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INTRODUCTION

Basic fibroblast growth factor (bFGF) and epidermal
growth factor (EGF) have possible therapeutic use as wound
healing agents (1). The potential of growth factors as therapeutic
agents has prompted investigations into the development of
suitable formulations for stabilization of the growth factors
(2—4). These formulations are based on the observation that
when bound to heparin-like molecules, bFGF and EGF are
protected from thermal and low pH-induced degradation
(3,5-9).

The structure of the sucrose octasulfate component of
sucralfate is similar to the repeating disaccharide units of hepa-
rin and has a very high affinity for bFGF, EGF, and related
growth factors (3,6,8). Both bFGF and EGF are effective in
some degree in promoting in vivo gastric epithelial cell growth
(9,10) and restitution in exised gastric mucosa (11). Sucralfate
in in vivo studies has been shown to elevate bFGF levels in
the gastric mucosa (6) and both bFGF and EGF factors are
protected from thermal- and low pH-induced inactivation when
co-administered with sucralfate in vivo (6,12). One of the pro-
posed mechanisms of action for sucralfate as an antiulcer agent
likely involves the preservation of growth factor bioactivity
which in turn promotes the healing of gastroduodenal ulcers
by increasing epithelial and endothelial cell proliferation (6).

The purpose of the current study was to develop a represen-
tative in vitro system that would allow evaluation of some of
sucralfate’s mechanisms of action as an antiulcer agent in the
stomach. Specifically, an appropriate in vitro gastric epithelial
cell system was desired that would be responsive to bFGF and
EGF and that would be sensitive to changes in the bioactivity
of peptides exposed to low pH conditions with or without
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different sucralfate formulations present. The availability of a
convenient in vitro system would permit rapid evaluation of
alternative drug formulations and chemically modified deriva-
tives of sucralfate or related agents. A stable, mucus secreting
human gastric epithelial cell line derived from a human adeno-
carcinoma, AGS (13), was chosen for evaluation in this study.
We and others have shown (13,14) that this cell line retains
some basic features of normal gastric epithelium.

MATERIALS AND METHODS

Materials

Ham’s F-12 was purchased from JRH Biosciences (Len-
exa, KS). Fetal bovine serum was obtained from Hyclone Labo-
ratories, Inc. (Logan, UT). Tris was supplied by Bio-Rad
Laboratories (Richmond, CA.). 3-(4,5-dimethyl-2-thiazoyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) was obtained
from Eastman Kodak Company (Rochester, NY). The following
reagents were purchased from Sigma company (St. Louis, MO):
Dulbecco’s Modified Eagle’s medium, penicillin, streptomycin,
HEPES buffer, and trypsin/EDTA. All other reagents were of
the highest grade commercially available. All tissue culture
plates and centrifuge tubes used in this study were purchased
from Coming Costar (Cambridge, MA).

Drug Preparations

Sucralfate, sucralfate-xg (a xanthine gum-containing com-
mercial formulation of sucralfate), potassium sucrose octasul-
fate (KSOS), and AI(OH), were gifts from Marion Merrell
Dow Laboratories (Kansas City, MO). These components were
diluted in serum-free culture medium to desired concentrations
before each experiment. Human recombinant basic fibroblast
growth factor (bFGF; 17 kDa) and human recombinant epider-
mal growth factor (EGF; 6.2 kDa) were purchased from Pro-
mega company (Madison, WI), were prepared as a stock
solutions in sterile PBS, and then were diluted in serum-free
culture medium to desired concentrations before each
experiment.

Cell Culture

The human adenocarcinoma cell line, AGS (14), was
obtained from American Type Culture Collection (ATCC#
CRL-1739). The cells (6 X 10° cells/plate) were grown in 100
mm Corning polystyrene tissue culture plates with 15 ml 1:1
(v:v) ratio of Ham’s F12 and DME medium containing 100
pg/ml of penicillin, 100 pg/ml of streptomycin, 15 mM of
HEPES, 1.2 g/L of sodium bicarbonate and 5% of fetal bovine
serum, and were maintained in an incubator at 37°C, 95%
humidity and 5% CO,. The culture medium was changed two
days after seeding and every other day, thereafter. The subcul-
tured cells were harvested every five days with 0.25% trypsin
plus 0.05% EDTA solution, and washed once with PBS before
cells were seeded into other plates for experiments. A phase-
contrast microscope (Nikon TMS) was used to observe the
cell’s growth and morphology throughout the culture period.
Cells from passages 40-60 were used in these experiments.
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MTT Colorimetric and Colony-forming Efficiency

Cells were seeded into 96-well Corning Costar polystyrene
tissue culture plates (5,000 cells/well) with 100 pl culture
medium. After two days, the cells were switched to serum-free
culture medium with bFGF or EGF added. The cells were
incubated for 44 hours and the MTT colorimetic assay was
performed as previously detailed by Zheng et al. (15). Briefly,
the medium with growth factors was changed to 100 i fresh
culture medium containing 10 pl of MTT solution (5 mg/ml
in PBS) and returned to the incubator. After a 4 hour incubation,
100 ul acid isopropanol (0.04 N HCl in isopropanol) was added
to all wells and the plate was incubated overnight at room
temperature. The color changes were recorded on a microplate
reader (Cambridge Technology, Inc. Watertown, MA) at 540
nm.

For colony forming efficiency, cells were seeded into 24-
well Corning polystyrene plates. Each well received 100 cells
with 1 ml culture medium containing 2.5% FBS. After two
days in culture, the cells were exposed to either bFGF or EGF
(0~10 ng/m1) for up to 8 days under standard culture conditions.
In this 8-day period, the medium was not changed or supple-
mented. Resultant colonies that grew in each well were fixed
by formalin-alcohol solution and dyed with 1% aqueous crystal
violet. The number of colonies in each well was counted visually
under a phase contrast microscope (14,15).

Low-pH Treatment of Growth Factors

A 100 pl aliquot of either bFGF or EGF (1 wg/ml) was
mixed with 100 wl PBS or 100 pl sucralfate (10 pg/ml) (or,
alternatively, 10 pg/ml of KSOS or sucralfate-xg, AI(OH)s;) for
10 minutes, then added to 100 pl of 1 M acetic acid, pH 2.2,
and incubated 1 hour at 37°C. The pH was determined to be
no higher than 3.0 for any of the mixtures except those with
AI(OH)s. Following the incubation, the mixture was neutralized
by adding 5 ml culture medium, pH 7.4, and adjusting the pH
to 7.4, as needed, with S N NaOH (about 10 ul). Finally, the
solutions were diluted to desired concentrations and added to
two-day cultures of AGS cells or two-day cultures of AGS
colonies. Cell and colony numbers were determined by the
MTT assay or colony-forming efficiency assay, respectively.

Data Analysis

Data were expressed as mean * standard deviation for
replicates of at least an n = 4. The differences between treatment
and control groups were expressed as their units or as a percent-
age of corresponding control. A one-way ANOVA followed by
the Scheff’s multiple comparison test were applied to analyze
the significance of differences between treatment and control
groups of raw cell count data at the 0.05 level of significance.

RESULTS AND DISCUSSION

In this study, we were able to establish the sensitivity of
AGS cell growth to two common gastric mucosal growth fac-
tors, EGF and bFGF. Both growth factors modestly stimulated
AGS proliferation as measured by two independent tests (i.e.,
MTT, and colony forming efficiency) as shown in Figures 1A
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and 1B. Our results with EGF were consistent with Piontek et
al. (16) who have demonstrated that AGS cells have EGF
receptors and that the maximal stimulation of proliferation
above controls, 140%, occurs in the presence of similar concen-
trations of this peptide. In a related study, Kuwayama et al.
(10) also showed that 10 ng/ml EGF stimulates a maximum
incorporation of thymidine of 170% of control in fetal rabbit
gastric epithelial cell cultures. By contrast, neither receptor nor
proliferation data for bFGF with AGS cells have apparently
been reported. However, a recent study with two intestinal-
derived epithelial cell types demonstrated a modest bFGF-
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Fig. 1. Effects of bFGF and EGF on the A) Proliferation and B) Colony-
forming efficiency of AGS Cells. For the proliferation measures, AGS
cells were incubated with bFGF and EGF for 44 hours and viable cell
numbers were quantitated with the MTT assay (n = 8). For colony
forming efficiency, the AGS cells were incubated either bFGF or EGF
for 6 days in 24-well plates and the colonies formed in each well
counted (n = 4). Data points are means = SD. *P < 0.05 versus the
control cells which were not treated with a growth factor.
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induced increase in cell proliferation above controls of 180%
(17), which again, was consistent with our findings with bFGF.
The growth stimulating activity of bFGF and EGF is
pH-dependent and abolished by low pH conditions in a time-
dependent manner (6,12). We similarly confirmed that the
proliferation of AGS cells was reduced in the presence of
growth factors pretreated with solutions with pHs lower than
pH 7.4 for one hour (data not shown). The critical point for
loss of all growth stimulating activity of EGF appeared to be
at about pH 4, and about pH 5 for bFGF, suggesting that
bFGF was more sensitive to low pH conditions (data not
shown). These findings were also in agreement with other
studies (6,12). In experiments where 10-1000 p.g/ml sucral-
fate was mixed with the growth factors prior to exposure to
low pH conditions, the bioactivity of both EGF and bFGF
was retained and is illustrated in Figure 2. In the other experi-
ments, the ratio of sucralfate to EGF (or bFGF) was kept
constant (100 g sucralfate/5 ng growth factor) and the stimu-
latory activity of the growth factor was determined at selected
concentrations. As shown in Figures 3A and 3B, EGF or
bFGF alone and not exposed to low pH treatment produced
typical concentration-dependent stimulatory effects on AGS
growth as described earlier. Similarly, EGF or bFGF mixed
with sucralfate had stimulatory effects after exposure to low
pH conditions. Finally, neither EGF nor bFGF, after exposure
to low pH conditions, had significant growth enhancing prop-
erties at any of the concentrations tested in the assays. Sucral-
fate alone had no effect on AGS cell growth (14).
Sucralfate has a high affinity for growth factors and the
binding of growth factors is pH-dependent. At pHs around 7.0,
about 10% of either EGF (12) or bFGF (8) will bind to sucral-
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Fig. 2. Concentration-dependent effect of sucralfate for preserving
bFGF and EGF bioactivity against low pH treatment. Either bFGF or
EGF at 10 ng/ml were premixed with sucralfate before exposing to
acetic acid (pH = 2.2). Cell numbers were measured by the MTT
assay. Data points are means = SD for n = 8. *P < 0.05 versus data
from cells which were not treated with either growth factor or sucralfate.
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Fig. 3. Protective effect of sucralfate for either A) EGF or B) bFGF
against low pH exposure. The growth factors were premixed with
buffer or sucralfate (100 g sucralfate/S ng growth factor) before low
pH (pH = 2.2) exposure. Viable cell numbers were measured by the
MTT assay. Data points are means *= SD for n = §.

fate. At around pH 2.0, about 90% of either EGF (12) or bFGF
(8) will bind to sucralfate. The results obtained with the AGS
cells would suggest that growth factor association with sucral-
fate occurred at low pHs and preserved peptide bioactivity.
From the perspective of the in vivo situation, the pH in the
tumen of stomach approaches 2, at this pH sucralfate becomes
a highly viscous gel-like substance which adheres to the ulcer
crater and likely binds secreted growth factors, protecting them
from the low pH environment. On the interface with the gastric
epithelial cells, where the pH is near 7, sucralfate becomes
insoluble and releases bound growth factors which are then
free to diffuse to and interact with appropriate receptors on
target endothelial and epithelial cells. Sucralfate apparently
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Fig. 4. Protective effects of sucralfate, sucralfate-xg (a commercial sucralfate formulation
containing xanthine gum), potassium sucrose octasulfate (KSOS), or aluminum hydroxide
(AI(OH);) for 10 ng/ml of either EGF or bFGF against a low pH (pH = 2.2) treatment. The
control received only normal growth factor and the low pH data was for growth factor exposed
to pH 2.2 only. Viable cell numbers were quantitated by the colony-forming efficiency assay.
Data points are means = SD for n = 6. *P < 0.05 indicates a significant difference from cell
growth in the absence of any growth factor treatments.

facilitates an increase in the level of growth factors in the ulcer
bed and cell proliferation, mucosal repair and gastroprotection
are promoted (6,12). Our in virro system effectively mimics
these conditions and our results collectively support a protective
role for sucralfate towards the bioactivities of EGF and bFGF
under low pH conditions.

Volkin et al. (3) have shown that both sucralfate (i.e.,
aluminum sucrose octasulfate), and the soluble potassium
salt of sucrose octasulfate, KSOS, bind and stabilize acidic
fibroblast growth factor against thermal-, urea-, and low pH-
induced unfolding. In results from our studies summarized
in Figure 4, we observed that sucralfate, KSOS and sucralfate-
xg (a xanthine gum-containing commerical sucralfate formu-
lation) comparably preserved the biological functions of
bFGF and EGF during exposure to low pH conditions.
Although a component of sucralfate is aluminum, an acid
neutralizer, aluminum is not believed to contribute signifi-
cantly to the drug’s overall activity as an antiulcer agent (18).
Incubating the growth factors with an aluminum salt prior to
exposure of the peptides to low pH preserved some bioactiv-
ity. However, at the concentration used, aluminum hydroxide
alone neutralized the low pH solution to which the growth
factors were exposed. By contrast, concentrations of sucral-
fate that preserved growth factor bioactivity did not alter the
pH of the test solutions. Thus, the mechanism of growth factor
protection in the presence of sucralfate was different from
an aluminum salt alone. These findings were consistent with
the observation that a variety of polyanionic heparin-like
agents can signficantly protect growth factors from thermal-

and low-pH conditions (2). Since there were differences in
effects of a given agent, it appeared that the AGS cell line may
be useful in distinguishing among formulations for optimal
preservation of peptide bioactivity.
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