonstrated that the beneficial effects of the
drug in ulcer healing occur through the stimulation of endogenous pros-
taglandin generation due to rapid activation of mucosal phospholipase
A, for arachidonic acid release, stimulation of mucus glycoprotein syn-
thesis and secretion, and the inhibition of peptic erosion of mucus gel
(3—6). Moreover, the evidence indicates that sucralfate causes enhance-
ment in the efficacy of growth factors during mucosal repair process, and
affects the regulatory cytokines associated with cell cycle events which
stimulate cellular proliferation (7—9). These effects of sucralfate can be
achieved even in the presence of inhibitors of endogenous prostaglandin
generation such as indomethacin (6, 10, 11).

Although the damaging effects of indomethacin are most often ascribed to
the impairment in prostaglandin synthesis and the disturbances in mucosal
blood flow and superoxide radicals generation (5, 12—14), more recent data
point towards the detrimental action of indomethacin the processes associated
with cellular proliferation, cell cycle progession and apoptosis (15, 16). Other
recently recognized cytoxic effects of indomethacin are triggered by an increase
in mucosal generation of proinflammatory cytokines and the disturbances in
nitric oxide signaling pathway (16—19).

Of the three calmodulin-dependent nitric oxide synthase (NOS) isozymes,
the two constitutively expressed isoforms of NOS (cNOS) are Ca?*-depen-
dent and provide precise pulses of NO for a fine modulation of the
cellular processes, including the inhibition of apoptogenic signals (21—24).
The inducible isoform of NOS, known as iNOS or NOS-2, is Ca?*-in-
dependent and, once induced, provides a high output of NO generation
for host defense. However, its massive and sustained activation may have
also cytotoxic consequences causing transcriptional disturbances and the
induction of aspartate-specific proapoptotic casteine proteases, termed cas-
pases (23—27).

The mammalian caspase family of proteases consists of three subfamilies of
proteins homologous to interleukin-1p converting enzyme, and synthesized as
single chain inactive zymogens that require cleavage adjacent to aspartates for
activation (25—28). The activation of caspases and subsequent proteolysis of
specific set of cellular proteins is recognized as an irreversible commitment to
the execution phase of apoptosis characterized by cytoplasmic shrinkage,
breakdown of the nuclear envelope, condensation of chromatin structure, and
DNA fragmentation (26, 27). »

In this study, we investigated gastric mucosal activity of a key apoptotic
protease, caspase-3, and the expression of NOS-2 associated with the epithelial
cells apoptosis triggered by the enhancement in TNF-o during in-

domethacin-induced gastric mucosal injury, and evaluated the effect of
sucralfate on this process.



MATERIALS AND METHODS

Animals

The study was conducted with Sprague-Dawley rats weighing 250 to 275 g and cared for by
the professional personnel of Research Animal Facility. The animals were deprived of food for 24
h before the experiment, and water was witheld 2 h before the procedure. All studies were carried
out with groups consisting 10 animals per treatment. By means of Teflon-fitted tubing attached to
a 2-ml syringe, the animals received intragastric pretreatment with sucralfate at 200 mg/kg or the
saline vehicle. This was followed 30 min later by an ulcerogenic dose of indomethacin at 60 mg/kg
(16). The animals in each group were killed 2 h after indomethacin, their stomachs dissected, and
the mucosal tissue used for the assessment of macroscopic damage (16), assays of NOS-2 and
caspase-3 expression, and quantitization of TNF-a and epithelial cells apoptosis.

Caspase-3 activity assay

Caspase-3 activity assays were carried out with gastric epithelial cells using Quanti Zyme assay
system (Biomal Res. Lab., Inc.). The assay is based on the ability of the active enzyme to cleave
DEVD-pNA (Asp-Glu-Val-Asp-p-nitroanilide) substrate. Gastric mucosal cells were collected by
scraping the mucosa with a blunt spatula. The scrapings were minced by passage through
a 50-mesh grid, and the epithelial cells were dispersed by homogenization and settled by
centrifugation (16). The cell aliquots were incubated at 4°C with the lysis buffer (50 mM HEPES,
pH 7.4, 0.1% CHAPS, 1 mM DTT, 0.1 mM EDTA) according to the manofacturer’s instruction
and the lysates were centrifuged at 10.000 x g for 10 min. The aliquots of the resulting cytosolic
fraction, diluted with the reaction buffer (50 mM HEPES, pH 7.4, 100 mM NaCl, 0.1% CHAPS, 10
mM EDTA, and 10% glycerol) to contain 30 pg of protein, were incubated in the microtiter wells
with 50 uM of DEVD-pNA for 1 h at 37°C, and the caspase-3 activity measured spectrophotomet-
rically at 405 nm.

NOS-2 activity assay

NOS-2 activity of gastric mucosa was measured by monitoring the conversion of
L-[*H]arginine to L-[*H]citrulline using NOS-detect Assay Kit (Stratagene). The mucosal tissue
was homogenized in a sample buffer containing 10 mM EDTA, and centrifuged at 800 x g for 10
min (29). The aliquots of the resulting supernatants were incubated for 30 min at 25°C in the
presence of L-[2,3,4,5-*H]arginine (50 uCi/ul), 10 mM NADPH, 5 uM tetrahydrobiopterin, and 50
mM Tris-HCl buffer, pH 7.4, in a final volume of 250 pl. The reaction was terminated by adding to
each sample a 0.4 ml of stop buffer followed by 0.1 ml of equilibrated Dowex-50W resin (30) The
mixtures were transferred to spin cups, centrifuged and the formed L-[3H]citrulline contained in
the flow through was quantitated by scintillation counting (29).

Apoptosis assay

For quantitative measurements of epithelial cells apoptosis, the gastric mucosal scrapings were
minced by passage through a 50-mesh grid, the cells were.dispersed by homogenization and
collected by centrifugation (16). The assays were carried out with a sandwick enzyme immunoassay
directed against cytoplasmic histone-associated DNA fragments according to the manifacturer’s
(Boehringer Mannheim) instruction. The cells were lysed in the lysis buffer, centrifuged, and the
diluted supernatant containing the cytoplasmic histone-associated DNA fragments reacted in the
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microtitrator wells with immobilized anti-histone antibody, and the complex processed for
spectrophotometric detection (16).

TNF-o expression assay

TNF-a was quantitated with a solid-phase enzyme-linked immunosorbent assay according to
the manufacturer’s (Genzyme) instruction. The wells were precoated with monoclonal anti-TNF-a to
capture TNF-a from the mucosal homogenates, and after washing away the excess of reagent the
wells were probed with horseradish peroxidase-conjugated polyclonal anti-TNF-a, the complex was
then incubated with TMB substrate solution and TNF-a quantitated spectrophotometrically (16).

Antiulcer drug

The antiulcer drug, sucralfate, was kindly provided by Chugai Pharmaceutical Co. Ltd.,,
Tokyo, Japan. The agent was stored at 4°C in the dark and was suspended in saline shortly before
experimentation. The drug or vehicle were given orally in a volume of 1 ml

Data analysis

All experiments were carried out in duplicate, and the results are expressed as the means + SD.
The significance level was set at P < 0.05. The Mann Whithey U test was used to compare the
scores between the groups. The protein content of samples was measured with the BCA protein
assay kit (29). The tests were performed using Soft Stat, STATISTICA, software for Macintosh PC.

RESULTS

The apoptotic processes induced by NSAID and leading to the loss of
gastric mucosal integrity were assessed using gastric epithelial cells of the rats
subjected to intragastric administration of ulcerogenic dose (60 mg/kg) of
indomethacin in the absence and the presence of pretreatment with antiulcer
agent, sucralfate. At this dose indomethacin caused extensive multiple hemor-
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rhagic lesions of the glandular mucosa, concentrated mainly along the mucosal
folds, and occupying 29.3+1.5 mm? of the corpus area, while the animals
pretreated with gastroprotective dose (200 mg/kg) of sucralfate (7) showed
a 59.7% reduction in the extent of mucosal damage caused by indomethacin

(Fig. 1).
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The results of apoptotic DNA fragmentation assays conducted with the
epithelial cells isolated from gastric mucosa of the control and in-
domethacin-treated animals in the absence and the presence of pretreatment with
sucralfate are presented in Fig. 2. The apoptotic DNA fragmentation assays for the
control group gave a mean value of 1.4 unit/mg protein, while the apoptotic index
in the epithelial cells of the animals subjected to indomethacin reached the mean
value of 26.5 units/mg protein. However, pretreatment with sucralfate caused
a 41.2% decrease in DNA fragmentation caused by indomethacin.

The effect of sucralfate pretreatment on the expression of gastric mucosal
TNF-a during indomethacin-induced mucosal injury is summarized in Fig. 3.
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In the absence of sucralfate, indomethacin-induced mucosal injury was
accompanied by a 47% increase in TNF-a expression over that of the controls,
while the animals subjected to the pretreatment with sucralfate showed
a 33.4% decline in gastric mucosal TNF-a level induced by indomethacin.

The data on the activity of apoptotic protease, caspase-3, in gastric
epithelial cells of the control and indomethacin-treated animals in the absence
and the presence of sucralfate pretreatment are presented in Fig. 4. The assays
established a mean value for the activity of caspase-3 in the controls at 6.5
pmol/min/mg protein, while that in the epithelial cells of the animals subjected
to indomethacin treatment gave a mean value of 25.5 pmol/min/mg protein.
On the other hand, pretreatment with sucralfate caused a 45% reduction in the
extent of caspase-3 activity induced by indomethacin.

The expression of gastric mucosal NOS-2 activity during in-
domethacin-induced mucosal injury is depicted in Fig. 5. The assays, conduc-
ted in the presence of EDTA, revealed that comparing to the controls the
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animals subjected to an ulcerogenic dose of indomethacin showed an 11.9-fold
increase in the gastric epithelial expression of NOS-2 activity, while the
pretreatment with sucralfate reduced the indomethacin-induced increase in
NOS-2 expression by 44.7%.

The analysis of correlation between the expression of caspase-3 activity and
gastric epithelial cells apoptosis in response to indomethacin with sucralfate
pretreatment is presented in Fig. 6, while the data on correlation between the
expression of NOS-2 and the caspase-3 activity with indomethacin in the

Fig. 6. Correlation between the express- i 1
ion of caspase-3 activity and gastric
epithelial cells apoptosis induced by in- 9
tragastric application of indomethacin 8 12 ]6 20 24
in the presence of pretreatment with
sucralfate. Values for caspase-3 activity w
are expressed in pmol/min/mg protein, Apopt@S'S
and the extent of epithelial cells apopto-
sis in apoptotic units/mg protein.
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presence of sucralfate pretreatment are shown in Fig. 7. The statistical
evaluation of the data of caspase-3 vs. apoptosis with sucralfate pretreatment
demonstrated a positive correlation with r = 0.74 and p < 0.01, whereas
evaluation of the data on NOS-2 vs. caspase-3 gave a positive correlation
values of r =0.72 and p < 0.01.

DISCUSSION

Sucralfate is a potent antiulcer agent recognized for its mucosal strengthen-
ing action through the enhancement of prostaglandin synthesis and the events
associated with efficacy of growth factor and stimulation of cellular prolifer-
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ation and mucosal repair (1—9). Although the transient increase in gastric
mucosal prostaglandin level has been associated for long with the gastroprotec-
tive effect of sucralfate, the literature data indicate that the protective action of
the drug can be achieved even in the presence of indomethacin, a known
inhibitor of prostaglandin synthesis (10, 11). Moreover, while the mucosal
injury associated with the use of indomethacin and other NASIDs are most
often ascribed to their inhibitory effect on prostaglandin synthesis, and the
impairment in mucosal blood flow and superoxide radicals generation (5,
12—14), recent data point towards the detrimental effects of these compounds
on the processes linked to cell cycle progression, induction of proinflammatory
cytokine TNF-a expression, disturbances in nitric oxide, and apoptosis
(15—19).

As the amplification and propagation of the cell death signaling cascade
induced by TNF-a involve the activation of a family of specific cysteine
proteases, known as caspases, which remains under the regulatory control of
nitric oxide (21, 22, 31—33), in this study we assessed the effect of sucralfate
pretreatment on the events associated with gastric mucosal injury induced by
indomethacin by analyzing the interplay between the extent of epithelial cells
apoptosis and the mucosal expression of TNF-a and NOS-2, and the
activation of a key apoptotic protease, caspase-3. The results revealed that
gastric mucosal injury by indomethacin are characterized by a massive
induction in TNF-a and the enhanced apoptosis of gastric epithelial cells,
accompanied by a 3.9-fold increase in caspase-3 activity and an 11.9-fold
increase in NOS-2. On the other hand, the pretreatment with sucralfate
produced a 41.2% decrease in epithelial cells apoptosis and a 33.4% decrease
in TNF-a, while the activity of caspase-3 decreased by 45% and NOS-2
showed a 44.7% decline. Moreover, this effect of sucralfate was reflected in
a 59.7% reduction in the mucosal damage elicited by indomethacin. In our
interpretation, these findings indicate that the indomethacin-induced disturb-
ances in mucosal homeostasis, in conjunction with the low intragastric pH,
appear to induce the potentiation of the mucosal TNF-a expression which
leads to the induction in NOS-2 and the enhanced apoptotic caspase-3
activation, resulting in the programmed cell death. This course of events is
supported by the literature data demonstrating that acidic environment
potentiates proinflammatory cytokine production that cause NK-kB activa-
tiom and translocation to the nucleus, increasing its DNA binding activity, and
ultimately resulting in an increased induction of NOS-2 gene expression (33).
Apparently, sucralfate has the ability to suppress the apoptotic events resulting
from the induction of NOS-2 and propagated by caspases-3 activation.

Our data on the expression of NOS activity point towards a distinct role
for NOS-2 in the apoptotic process occurring during indomethacin-induced
gastric mucosal injury. Our findings strongly suggest that NOS-2 participates
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in the amplification of the cell death signaling cascade induced by TNF-q, as its
enhanced expression with indomethacin ingestion, like that of TNF-a, shows
a significant positive correlation with the extent of gastric epithelial cells
apoptosis. It is relevant to note that the activation of NOS-2 and subsequent
generation of the high and sustained level of NO is also recognized as a major
factor of degenerative changes observed in the pathogenesis of liver disease,
inflammatory processes, and endotoxic shock (20, 31, 34—36). Furthermore,
the enhanced expression of NOS-2 leads not only to NO production, but also
results in the formation of NO-related species such as nitrosothiols, preoxynit-
rite, and dinitrosyl iron complexes which exert a direct inhibitory effect on
NK-kB (23), and hence cause transcriptional disturbances that lead to
apoptosis (21, 31). Moreover, the apoptotic death pathway linked to overex-
pression of NOS-2 is characterized by a such typical apoptotic events as
chromatin condensation, blebbing of cytoplasmic membranes, and DNA
laddering (20, 37).

As the execution phase of apoptosis is associated with the activation of
caspases, a family of aspartic acid-directed proteases (26, 27), we have sought
further to explore the effect of pretreatment with sucralfate on the in-
domethacin-induced increase in caspase-3, a well recognized key protease of
the apoptotic process (24, 26, 27). The data obtained demonstrated that
enhanced gastric epithelial cells apoptosis evoked by indomethacin ingestion is
associated with a marked (3.9-fold) increase in caspase-3 activity, and that
pretreatment with sucralfate caused a significant (45%) decrease in this caspase
activation. Thus, indomethacin displays its influence on apoptogenic signal
propagation consistent with that induced by TNF-a (26, 27), and the effect
sucralfate occurs through the inhibition of this proinflammatory cytokine
expression. |

The essential role of TNF-a in the process of apoptotic caspases activation
and subsequent DNA fragmentation is an area of intense investigations (26—
28). The soluble form of TNF-a, produced by the proteolysis of mem-
brane-associated TNF by a specific metalloproteinase, mediates its biological
activity through type I TNF receptor (38, 39). The ligand binding induces TNF
receptor trimerization triggering several downstream signaling events which
culminate in the caspase recuitment. All known caspases, which to date number
12, preexist in the cytoplasm as zymogens that require cleavage adjacent to
aspartates for their activation (27, 28). The implementation of the apoptotic
program requires the participation of two classes of caspases, the initiator
caspases, with long N-terminal prodomains (caspases-8, -9, and -10), which
activate the executioner caspases with short N-terminal prodomains (cas-
pases-3, -6, and -7), thut in turn cleave the targeted intracellular substrates (26,
46). The activation of caspases with long N-terminal prodomain (such as
caspase-8 and -10) involves their recruitment by specialized adaptor molecules
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to form the death-inducing signaling complex which facilitates the
autocatalytic process of procaspase zymogen activation (26, 46).

The activation of another long N-terminal prodomain initiator caspase,
caspase-9, involves the regulatory proteins of the Bcl-2/Bax family and takes
place upstream of DNA fragmentation, but downstream of the mitochondrial
permeability transition (MPT), as the caspase inhibitor does not prevent
induction of MPT (41). The Bcl-2/Bax proteins associate mainly with the outer
mitochondrial membrane and nuclear envelope, and appear to posses ion
chanel activity responsible for maintaining electrical and osmotic mitochon-
drial homeostasis (26, 41, 42). Alteration of mitochondrial membrane permea-
bility leads to mitochondrial swelling and the escape of cytochrome ¢ and a 50
kDa protease termal AIF (apoptosis inducing factor) or Apaf-1, an acronym for
apoptotic protease activating factor, into the cytosol, and triggering activation
of death caspase cascade through formation of Apaf-1-caspase-9-cytochrome
c complex. Binding of cytochrome c triggers activation of caspase 9, which then
accelerates apoptosis by activating the executioner caspases, including cas-
pase-3, which lack the long N-terminal prodomain required for the recruitment
to Apaf-1 complex (26, 42, 43).

The process of caspase activation, associated with the mitochondrial
swelling and redistribution of cytochrome c from the intermembrane space to
the cytosol, apparently involves the efflux of intracellular K™ (44). Indeed, the
swelling of mitochondria is indicative of dysregulation of osmotic homeostasis
due to inner membrane permeability alterations (43). This is supported by
studies on the interdependence between apoptotic DNA fragmentation and
caspase-3 activation demonstrating that normal intracellular K* concentra-
tions inhibit both DNA fragmentation and caspase-3 protease activation, while
a decrease of intracellular K* of the magnitude observed in apoptotic cells
leads to caspase-3 activation (44). It is of interest to note that K™ is the major
determinant of mitochondrial matrix volume, and its transport across the inner
membrane is controlled by a several well tuned channel systems (43). At least
one of these, K™/H™ exchanger, is controlled by apoptosis inhibitor Bcl-X;
(45). This mitochondrial membrane protein, using the H* gradient stimulates
the exchanger to extrude K* from the matrix and thus prevents the
mitochondrial swelling (43, 45).

Our findings indicate that disturbances in this complex system may well be
responsible for the TNF-a mediated activation of proapoptotic caspase-3,
induction of NOS-2, and the enhanced gastric epithelial cells apoptosis with
indomethacin ingestion. Consequently, gastroprotective agents, such as sucral-
fate, that inhibit caspase activation and cause perturbation of proapoptotic
signaling by modulation of the NOS-2 expression may be of value in
therapeutic intervention with the rampant and undesired increase in gastric
epithelial cells apoptosis associated with the use of NSAIDs.



14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22.

REFERENCES

. Asaka M, Takeda H, Saito M, Murashima Y, Miyazaki T. Clinical efficacy of sucralfate in the

treatment of gastric ulcer. Am J Med 1991; 91 Supp 2A: 71S—73S.

Hunt RJ. The treatment of peptic ulcer disease with sucralfate: a review. Am J Med 1991; 91:
Suppl 2A: 102S—106S.

Slomiany BL, Piotrowski J, Okazaki K, Grzelinska E, Slomiany A. Nature of the enhancement
of the protective qualities of gastric mucus by sucralfate. Digestion 1989; 44: 222—231.
Koba H. Preferential ulcer coating by sucralfate. S Afr Am Med J 1988; 74 Suppl: 43—44.
Szabo S, Hollander D. Pathways of gastrointestinal protection and repair: mechanism of
action of sucralfate. Am J Med 1989; 86: 23—31.

Slomiany BL, Murty VLN, Piotrowski E, Morita M, Piotrowski J, Slomiany A. Activation of

arachidonoyl phospholipase A, in prostaglandin-mediated action of sucralfate. Gen Pharmacol
1994; 25: 261—266.

. Slomiany BL, Liu J, Keogh JP, Piotrowski J, Slomiany A. Enhancement of gastric mucosal

EGF and PDGF receptor expression by sucralfate. Gen Pharmacol 1992; 23: 715—718.
Konturek SJ, Konturek JW, Brzozowski T. Slomiany BL, Slomiany A, Effects of sucralfate on
growth factor availability. In: Sucralfate from Basic Science to the Bedside. Hollander D,
Tytgat GNJ, (eds) New York, Plenum Medical, 1995, pp. 175—189.

Slomiany BL, Piotrowski J, Slomiany A. Cell cycle progression during ulcer healing by
ebrotidine and sucralfate. Gen Pharmacol 1997; 29: 367—370.

Waisman Y, Zahavi I, Marcus H, Ligumsky M, Rosenbach Y, Dinari G. Sucralfate is
protective against indomethacin-induced intestinal ulceration in the rat. Digestion 1988; 41:
78—82.

Slomiany A, Mizuta K, Piotrowski J, Nishikawa H, Slomiany BL. Gastric mucosal protection
by sucralfate involves phosphoinositides participation. Int J Biochem 1990; 22: 1179—1183.
Wallace JL, Granger DN. Pathogenesis of NSAID gastropathy: are neutrophils the culpirits?
Trends Pharmacol Sci 1992; 13: 129—131.

Wallace JL, McKnight W, Miaysaka M et al. Role of endothelial adhesion molecules in
NSAID-induced gastric mucosal injury. Am J Physiol 1993; 265: G993—G998.

Takeuchi K, Takehara K, Ohuchi T. Diethyldithiocarbamate, a superoxide dismutase
inhibitor, reduces indomethacin-induced gastric lesions in rats. Digestion 1996; 57: 201—209.
Biasco G, Paganelli GM, DiFebo G, Siringo S, Barbara L. Cell-kinetic alterations induced by
aspirin in human gastric mucosa and their prevention by a cytoprotective agent. Digestion
1992; 51: 146—151.

Slomiany BL, Piotrowski J, Slomiany A. Induction of tumor necrosis factor-a and apoptosis in
gastric mucosal injury by indomethacin: effect of omeprazole and ebrotidine. Scand J Gastroen-
terol 1997; 32: 638—642.

Applevard CB, Tigley AW, Wallace JL. Gastric production of TNF-a in response to NSAID
administration. Gastroenterology 1996; 110: A51.

Konaka A, Yasuhiro T, Nishijima S, Kato S, Takeuchi K. Pathogenic mechanism of
indomethacin-induced small intestinal lesions in rats. Gastroenterology 1998; 114: A185.
Wen ZF, Cho CH, Zhu W er al. Is inducible nitric oxide synthase (iNOS) involved in the
pathogenesis of indomethacin-induced intestinal damage. Gastroenterology 1998; 114: A329.
Messmer UK, Reed JC, Brune B. Bcl-2 protects macrophages from nitric oxide-induced
apoptosis. J Biol Chem 1996; 271: 20192—20197.

Mannik JB, Miao XQ, Stamler JS. Nitric oxide inhibits Fas-induced apoptosis. J Biol Chem
1997; 272: 24125—24128.

Mayer B, Hemmens B. Biosynthesis and action of nitric oxide in mammalian cells. TIBS 1997;
22: 477—481.



23.

24.

25.

26.

27.

28.

29,

30.

31.

32.

33.

34.

35.

36.

37
38.
39.
40.

41.

42.

43.
44,

15

Sekkai D, Aillet F, Israel N, Lepoivre M. Inhibition of NK-kB and HIV-1 long terminal repeat
transcriptional activation by inducible nitric oxide synthase-2 activity. J Biol Chem 1998; 273:
3895—3900.

Kim YM, Talanian RV, Billiar TR. Nitric oxide inhibits apoptosis by preventing increases
in caspase-3-like activity via two distint mechanisms. J Bio/ Chem 1997, 272:
31138—31148.

King P, Goodbourn S. STAT]1 is inactivated by a caspase. J Biol Chem 1998; 273: 8688—8704.
Villa P, Kaufmann SH, Earnshaw WC. Caspases and caspase inhibitors. TIBS 1997; 22:
388—393.

Salvesen GS, Dixit VM. Caspases: intracellular signaling by proteolysis. Cell 1997; 91:
443—446.

Chandler JM, Cohen GM, MacFarlane M. Different subcellular distribution of caspase-3 and
caspase-7 following Fas-induced apoptosis in mouse liver. J Biol Chem 1998; 273:
10815—10818.

Slomiany BL, Piotrowski J, Slomiany A. Alterations in buccal mucosal endothelin-1 and nitric
oxide sythase with chronic alcohol ingestion. Biochem Mol Biol Int 1998; 45: 681—688.
Rutten H, Thiemermann C. Combination immunotherapy which neutralizes the effects of
TNF-a and IL-1p attenuates the circulatory failure and multiuple organ dysfunction caused by
endotoxin in the rat. J Physiol Pharmacol 1997; 48: 605—621.

Mustafa SB, Olson MS. Expression of nitric-oxide synthase in rat Kupffer cells is regulated by
cAMP. J Biol Chem 1998; 273: 5073—5080.

Parenti A, Morbidelli L, Cui XL, Douglas GJ, Hood JD, Granger HJ, Ledda F, Ziche M.
Nitric oxide is an upstream signal of vascular endothelial growth factor-induced extracellular
signal-regulated kinase,,, activation in postcapillary endothelium. J Biol Chem 1998; 273:
4220—4226.

Bellocq A, Suberville S, Philippe C et al. Low environmental pH is responsible for the
induction of nitric-oxide synthase in macrophages. J Biol Chem 1998; 273: 5086—5092.
Geraldo J, Ferraz P, Sharkey KA e al. Induction of cyclooxygenase 1 and 2 in the rat stomach
during endotoxemia: role in resistance to damage. Gastroenterology 1997; 113: 195—204.
Fiorucci S, Antonelli E, Morelli O, Federici B, Morelli A. Prevention of gastric damage by
NO-releasing aspirin (NCX-4016) is mediated by inhibition of ice/-like proteases in gastric
mucosa and endothelial cells. Gastroenterology 1998; 114: A122.

Salzman AL, Eves-Pyles T, Linn SC, Denenberg AG, Szabo C. Bacterial induction of inducible
nitric oxide synthase in cultured human intestinal epithelial cells. Gastroenterology 1998; 114
93—102.

Von Knethen A, Brune B. Cyclooxygenase-2: an essential regular of NO-med:ated apoptosis.
FASEB J 1997; 11. 887—895.

Nagata S. Apoptosis by death factor. Cell 1997; 88: 355—365.

Wallach D. Cell death induction by TNF-a: a matter of self control. T7/BS 1997; 22: 107—109.
Salerno JC, Harris DE, Irizarry K et al. An autoinhibitory control element *defines
calcium-regulated isoforms of nitric oxide synthase. J Biol Chem 1997; 272: 29769—29777.
Pastorino JG, Chen ST, Tafani M, Snyder JW, Farber JL. The overexpression of Bax produces
cell death upon induction of the mitochondrial permeability transition. J Biol Chem 1998; 273:
7770—7775.

Hedge R, Srinivasula M, Ahmad M, Fernandes-Alnemri T, Alnemri ES. BIk, a BH3-containing
mouse protein that interacts with Bcl-2 and Bcl-xL, is a potent death antagonist. J Biol Chem
1998; 273: 7783—7786.

Reed JC. Cytochrome c: can’t live with it — can’t live without it. Cell 1997; 91: 559—562.
Hughes FM, Bortner CD, Purdy GF, Cidlowski JA. Intracellular K* suppresses the activation
of apoptosis in lymphocytes. J Biol Chem 1997; 272: 30567—30576.



16

45. Vander Heiden MG, Chandel NS, Williamson EK, Schumacker PT, Thompson CB. Bcl-X;
regulates the membrane potential and volume homeostasis of mitochondria. Cell 1997; 91:
627—637.

46. Srinivasula SM, Ahmad M, McFarlane M er al. Generation of constitutively active

recombinant caspase-3 and -6 by rearrangement of their subunits. J Biol Chem 1998; 273:
10107—10111.

Received: November 4, 1998
Accepted: January 8, 1999

Author’s address: B. L. Slomiany, Research Center UMDNJ-NJ Dental School, 110 Bergen
Street, Newark, NJ 07103-2400, USA.



