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Primary rat gastric cell cultures were investigated as an in vitro
model for evaluating antiulcer agents. Following exposure to con-
centrations of up to 5 mg/mL of an antiulcer agent sucralfate, an
aluminum hydroxide complex of sucrose octasulfate, cultured cells
were treated with either pH 3.5 medium or 3.5 mM indomethacin.
Cytoprotection was evaluated by colony forming efficiency, neutral
red uptake, and 3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyl-2H-tetra-
zolium bromide (MTT) hydrolysis. By each measure, and depending
on damaging agent, 2 and 5 mg/mL sucralfate provided partial (50%
of untreated control) to near-complete (90% of untreated control)
cytoprotection, respectively. Aluminum hydroxide also provided
partial (55% of untreated control) to near-complete (more than 90%
of untreated control) cytoprotection at 2 and 5 mg/mL, respectively,
for the pH 3.5 medium-induced damage. Over a concentration range
of 0.05 to 5 mg/mL, the potassium salt of sucrose octasulfate,
KSOS, stimulated cell growth up to 40-60% over untreated controls
but had little or no cytoprotective action in the presence of either 3.5
mM indomethacin or pH 3.5 medium. Overall results suggested that
sucralfate may have at least two roles in influencing gastric epithelial
cell function, cytoprotection and stimulation of cell growth in vitro.
These observations serve as a basis for further study of in vitro
models in evaluating the cytoprotective activity of antiulcer agents
and their respective mechanisms of action.

KEY WORDS: gastric epithelium; cell culture; cytoprotection; su-
cralfate.

INTRODUCTION

Several primary gastric cell culture systems are cur-
rently under investigation as cell models for studying stom-
ach physiology and for the evaluation of antiulcer or antiin-
flammatory agents. These models have been derived from
rat gastric mucosa (1,2), rabbit parietal cells (3), canine gas-
tric mucous cells (4), and human gastric mucosa (5). Cul-
tured gastric epithelial cells offer a promising tool for eval-
vating the cytoprotective effect of antiulcer agents in the
absence of gastric and systemic factors and, thus, may pro-
vide a suitable model for studying the mechanisms by which
these drugs influence gastrointestinal epithelial cell func-
tions.

Sucralfate, an aluminum hydroxide complex of sucrose
octasulfate, has been shown in clinical studies to be effective
in the treatment of duodenal and gastric ulcers (6,7) and in
the prevention of acute gastric mucosal lesions induced by
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experimehtal injury (5,8-11). The proposed mechanisms in-
clude direct binding to mucosa (12,13), inactivation of pep-
sin, binding of bile salts (14,15), and decreased penetration
of luminal irritants into the mucosa (16). The diverse chem-
ical properties of sucralfate, however, have resulted in mul-
tiple effects and the precise mechanisms of action of the drug
remain unclear.

In our study, primary cultured rat gastric mucosal cells
were investigated as an in vitro model to measure the cyto-
protective activities of antiulcer agents including sucralfate.
The purposes of this study were (i) to evaluate the effect of
sucralfate, potassium sucrose octasulfate (KSOS), and alu-
minum hydroxide on the damage brought about by either
acid or indomethacin treatment in vitro, (ii) to compare the
cytoprotective effect of different formulations of sucralfate,
including Carafate (i.e., the commercial formulation of su-
cralfate) and acid-solubilized sucralfate, and (iii) to establish
the cultured rat gastric cell system as a suitable in vitro
model for preliminary evaluation of antiulcer agents.

MATERIALS AND METHODS

Chemicals

Sucralfate (aluminum sucrose octasulfate), Carafate
(commercial formulation of sucralfate), KSOS (potassium
sucrose octasulfate heptahydrate), aluminum hydroxide
[AI(OH),], and 5-aminosalicylic acid were obtained from
Marion Merrell Dow Laboratories (Kansas City, MO). 3-
(4,5-Dimethyl-2-thiazoyl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT) was purchased from Eastman Kodak (Roches-
ter, NY). Neutral red, HCI, isopropanol, acetic acid, and
ethanol were obtained from Fisher (St. Louis, MO). All
other chemicals and biochemicals were supplied by Sigma
(St. Louis, MO).

Cell Culture

Gastric mucosal cells from 1- to 2-week-old Sprague—
Dawley rats were isolated as described by Terano et al. (17).
In brief, the gastric mucosal surface was washed thoroughly
with sterile cotton and Hank’s balanced salt solution (HBSS)
and then rinsed with HBSS before being minced into approx.
1-mm? pieces. The minced tissues were incubated in HBSS
containing 0.1% collagenase and 0.05% hyaluronidase at
37°C in a shaking water bath for 60 min, then pipetted several
times and filtered through a sterile nylon mesh (Nytex,
Tetko). The filtrate was washed twice with HBSS by centrif-
ugation (200g for 5 min) and resuspended in Coon’s modified
Ham’s F-12 culture medium containing 100 pg/mL penicillin,
100 pg/mL streptomycin, 50 pg/mL gentamycin, 15 mM
HEPES, 2 pg/mL fibronectin, and 10% fetal bovine serum.
Cells were seeded at a density of 1.5-2 X 10° or 1-2 x 10*
cells/cm? directly onto either 96-well plates or 6-well plates,
respectively, and maintained in a Steri-Cult incubator at 37°C
in a humidified atmosphere with 5% CO,. The medium was
changed daily. The confluent monolayers were formed after
4-5 days in 96-well plates.

Phase-Contrast Microscopy

Collagenase-dissociated gastric mucosal cells were ob-
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served under the phase-contrast microscope to confirm gen-
eral epithelial cell morphology as described by Terano et al.
(17). Histochemical identification of the gastric cells was
performed with the periodic acid—Schiff (PAS) reaction
which produces granules in fundic mucus-producing cells
(Sigma Kit No. 395-B, Sigma Chemical Co.).

Protocols for Drug Preparation and Use in Growth and
Cytoprotective Assays

To measure the effects of individual drugs on the viabil-
ity of gastric mucosal cells, cells were incubated with 0.02—5
mg/mL drugs in culture medium for either 2 or 48 hr for the
MTT assay or up to 8 days for the colony-forming efficiency
assay as described below.

To measure the cytotoxicity of indomethacin and acid-
ified medium to gastric mucosal cells, cells were incubated in
either serum-free medium containing 0.5-10 mM indometh-
acin for 1 hr or in pH 3.5 medium for 10—30 min. Indometh-
acin was prepared as a 50 mM solution in NaCO; (0.2 M),
then diluted in serum-free culture medium to the desired
concentrations; the pH was adjusted to 7.4 with 1 N HCI
before experiment.

To study the effects of different sucralfate formulations
(Carafate, sucralfate suspension and acid-solubilized sucral-
fate), aluminum hydroxide [Al(OH),], and KSOS on indo-
methacin-induced damage, cells were incubated in culture
medium containing these drugs for 1 hr. The drug suspen-
sions were then aspirated away, followed by another hour of
treatment with 3.5 mM indomethacin. Alternatively, cells
were treated with drugs and 3.5 mM indomethacin concur-
rently for | hr. Acid-solubilized sucralfate was prepared im-
mediately prior to each experiment by dissolving the drug in
1 N HCI first, then diluting it in culture medium before ad-
justing it back to pH 7.4. This treatment was made to simu-
late the conditions the drug encounters in the stomach.

The effects of sucralfate, AI(OH);, KSOS, and 5-ami-
nosalicylic acid on acid-induced damage were investigated
by incubating the cells with the agents for 2 hr and then
exposing them to pH 3.5 medium for 10 to 30 min.

MTT Colorimetric Assay

Cells in 96-well plates were treated as above with the
different drugs and then incubated in 100 pL of culture me-
dium containing 10 pL of an MTT stock solution (5 mg/mL
in PBS) for 4 hr at 37°C according to the method of Mosmann
(18). Following the incubation, 100 pL acid-isopropanol
(0.04 N HCl in isopropanol) was added to wells and incu-
bated overnight at room temperature. The color changes
were recorded at 540 nm on a microplate reader (Cambridge
Series 700, Cambridge Technology, Inc., Watertown, MA).
To exclude the disturbance of precipitates in some samples,
samples were centrifuged and only the supernatants were
read. For each experiment, a standard curve was generated
by measuring the relationship of absorbance to a series of
viable cell numbers.

Neutral Red Uptake Assay

Neutral red was prepared as a 1% stock solution in dis-
tilled water and diluted to 0.035% in HBSS immediately be-
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fore each experiment. The cells were treated with the drugs
and then stained with 0.1 mL of 0.035% neutral red for 30
min (19). The stain was discarded and the cells were washed
twice in HBSS before the addition of 200 pL/well of acidified
alcohol solution (50%, v/v, ethanol/water containing 0.5%,
v/v, acetic acid). After a 2-hr incubation at room tempera-
ture, the color changes were measured on a microplate
reader at 540 nm as described for the MTT assay.

Colony-Forming Efficiency Assay

The cells which were seeded into six-well plates were
incubated in culture medium containing 0.02 to 5 mg/mL of
individual drugs for 8 days. Cells were then fixed in 10%
formalin and stained with 19 aqueous crystal violet as de-
scribed by Sundqvist et al. (20). Colonies formed on each
well were counted (crystal violet stains cell nuclei) and com-
pared with those formed on drug-free wells.

Statistical Analysis

Data are expressed as mean * standard error. A one-
way analysis of variance (ANOVA) followed by Scheffe’s
post hoc test (ABSTAT, Anderson Bell software) was used to
test the significance between control and drug-treated sam-
ples. Differences were considered significant at P < 0.05.

RESULTS

Phase-Contrast Microscopy

Collagenase-dissociated gastric mucosal cells were
slow-growing and morphologically epithelial-like (Fig. 1).
Histochemical identification of the gastric cells as fundic mu-
cus-producing (versus parietal acid-producing cells) was
confirmed by periodic acid-Schiff (PAS) reaction.

Effects of Sucralfate, Indomethacin, and Acid on
Cell Viability

Exposure to either sucralfate suspension or Carafate at

Fig. 1. Phase-contrast photomicrograph of a 4-day-old primary cul-
ture of rat gastric cells. x100; reduced 17% for reproduction.
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Table 1. Effect of Sucralfate and Carafate on the Viability of Cul-
tured Gastric Mucosal Cells?

Concentration
Drug (mg/mL) % living cells
Sucralfate 0.5 103 + 2.6
2.0 95 = 4.2
5.0 92 + 1.8
Carafate 0.2 98 + 2.2
0.5 97 £ 2.3
2.0 102 = 2.6
5.0 99 + 1.4

¢ Cells were incubated in medium containing drugs for 2 hr, and then
measured by MTT assay. Values are means = SE for six cultures.

0.02-5 mg/mL did not cause a significant loss of cell viability
(Table I). Other agents used in this study also did not alter
cell viability (data not shown). In contrast, indomethacin
treatment resulted in a dose-dependent cytotoxicity at con-
centrations from 0.5 to 10 mM (Fig. 2a). The concentration
producing about a 50% decrease in viability was estimated as
3-3.5 mM. Acidifying the medium (pH 3.5) reduced cell
viability in a time-dependent manner (<10% at 30 min; Fig.
2b).

Effect of Selected Agents on Cell Growth

Cells were exposed to KSOS, sucralfate suspension, or
Carafate for 48 hr. Only KSOS, the potassium salt of sucrose
octasulfate that is soluble at neutral pH, was demonstrated
to be effective in stimulating the growth of rat gastric cells in
tissue culture as determined by MTT and neutral red assays
(Fig. 3). When cells were incubated in 0.2 mL medium con-
taining 0.2 mg/mL KSOS for 48 hr, the cell numbers were
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increased 40% (about 1.2 x 10° cells/well) as measured by
MTT assay, which was significantly higher (P < 0.05) than
for drug-free controls (about 8.5 x 10* cells/well). Similar
results were observed in the neutral red assay, with a max-
imal increase in cell numbers of 33% at 0.5 mg/mL KSOS. A
measure of the colony-forming efficiency of rat gastric cells
was qualitatively consistent with results of the MTT and
neutral red assays. Compared with untreated controls in Fig.
4, KSOS stimulated colony formation by 150% at 0.02 mg/
mL (P < 0.05) and 175% at 0.05 mg/mL (P < 0.01) after 8
days in culture.

To exclude the possibility of growth stimulation induced
by potassium and sucrose, the primary components of
KSOS, potassium chloride and sucrose, were checked for
stimulatory effects on cell growth. No significant (P > 0.05)
growth stimulation was observed in any of the three assays
over concentration ranges of either 0.01-1 mg/mL for potas-
sium chloride or 0.016-1.6 mg/mL for sucrose (data not
shown).

Protective Effects of Sucralfate and Other Agents on
Indomethacin-Induced Damage

Pretreatment with any of the sucralfate formulations re-
duced indomethacin-induced cell damage. As shown in Fig.
5, when cells were pretreated with 5 mg/mL of the drugs
prior to exposure to 3.5 mM indomethacin, Carafate, and
sucralfate suspensions provided for survival of cells of up to
82% (P < 0.001) and 78% (P < 0.001) of the control cell
number, respectively. Acid-solubilized sucralfate provided
significant protection beginning at lower concentrations (P <
0.05 at 0.5 mg/mL; P < 0.001 at 2 mg/mL). However, acid-
solubilized sucralfate at 5 mg/mL apparently was not cyto-
protective. There was the possibility that the higher ion con-
centrations needed to adjust the pH of a 5 mg/mL sucralfate

Time ( min )

Fig. 2. (a) Dose dependence of indomethacin-induced cell damage. Cultured gastric
cells were exposed to indomethacin solutions for 1 hr before performing MTT assay.
Values are means + SE for six cultures. (b) Time dependence of acid medium-induced
damage. Cultured gastric cells were incubated in pH 3.5 medium for 10, 20, and 30 min
before performing MTT assay. Values are means + SE for four cultures.



80
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Fig. 3. The stimulator: effect of potassium sucrose octasulfate
(KSOS) on the growth or gastric mucosal cells. Cell growth was
measured by MTT and neutral red assays after 48 hr in culture in
KSOS solutions. Values are means + SE for six cultures. () Sig-
nificant differences compared with control (no exposure to KSOS)
values: P < 0.05.

suspension may have resulted in an osmotic shock for the
cells, thus dropping cell viability to essentially zero.
Treatment of cultured cells with drugs and 3.5 mM in-
domethacin concurrently protected the cells against the in-
sult more effectively (Fig. 6). At 5 mg/mL, Carafate and
acid-solubilized sucralfate virtually completely blocked in-
domethacin-induced cytotoxicity (P < 0.001). A dose-
dependent increase in the survival rate of cells brought about
by KSOS was also typical, with an 80% survival rate at a §
mg/mL concentration. In these experiments, aluminum hy-
droxide was not capable of providing a protective effect.

Effects of Sucralfate and Other Agents on
Acid-Induced Damage

As illustrated in Fig. 7, sucralfate suspension reduced
the loss of cell viability produced by pH 3.5 medium in a
dose-dependent manner. In the drug-free wells, less than
10% of the cells survived, while more than 60% of cells
survived a 30-min exposure to acidified medium following
treatment with 5 mg/mL sucralfate. In these studies, controls
were not exposed to either low-pH conditions or drugs. The
number of surviving cells was approximately 58% of controls
at 2 mg/mL and 38% of controls at 0.5 mg/mL, respectively.
The protective effect was greater, 80%, when the exposure
time to the acidified medium was decreased to 10 min.

Among three other drugs tested against pH 3.5 medium
challenge, only aluminum hydroxide significantly blocked
the acid-induced cell damage (Fig. 8), increasing the surviv-
ing cells to about 80% of control at 30 min. The protective
effect of Carafate paralleled that of sucralfate as described
earlier. KSOS and S-aminosalicylic acid failed to prevent
acid-induced damage in these experiments over a concentra-
tion range of 0.05 to 5 mg/mL.

DISCUSSION

Terano et al. previously characterized primary cultures
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of fetal rat fundic mucosal epithelial cells as a valuable model
to examine cellular functions of gastric mucosa. Collage-
nase-dissociated gastric mucosal cells are morphologically
epithelial-like (>90%), do not exhibit acid-secreting proper-
ties of parietal cells, and do not require pentagastrin for
growth (17). This study examines the use of the primary
cultures as a model to evaluate the formulations and mech-
anisms of the cytoprotective action of selected antiulcer
agents. Results of the present study demonstrated that su-
cralfate can protect cultured gastric mucosal cells against
loss of cell viability produced by either acidified medium or
indomethacin. Indomethacin-induced damage, but not acid-
ified medium-induced damage, was also partially prevented
by KSOS, the potassium salt of sucralfate. Thus, there may
be more than one mechanism responsible for the cytopro-
tective effects of sucralfate.

Nagshima (21) indicated that sucralfate possesses an
acid-buffering capacity and reacts slowly with acid due to its
basicity. Aluminum, a basic metal with strong positive
charge, could bring basic character to these drugs. Orlando
et al. also reported that sucralfate could protect against acid
injury in the esophagus by pH buffering through its alumi-
num hydroxide content (22). In our study, aluminum hydrox-
ide, as well as sucralfate, exerted a dose-dependent protec-
tive effect against acid damage, supporting these earlier ob-
servations.

Acid plays another important role in the special effects
of sucralfate in the gastrointestinal tract (12,21,23). On en-
countering gastric acid in stomach, sucralfate becomes a
highly condensed, viscous substance which adheres tightly
to the ulcerated mucosa and acts as an effective barrier to the
penetration of acid, pepsin, and bile salts. Konturek et al.
(23) reported that sucralfate acidified to pH 2.0 showed sig-
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Fig. 4. The stimulatory effect of potassium sucrose octasulfate
(KSOS) on the colony-forming efficiency of gastric mucosal celis.
Cells were incubated in medium containing KSOS, and colonies
were counted after 8 days in culture. Values are means + SE for four
cultures. Significant differences compared with the control (no ex-
posure to KSOS) values: () P < 0.05; (3) P < 0.01.
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Fig. 5. Cytoprotective effect of Carafate, sucralfate suspension, and
acid-solubilized sucralfate against indomethacin-induced damage.
Cells were treated with drugs for 1 hr before being exposed to 3.5
mM indomethacin for 30 min and then performing an MTT assay.
Values are means + SE for six cultures. The placebo contains sup-
plemental reagents in Carafate but not the active ingredient, sucral-
fate. Significant differences compared with indomethacin treatment
in the absence of drugs: (+) P < 0.05; (¥) P < 0.001.

nificant protective activity against ethanol, acidified aspirin,
taurochlate, or stress in vivo. Compared to sucralfate sus-
pension, the sucralfate solution (5 mg/mL) was significantly
(P < 0.05) more protective against the cytotoxic effect of
indomethacin in this study (Fig. 6). The number of surviving
cells under the protection of acid-solubilized sucralfate was
almost doubled compared to the sucralfate suspension-
treated cells. This result seems to conform with the impor-
tance of intragastric pH in sucralfate-induced gastroprotec-
tion. The consistency of our ir vitro cell model with the
animal model also provides evidence that cultured gastric
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Fig. 6. Effect of Carafate, sucralfate suspension, acid-solubilized
sucralfate, potassium sucrose octasulfate (KSOS), and aluminum
hydroxide on indomethacin-induced damage when gastric mucosal
cells were incubated with these drugs and 3.5 mM indomethacin
concurrently for 1 hr before performing the MTT assay. Values are
means * SE for six cultures. Significant differences compared with
indomethacin treatment in the absence of drugs. () P < 0.05; () P
< 0.01; (%) P < 0.001.
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Fig. 7. Protective effect of sucralfate on gastric mucosal cells
against acidified medium over various times. The cells were incu-
bated with sucralfate suspensions for 2 hr and then treated with pH
3.5 medium for 10, 20, and 30 min before performing the MTT assay.
Values are means += SE for six cultures. ‘“Control”’ means no ex-
posure to acidified medium or drugs. Significant differences com-
pared with acid medium treatment in the absence of drugs: (¥) P <
0.01; (¥) P < 0.001.

cells may serve as a suitable model for studying these antiul-
cer drugs.

Indomethacin is an inhibitor of the generation of pros-
taglandins, which are considered important in enhancing mu-
cus and bicarbonate secretion. Romano et al. reported that
10~ %to 10~ * M indomethacin inhibited the secretion of pros-
taglandin E, significantly in a human gastric epithelial cell
line (24). Sucralfate effectively prevented the indomethacin-
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Fig. 8. Effect of Carafate, potassium sucrose octasulfate (KSOS),
aluminum hydroxide, and S-aminosalicylic acid on gastric mucosal
cells against the loss of cell viability caused by acidified medium.
The cells were incubated with drugs for 2 hr and then with pH 3.5
medium for 30 min before performing the MTT assay. Values are
means + SE for six cultures. Significant differences compared with
acid medium treatment in the absence of drugs: (+) P < 0.05; (¥) P
< 0.01; (E) P < 0.001.
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induced injury dose dependently in this study, regardless of
whether it was applied to the cells concurrently with or prior
to indomethacin treatment. The 3.5 mM concentration of
indomethacin used in our study would be more than suffi-
cient to suppress any prostaglandin secretion. Thus, it is less
likely that the cytoprotective role of sucralfate could be me-
diated through regulation of prostaglandin effects. This ob-
servation supports the observations of Romano et al. (1) and
Konturek et al. (23).

KSOS has not been used as an antiulcer drug and its
protective effect was apparently lower than that of sucralfate
against an indomethacin insult. Effect of an acid insult on the
cells was not prevented by KSOS. However, KSOS did stim-
ulate gastric cell growth and proliferation as demonstrated
by all of the three assays in our study. Neither potassium
chloride nor sucrose, primary components of KSOS, exhib-
ited similar properties (data not shown). This important
character of KSOS suggests the possibility that it may pro-
mote cell growth and recovery of epithelia, a potentially im-
portant action for sucralfate on the healing rate of ulcer
wound in vivo. Sucralfate has been shown to elevate the
levels of an epithelial cell mitogen, basic fibroblast growth
factor (bFGF), in the ulcer bed without affecting gastric acid
secretion (25). Sucralfate and KSOS, the salts of sucrose
octasulfate, have dramatically different solubility character-
istics. Perhaps sucralfate, unlike KSOS, was not able to pro-
mote the cell growth due to its poor solubility in culture
medium. On the other hand, the insolubility of sucralfate
may play an important role in coating ulcer bed and binding
bFGF, thus protecting the wound and mitogen from the
acidic environment (25).

In conclusion, sucralfate provided significant protection
for cultured rat gastric cells against acid and indomethacin-
induced damage in a concentration-dependent manner. Ca-
rafate and acid-solubilized sucralfate were apparently more
effective than a simple sucralfate suspension in culture me-
dium. Aluminum hydroxide and KSOS were cytoprotective
but only to acid and indomethacin-induced damage, respec-
tively. In addition, KSOS stimulated gastric epithelial cell
growth and proliferation. The present study suggests that
primary rat gastric epithelial cells can serve as a suitable in
vitro model for preliminary evaluation of the cytoprotective
actions of antiulcer agents.
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