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Abstract

Isolated human gastric glands from surgical specimens were
preincubated in an oxygenated medium with placebo or 16,16
dimethyl prostaglandin E2 (dmPGE2) and incubated at 37°C in
either medium alone, medium containing 4.43 mM indometha-
cin or medium containing 8% ethanol. We assessed the viabil-
ity of gland cells with fast green exclusion, release of lactate
dehydrogenase (LDH) into the medium, and ultrastructural
damage by scanning and transmission electron microscopy.
Both indomethacin and ethanol significantly reduced the via-
bility of placebo-pretreated glands, increased LDH release
into the medium, and produced prominent ultrastructural dam-
age. DmPGE2 significantly reduced both indomethacin and
ethanol-induced injury, increased the number of viable cells,
reduced LDH release, and diminished the extent of ultrastruc-
tural damage. These studies indicate that PG protection of
gastric mucosal cells has a direct cellular action that is not
limited to replacement of depleted endogenous PGs. PG pro-
tection in our experiments did not depend on PG's previously
described systemic actions, such as protection of the microves-
sels, preservation of the mucosal blood flow, or stimulation of
bicarbonate and mucus secretion.

Introduction

Gastrointestinal mucosa is very active in the production of
endogenous PGs from their precursors, dietary essential fatty
acids (1). Mucosal generation ofPGs and their release into the
gastric lumen upon vagal or hormonal stimulation (2) may
play an important role in local control of various gastric mu-
cosal functions and in maintaining mucosal integrity (3-5).
The discovery that aspirin and other nonsteroidal anti-
inflammatory drugs significantly inhibit formation of PGs
(6-8) provided insight into the mechanisms of anti-
inflammatory action of nonsteroidal antiinflammatory drugs
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and their gastrointestinal side effects, which could result from
mucosal PGs' deficiency.

When administered in vivo, PGs protect the gastric mu-
cosa against necrosis produced by various noxious agents (3-5,
8-14), including indomethacin (8-13), aspirin (12), and eth-
anol (3-5, 14). This PGs' action appears to be independent of
their ability to inhibit gastric acid secretion, and is generally
referred to as cytoprotection or mucosal protection (3-5, 9,
10). Stimulation of mucus and bicarbonate secretion, mainte-
nance of mucosal blood flow, preservation of cellular ion
transport, and protection of the mucosal proliferative zone
have been postulated as potential systemic mechanisms re-
sponsible for the protective action of PGs (3-5, 9, 10, 14).
While protection ofthe vascular endothelium (1 5) and mainte-
nance of the mucosal blood flow (16) are well-documented
components of PGs' protection, especially against ethanol in-
jury, the possibility that PGs can directly interact with and
protect the gastric mucosal cells in the absence of mucus, bi-
carbonate, blood flow, and other systemic factors has only
been tested in the rat with inconclusive results (17) and has
remained unexplored in man.

We used isolated human gastric glands to determine ifPGs
have a direct protective action on gastric mucosal cells. Be-
cause this unique in vitro gastric gland preparation excludes
vascular and extraglandular neural as well as hormonal fac-
tors, it allowed us to assess the direct unmediated effects of
pharmacological compounds on the mucosal cells. In this
preparation we tested whether 16,16 dimethyl prostaglandin
E2 (dmPGE2)' can protect isolated human gastric glands
against either indomethacin, a damaging agent that inhibits
endogenous PG synthesis or against ethanol, an agent that
does not inhibit PG synthesis. As parameters of injury and
protection we assessed the viability ofgastric gland cells using a
dye exclusion technique, lactate dehydrogenase (LDH) release
into the medium, and scanning and transmission electron mi-
croscopy (EM).

Methods
The study has been approved by the Institutional Human Research
Review Committee. Full-thickness surgical specimens of gastric wall
were obtained from 16 patients who had (a) gastric carcinoma (n = 5),
(b) peptic ulcer (n = 7), (c) pancreatic carcinoma (n = 3), and (d)
esophageal carcinoma (n = 1). All specimens of oxyntic mucosa were
obtained from the gastric resection line of grossly normal tissue. 15
specimens confirmed by subsequent histologic evaluation to contain
both parietal and chief cells and to be free of tumor, ulceration, ero-
sions, intramucosal hemorrhage, and/or prominent inflammatory in-

1. Abbreviations used in this paper: dmPGE2, 16,16 dimethyl prosta-
glandin E2; EM, electron microscopy; IND, indomethacin; LDH, lac-
tate dehydrogenase.
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filtration were included in the study. To avoid prolonged mucosal
anoxia, the specimens were obtained immediately after transection of
the stomach. They were immersed in oxygenated PBS at 4°C and
delivered to the laboratory within 5 min of excision. The average size
of tissue specimens was 1.5 X 1 cm.

Gastric glands were prepared according to the modified method of
Berglindh and co-workers (18, 19). In brief, the gastric mucosa was
scraped, minced with scissors, and digested by 178 U/mg collagenase
(Gibco Lab. Life Technologies, Inc., Grand Island, NY) 1 mg/ml in
incubation solution. During digestion, gastric mucosal mince was
slowly stirred with a motorized stirrer (VirTis Company, Gardiner,
NY). After 40 min of incubation, the suspension was filtered through
polypropylene mesh (250 ,um) to remove coarse fragments. The glands
were harvested in calibrated conical tubes and washed three times with
incubating medium (without collagenase) and centrifuged at 200 g for
1 min to remove residual collagenase. Finally, pellets were resuspended
in 20 ml of oxygenated incubating medium, pH 7.4, containing 132.4
mM NaCl; 5.4 mM KCI; 5.0 mM Na2 HPO4; 1.0 mM NaH2PO4; 1.2
mM MgSO4; and 1.0mM CaCl2. The medium also contained 2 mg/ml
BSA and 10 ,ug/ml phenol red. The resultant gland suspension con-
tained - 0.75 X I05 glands per 1 ml of medium.

Standardized aliquots of isolated gastric glands were preincubated
for 30 min at 37°C in (a) oxygenated medium only as a control, or
oxygenated medium containing either (b) 0.025% ethanol as a solvent
for PG (placebo) or (c) 0.52 or 2.6 uM dmPGE2 (gift of Dr. M. Ruwart
and Dr. D. R. Morton Jr.; Upjohn Co., Kalamazoo, MI). After 30 min
ofincubation, glands were centrifuged, washed twice with 2 ml of fresh
medium, and resuspended in 1 ml of oxygenated medium alone or
medium containing either 4.43 mM indomethacin (Sigma Chemical
Co., St. Louis, MO) or 8% vol/vol ethanol. Glands were then incubated
at 37°C for 1 h for ethanol experiments and for 2 h for indomethacin
experiments. In additional experiments, we preincubated glands with
26 ,M dmPGE2 followed by incubation with medium or medium
containing 4.43 mM indomethacin for 2 h. The concentrations of
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Figure 1. Viability of isolated gastric gland cells determined by fast
green exclusion test. Each bar represents mean±SE of 12 separate
gland preparations. White bars indicate experiments in which glands
were incubated with placebo (PL) or dmPEG2: 0.52 ,M, (PG'); 2.6
,uM, (PG2) without indomethacin. Black bars indicate experiments in
which glands were preincubated with PL or PG and incubated with
4.43 mM indomethacin (IND) for 2 h. *P < 0.01 vs. placebo, +P
< 0.001 vs. PL-IND group. In addition to comparison of absolute
values between the groups, the difference (delta)[PL - (PL-IND] was
compared with differences [PG' - (PG'-IND)] and [PG2 - (PG2_
IND], respectively. The P values for these comparisons were also sta-
tistically significant (P < 0.01).

indomethacin and ethanol were selected on the basis of our previous
experiments with isolated rat gastric glands (unpublished data), which
showed that these concentrations of indomethacin and ethanol re-
duced gastric gland viability by > 50% within 1-2 h.

Studies
Cell viability. Cell viability was determined using fast green exclusion
according to the method described by Weisenthal (20). This method is
based on the fact that viable cells are able to exclude the dye while dead
cells lose this ability. To 0.2 ml suspension ofglands with - 0.75 X 105
glands/ml, an equal volume of 2% fast green (Sigma Chemical Co.) in
0. 15 M NaCl solution was added. After 10 min the solution was mixed
gently and added to the chamber of Cytospin centrifuge (Shandon
Southern Instruments, Inc., Sewickley, PA) and centrifuged for 10 min
at 200 g. The resulting slides were then counterstained with hematox-
ylin and eosine and covered with cover glass using mounting balsam
(National Diagnostics, Inc., Somerville, NJ). With this method, viable
cells (i.e., cells excluding fast green) were stained pink with eosin while
dead cells were unable to exclude the dye and therefore had nuclei
and/or cytoplasm stained green. Coded slides were evaluated and
counted under a Nikon Optiphot light microscope (magnification of
200) by two investigators unaware ofthe code. A minimum of 10 fields
and 1,000 cells were counted per slide. The viability was expressed as
the percentage of viable cells in 10 microscopic fields.

LDH. LDH release into the medium, an index of membrane dam-
age, was measured using spectrophotometric assay with pyruvate and
NADH as the substrate (21). After completion of the experiment,
0.8-ml samples of incubating medium were taken for LDH assay. To
determine total LDH activity in the gastric gland cells, 1 -ml samples of
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Figure 2. LDH release into the medium expressed a percent of total
LDH contents in the glands. Each point represents mean±SE of 12
separate gland preparations. White bars indicate experiments in
which glands were incubated with PL or 16,16 dmPGE2: 0.52 MM,
(PG'); 2.6 AM, (PG2) without IND. Black bars indicate experiments
in which glands were preincubated with PL or PG and incubated
with 4.43 mM IND for 2 h. *P < 0.01 vs. placebo, +P < 0.001 vs.
PL-IND group. In addition to comparison of absolute values be-
tween the groups, the difference (delta)[PL - (PL-IND] was com-
pared with differences [PG' - (PG'-IND)J and [PG2 - (PG2-IND],
respectively. The P values for these comparisons were also statisti-
cally significant (P < 0.01).
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gland suspension taken at 0 time (before incubation) were sonicated to
disintegrate the cells and LDH activity was measured. LDH release
into the incubating medium was expressed as percentage of total LDH
activity present in the glands at the beginning of incubation (0 time).

Scanning EM. Samples of gastric glands were taken at the end of
each experiment and fixed immediately in 2 ml of 3.5% glutaraldehyde
(Polysciences Inc., Warrington, PA) buffered with 0.1 M phosphate
buffer to pH 7.4 at 4°C and processed routinely for scanning EM (22).
Coded specimens were viewed in JEOL-35 and Nanolab 10 scanning
electron microscopes operated at 20 kV. Three specimens from each
group were evaluated for ultrastructural features of cell damage.

Transmission EM. Samples of gastric glands were taken at the end
of each experiment and fixed in 3.5% glutaraldehyde at pH 7.4 at 4°C
for 4 h and processed routinely for transmission EM (14). Coded
sections were examined with Philips 400 and Zeiss 10 electron micro-
scopes operated at 60 kV. Three specimens from each group were
evaluated for ultrastructural features of cell damage.

Statistical analysis. All experiments were performed in duplicates
from each gland preparation. The reported values are mean±SEM of
all preparations. Statistical comparisons of cell viability and LDH re-
lease were performed with the Kruskal Wallis test (23). In addition to
comparison of absolute values for the cell viability and LDH release
between the groups, the difference (delta) [placebo alone - (placebo
+ indomethacin)] was compared with the difference (delta) [PG alone
- (PG + indomethacin)]. Similar comparisons of deltas were also
made for the ethanol groups. This was done to take into account
possible effect of PG alone on the cell viability and LDH release.
Statistical comparisons of differences (deltas) were performed with the
Kruskal Wallis test (23).

Results

2-h incubation of placebo-pretreated isolated human gastric
glands with indomethacin resulted in a significant reduction of
viability of gland cells assessed by fast green exclusion (Fig. 1)
and a significant increase of LDH release into the medium
(Fig. 2). Scanning EM, when compared with controls (Fig. 3
A), showed severe damage and disintegration of the glands,
detachment of the cells, loss of cellular shape, and loss of mi-
crovilli (Fig. 3 B). Transmission EM confirmed these findings
and showed necrosis of numerous cells (Fig. 4 B). Pretreat-
ment with either 0.52- or 2.6-AM dose of dmPGE2 signifi-
cantly reduced the extent of indomethacin-induced injury of
gland cells as reflected by increased cell viability (Fig. 1), de-
creased LDH release into the medium (Fig. 2), and decreased
ultrastructural damage (Figs. 3 C and 4 C) vs. the placebo plus
indomethacin group. The higher dose of dmPGE2 (26 AM)
used as a pretreatment in four gland preparations did not fur-
nish more protection against indomethacin injury compared
with the 2.6 AM dose (viability 65±3% vs. 66.9±3%; LDH
release 12±1.4 vs. 11± 1.7).

1-h incubation of placebo-pretreated isolated human gas-
tric glands with 8% ethanol produced significant reduction of
cell viability (Table I), significant increase in LDH release into
the medium (Table I), and severe morphologic injury docu-
mented by scanning and transmission EM (Figs. 5 B and 6 B).

PG pretreatment significantly reduced the extent of eth-
anol-induced injury of gland cells, increasing cell viability
(Table I), decreasing LDH release into the medium (Table I),
and decreasing ultrastructural damage when compared with
the placebo-pretreated group (Figs. 5 C and 6 C).

There was a strong positive linear correlation between cell
death assessed by the inability to exclude fast green and LDH

release into the medium for both indomethacin (r = 0.95; y
= 3.2 + 0.29x) and ethanol (r = 0.97; y = -4.43 + 0.56x).

Discussion

This study demonstrates that either indomethacin or ethanol
produces severe damage to isolated human gastric gland cells
as evidenced by reduced cell viability, increased LDH release
into the medium, and extensive morphologic cell destruction.
In in vivo studies, gastric mucosal damage by indomethacin
has been attributed to inhibition of mucous secretion (24),
inhibition ofgastric mucosal PG synthesis (8, 25), reduction of
mucosal blood flow (8), damage to endothelial cells of the
mucosal microvasculature (26), and inhibition of cellular ac-
tive transport of sodium (9).

Mechanisms ascribed to ethanol injury of gastric mucosa
in vivo include surface epithelial exfoliation with loss of "bar-
rier," transport, and electrical functions (14, 27) and hemor-
rhagic necrosis of deeper mucosal layers including the progen-
itor and glandular cells (14, 27). Ethanol-induced damage to
endothelial cells occurs within minutes ofexposure and results
in microvascular stasis. This microvascular injury has been
proposed to be an important mechanism responsible for deep
mucosal necrosis after ethanol administration ( 15, 28).

PGs protect the gastric mucosa against indomethacin- or
ethanol-induced damage in vivo. While some of the morpho-
logic, functional, and temporal features of PGs' mucosal pro-
tection in vivo have been characterized (3-5, 14-16, 27, 28),
such studies have not ascertained whether this protection is
predominantly mediated by systemic factors such as blood
flow, hormonal or neural factors, or whether PGs' direct ac-
tion on the gastric mucosal cells themselves is an important
facet of mucosal protection.

By using isolated gastric glands in our experiments we ex-
cluded blood flow and extraglandular hormonal as well as
neural factors; we therefore studied PGs' direct action on the
cells. Our data clearly demonstrated that dmPGE2 exerts a
direct protective action on the human gastric mucosal cells in
the absence of systemic factors. Preincubation of the human
gastric glands with dmPGE2 significantly reduced both indo-

Table I. Viability ofIsolated Gastric Gland Cells andLDH
Release into the Medium after I h ofIncubation

Groups Viability LDH release

A. Placebo 86±2 10±1.7
B. PG 89±2 6±1
C. Placebo + 8% ethanol 40±6* 22±2*
D. PG + 8% ethanol 62±3** 13+±**

The values represent mean±SE of eight gland preparations. PG
(16,16 dmPGE2) dose was 2.6 AM.
* P < 0.001 vs. placebo or PG group.
Pp < 0.005 vs. placebo + ethanol group. In addition to direct com-

parison of absolute values between the groups, the difference (delta)
(A-C) was compared with difference (B-D). This was done to ac-
count for the possible effect of PG alone on cell viability and LDH
release. The P value for this comparison was also statistically signi-
ficant (P < 0.01).
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Figure 5. Scanning electronmicrographs of isolated
human gastric glands. (A) Control incubated with pla-
cebo only. Gland cells are interconnected, round, and ei-
ther contain numerous microvilli (parietal cells) or are
without microvilli (chief cells). (B) Placebo-pretreated
glands incubated with 8% ethanol for I h. Changes in
cell shape and size (cells are shrunken), loss of microvilli,
and disintegration of the cells are clearly visible. (C) PG
pretreated and incubated with 8% ethanol glands. Nu-
merous cells retained shape, size, and microvilli. X 2,800.
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methacin- and ethanol-induced gastric gland cell necrosis, in-
creased the number of viable cells, decreased LDH release into
the medium, and reduced the extent of ultrastructural destruc-
tion detected by scanning and transmission EM. These find-
ings indicate that dmPGE2 exerts a direct protective effect on
the glandular cells themselves. Such action of PGs may be
partly responsible for their protective action in vivo and per-
haps for their prophylactic and therapeutic effects in clinical
settings (5).

While reduction of indomethacin-induced damage to iso-
lated human gastric glands by dmPGE2 could be due to re-
placement of depleted mucosal PGs, the protection by
dmPGE2 against ethanol injury cannot be explained by such a
simple mechanism, because ethanol does not inhibit PG syn-
thesis (29). Therefore, PG mucosal protection against injury
must include the direct effects of PG on cell membranes or
metabolism. The effect ofdmPGE2 on the barrier function of
the membrane, reflected by both preventing a dye from pene-
trating the cell and preventing efflux ofLDH, may suggest that
the cell membrane itself could be a major site of PGs' protec-
tive action.

The PG used in our experiment significantly reduced, but
did not completely prevent, cell damage. One could ask
whether a higher concentration of PG would have offered a
greater degree of protection. We explored this question in our
previous experiments in isolated rat gastric glands. We found
that higher concentrations ofdmPGE2 (13 and 26 ,M) offered
a similar degree of protection as did 2.6 uM, against either
indomethacin or ethanol injury. The higher dose ofdmPGE2
(26 ,M) used in our present study did not furnish more pro-
tection against indomethacin injury than did 2.6 ,uM
dmPGE2. These findings indicate that there is a threshold
concentration of PG which offers cell protection. Once the
protective threshold concentration is reached, higher concen-
trations ofPG do not offer additional protection.

In this respect, our in vitro data are in agreement with the
studies in vivo which showed that even at very high doses,
dmPGE2 significantly reduced, but did not completely pre-
vent, gastric mucosal damage (14). Of several different PG
(natural PGE,, PGE2, their synthetic analogues and PGI2) we
studied in rats, 16,16 dmPGE2 had the most potent protective
effect on the gastric mucosa. The limited availability of the
human gastric surgical specimens narrowed our choice of PG
to the most potent PG preparation, which has also been shown
to protect the human gastric mucosa in vivo (30).

The concentration of indomethacin used in our study was
higher than the concentration used to inhibit PG synthesis (1,
8). Since PG did not completely protect against injury even at
higher concentrations, we propose that indomethacin has a
direct cytotoxic effect which is entirely or partly independent
of its known ability to inhibit PG synthesis. The loss of micro-

Figure 6. Transmission electronmicrographs of isolated human gas-
tric glands. (A) Control incubated with placebo only. Cells are inter-
connected and display normal appearance of parietal and chief cells.
(B) Placebo pretreated and incubated with 8% ethanol glands. Most
of the cells are so severely damaged that an identification of subcellu-
lar or cellular structures is impossible. (C) PG pretreated and incu-
bated with 8% ethanol glands. Although some cells show edema and
minor damage, the structural integrity of most of the cells is well pre-
served. x 3,800.
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villi and changes in cell shape observed after indomethacin or
ethanol injury in placebo-pretreated glands suggest that the
cell cytoskeleton may be one specific target for the toxic effect
of these agents. Since cytoskeletal elements (actin filaments,
microtubules, and intermediate filaments) and their associated
proteins play an important role in supporting cell structure
and shape (31-33), and since indomethacin- or ethanol-in-
duced injury involves changes in cell shape, loss of microvilli,
and formation of membrane microblebs, it is reasonable to
postulate that indomethacin and ethanol-induced cell injury
are due in part to destruction or modification of cytoskeletal
elements. Correspondingly, these elements may also be a site
of PG-induced protection. This hypothesis must be explored
in future studies designed specifically to answer these ques-
tions.

The concentrations of indomethacin and ethanol used in
these studies were selected on the basis of our previous experi-
ments with isolated rat gastric glands (unpublished data),
which showed that these concentrations of indomethacin and
ethanol reduced gland viability by > 50% within 1-2 h. In the
present study we found that these concentrations of indo-
methacin and ethanol had similar toxic effects on isolated
human gastric gland cells. In this context, it is interesting that
in isolated rat gastric glands, lower concentrations of indo-
methacin (e.g., 8.8 and 44 ,M, sufficient to inhibit PG synthe-
sis) produced cell swelling and partial gland cell separation but
did not affect gastric gland cells viability and LDH release.
These findings indicate that a short-term inhibition ofPG syn-
thesis does not cause toxic cell injury by indomethacin in our
experimental model. This contention is also supported by the
fact that alcohol does not inhibit synthesis ofPG but produces
acute toxic injury of gastric gland cells. These findings indicate
that acute toxic injury of gastric gland cells may be indepen-
dent of PG inhibition.

Abecassis et al. have recently demonstrated that dmPGE2
is able to prevent viral-induced damage to the liver in vivo and
to cultured hepatocytes in vitro (34). These experiments indi-
cate that PG can protect hepatocytes directly without systemic
mediation, thereby suggesting that the direct protective action
ofPG is not limited to gastroduodenal cells only, but may be a
more general phenomenon.

Finally, in this study we used the fast green exclusion test
for assessing cell viability. This method has been used before
only to assess the viability of neoplastic cells (20). While it has
the same sensitivity as the routinely used trypan blue exclusion
test, it has a clear advantage over the latter in precluding the
necessity to evaluate wet preparations within a limited time,
and the use of counterstaining, which allows better distinction
between dead and viable cells.

In summary, this study demonstrates that a synthetic PGE2
analogue is able to protect isolated gastric gland cells against
indomethacin or ethanol injury under conditions where vascu-
lar and extraglandular neural as well as hormonal factors are
excluded. This clearly indicates direct protective action ofPG
on the cells independent of systemic mediation.
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