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Changes in the Ca2
• homeostasis have been implicated in cell

injury and death. However, Ca2
• participation in ethanol-

induced chronic gastric mucosal injury has not been eluci-
dated. We have developed a model of ethanol-induced chronic
gastric injury in rats, characterized by marked alterations in
plasma membranes from gastric mucosa and a compensatory
cell proliferation, which follows ethanol withdrawal. Therefore,
the present study explored the possible role of intracellular
Ca2

• in the oxidative metabolism and in acid secretion in this
experimental model. Glucose oxidation was greatly enhanced
in the injured mucosa, as evaluated by CO2 production by iso-
lated mucosal preparations incubated with "C-radiolabeled
glucose in different carbons. Oxygen consumption and acid
secretion (aminopyrine accumulation) were also stimulated. A
predominating secretory status was morphologically identified
by electron microscopy in oxyntic cells of gastric mucosa from
ethanol-treated rats. A coupling between secretory and meta-
bolic effects induced by ethanol (demonstrated by an inhibitory
effect of omeprazole in both parameters) was found. These
ethanol-induced effects were also inhibited by addition of Ca2

•

chelators to isolated gastric mucosa samples. Lanthanum, a
Ca2 • channel blocker, inhibited ethanol-promoted increase of
oxidative metabolism. In addition, a stimulated Ca2

• uptake by
mucosal minces and increased in vivo Ca2

• levels in cytosolic
and mitochondrial fractions, were also noticed. Enhanced glu-
cose and oxygen consumptions were associated with higher
ATP and NADP+ availability, whereas cytosolic NAD/NADH ratio
(assessed by mucosal levels of lactate and pyruvate) was not
significantly modified by the chronic ethanol administration. In
conclusion, changes in Ca2

• homeostasis, probably mainly due
to Increased extracellular Ca" uptake, could mediate secretory
and metabolic alterations found in the gastric mucosa from rats
chronically treated with ethanol. ExpBioi Moo 228:315-324,2003
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W e have developed a model in which prolonged
ethanol administration elicits a histological pro-
file of chronic gastric injury that is characterized

by evident biochemical disturbances on plasma membrane
functions. Such alterations include lower membrane fluid-
ity, diminished activities of some membrane-associated en-
zymes, and decreased density of H2-histaminergic receptors
in isolated plasma membranes from gastric mucosa of rats
chronically treated with ethanol (I, 2). In addition, lipid
peroxidation has been implicated in both the already-
mentioned alterations in plasma membranes, as well as in
the in the compensatory mucosal proliferation triggered af-
ter ethanol withdrawal (2). Nonetheless, we have not fully
clarified the underlying mechanisms involved in the etha-
nol-induced chronic damage in the rat gastric mucosa.

Ethanol has been considered to induce a number of
changes in the gastric mucosa that seem to explain, at least
in part. the mechanism of action of this agent. They include
reduced gastric blood flow (3), disruption of the so-called
gastric mucosal barrier (4, 5), accompanied by bicarbonate
leakage (6), as well as metabolic alterations deeply linked to
the acid secretory activity in the damaged gastric mucosa
(7-10).

Gastric acid hypersecretion is an aggressive factor in-
volved in the pathogenesis of some gastric and duodenal
disorders (II), and acid secretion has been proven to be
dependent on mucosal oxidative metabolism, which pro-
vides ATP for driving W-K+-ATPase activity (12-14). In
addition. Ca2+ is an intracellular messenger that participates
in the coupling of stimulus-secretion in the normal mam-
malian gastric mucosa (15-17). The ion also mediates the
regulation of some metabolic pathways in the gastric mu-
cosa, such as increased glycogen breakdown induced by
theophylline in amphibians (18. 19). as well as the cholin-
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ergic activation of carbohydrate oxidation by rabbit gastric
glands (20). Then, because intracellular levels of Caz+ seem
to be implicated in the preservation of gastric mucosal in-
tegrity (21), disturbances of Caz+ homeostasis have been
claimed to be a mechanism underlying gastric injury in-
duced by several agents (22, 23).

Increased Caz+ levels have been also involved in etha-
nol-induced acute gastric mucosal injury (24-26); however,
the relationship between Caz+ and ethanol-induced gastric
damage has not been well established. Hence, the connec-
tion among ethanol-induced changes on gastric acid secre-
tion, oxidative metabolism and intracellular Caz+ mobiliza-
tion is unknown.

Therefore, the present study was aimed to evaluate
whether alterations on acid secretion and oxidative metabo-
lism are involved in the pathogenesis of ethanol-induced
chronic injury in rat gastric mucosa. Moreover, the possible
role of intracellular changes on Caz+ homeostasis was also
assessed as a major factor inducing gastric mucosal damage.

Materials and Methods
Chemicals. D-[U.14C] Glucose (sp. act. 260 mCi/

mmol), D-[ 1_14C] Glucose (sp. act. 260 mCi/mmo\), glu-
cose (sp. act. 55 mCi/mmol), and D_[6_ 14C] glucose (sp. act.
56 mCi/mmol) were purchased from Amersham Co. (Ar-
lington Heights, IL). Aminopyrine [dimethylamine-l''C]
(sp. act. 100 mCi/mmo\), [U_14C] sucrose (sp. act. 600 mCi/
mmo\), and 45CaZ+ were obtained from New England
Nuclear Life Science Products, Inc. (Boston, MA). BAPTA-
AM was obtained from Molecular Probes (Eugene, OR) and
omeprazole (Losec®) from Astra Chemicals, S.A.
(Mexico). Enzymes, coenzymes, EGTA and other reagents
were purchased from Sigma Chemical Co. (St. Louis, MO).

Animal Model. The model of ethanol-induced sub-
chronic gastric mucosal damage in male Wistar rats (230-
270 g of body weight), has been reported in detail (I).
Briefly, overnight fasted animals with free access to water
received I ml of saline solution (control group), or I ml of
50% ethanol (gastritis group) by intragastric gavage, fol-
lowed by free access to water (controls) or 5% ethanol in
water (gastritis group). The treatment was continued for 5
days, and at the fifth day ethanol was withdrawn. After an
overnight fast, animals were killed 2 to 3 hr after ethanol
withdrawal under general anesthesia with sodium pentobar-
bital (40 mglkg body weight). All procedures were con-
ducted in accordance to our Institutional Guide for Animal
Experimentation (National University of Mexico).

Isolationof GastricMucosa. Gastric mucosa from
rats was isolated as previously reported (27). Briefly, rat
stomachs were removed and cut open along the lesser cur-
vature. The glandular area was dissected and cut to obtain
minces or slices, which were rinsed three times and sus-
pended in a medium containing (in mrnol/l): 10 TES, 133
NaCI,5 KCI, I MgS04, I cscr; I NazHP04, and 10 glu-
cose, unless any change was indicated.

Glucose Oxidation. The rate of glucose oxidation
through pentose phosphate and glycolytic acid citric cycle
pathways, were estimated comparatively by measuring the
production of 14COZ from [1_14C], [6.14C], or [U_14C] glu-
coses as previously described, with minor changes (27):
TES buffer-suspended minces of gastric mucosa were incu-
bated in the presence of 0.4 to 0.8 J.LCi of 14C-radiolabeled
glucose in a final volume of 2 ml at 37°C, during 90 min.
Thereafter, the 14COZ was trapped in 0.2 ml of 100 mmol/l
hyamine, placed in a central wall of the flask. Then, hy-
amine was transferred to a vial containing scintillation liq-
uid and counted. Appropriate controls were run simulta-
neously. All the experiments were performed in duplicate
and the rate of glucose oxidation is expressed as nmol per
hour per milligram of protein.

Aminopyrine Accumulation. Accumulated amino-
pyrine in minces of gastric mucosa was measured as previ-
ously described by Chacfn et al. (12), with minor modifi-
cations. Minces of gastric mucosa (6-8 mg dry weight) were
gassed (95% Oz-5% COz) during 2 min and incubated at
37°C during I hr in TES solution containing 0.1 u.Ci/ml
[14C]-arninopyrine. Then, the pellets were obtained by cen-
trifugation and immediately transferred to counting vials,
weighed, and dried overnight at 80°C. The dried pellets
were weighed, solubilized in 1 ml of 1N NaOH during 24
hr, neutralized and added to scintillation liquid, and counted
for radioactivity. Intraglandular water content was deter-
mined in minces of gastric mucosa from both controls and
ethanol-treated animals using [14C]-sucrose as a marker for
the extraglandular space, as previously described (12). Wet
and dry weights were determined to calculate total water,
and the extraglandular space was calculated from [14C]_
sucrose content of the tissue. The ratio of aminopyrine in
intraglandular/extraglandular water was calculated and
taken as an indicator of an intraglandular region relatively
low pH (12). When BAPTA-AM was used, all the flasks
were pre-incubated during 15 min in the absence of amino-
pyrine before allowing the incorporation of this reagent to
the cell.

Ca2
+ Uptake and Effluxby Isolated Gastric Mu-

cosa. 45CaZ+ uptake was performed as described previ-
ously (18), with some changes. Minces of gastric mucosa
were incubated in the TES solution containing 0.2 J.LCi/ml
45CaCI2 for different periods at 37°C. After incubation, the
flasks content was immediately transferred to tubes contain-
ing I mmolll LaCI3 (in the absence of Ca2+) and centrifuged
again. The pellet was resuspended in TES solution contain-
ing I mmolll EGTA and spun as indicated. The final pellets
were dried overnight, weighed, solubilized in I ml of I N
NaOH, neutralized, and counted. Uptake was calculated in
terms of nmol of 45Ca2+ per milligram protein on the basis
of specific activity determinations. 45CaZ+ efflux was also
measured (18). Weighed slices of rat gastric mucosa were
rinsed in TES solution (without Ca2+) and incubated in the
presence of 1.8 mM CaCI2 containing 0.2J.LCi/ml 45CaC12.
After incubating at 37°C for 2 hr, the tissue was gently
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blotted on filter paper and transferred to the flasks contain-
ing 2 ml of Ca2+-free TES solution. Mucosal slices were
subsequently transferred to other flasks in series at different
intervals to complete 90 min. Incubation was carried out at
37°C with shaking and oxygenation (95% °2-5% CO2),
After washing, mucosa was digested, neutralized, and
counted as described above. Each individual wash solution
was dried at 80°C for 2 hr and the dried powder (dissolved
in water) was counted for radioactivity. The total tissue
radioactivity at the end of experiment was the sum of the
total counts in each wash plus the digested tissue. Results
are expressed as a percentage of total 45Ca2+ incorporated.

Morphological Analysis by Electron Micros-
copy. Samples of gastric mucosa, isolated as described
before, were fixed in a buffered solution containing 2.5%
glutaraldehyde (pH 7.4). The tissues were then processed
and analyzed according to Berglindh et at. (28). In a sample
of 50 parietal cells, the nonsecreting and secreting cells
were identified in accordance to their morphological char-
acteristics as previously defined (28). The percentage of
cellular area occupied by the intracellular canaliculus or
lacunar structures was also determined and compared in
both nonsecreting and stimulated parietal cells.

Quantification of Ca2+ In Subcellular Frac-
tions. Gastric mucosa from controls and ethanol-treated
animals were totally excised and homogenized in a buffer
containing 0.25 moVI sucrose and 10 mmoVI HEPES/KOH
(pH 7.4). Subcellular fractions were obtained according to
protocols described elsewhere (I. 2, 29). For total Ca2+

measurement, both mitochondrial and cytosolic fractions
were deproteinized by adding HCI04 (6-7% w/v final con-
centration) and centrifuged in the presence of 1% LaCI) and
kept frozen until use. Ca2+ content from the deproteinized
fractions was measured by atomic absorption flame pho-
tometry according to Dfaz-Mufioz et at. (30).

Oxygen Consumption by Gastric Mucosa
Minces. Minces of gastric mucosa (6-8 mg dry weight)
contained in a 3 ml volume of TES solution were incubated
at 25°C in the presence of 10 mmoVI glucose as substrate.
The mixture was placed in a chamber equipped with a
Clark-type oxygen electrode (Yellow Spring Instruments),
and respiration was recorded polarographically for 10-15
min. Experiments with lanthanum were performed incubat-

ing gastric mucosa minces in the presence of 1 mmoVI
LaCI3, before the polarographic register. Oxygen uptake is
expressed a nAtO/min/mg of tissue protein.

Analytical Procedures. Cytosolic activity of glu-
cose 6-phosphate dehydrogenase (EC 1.1.1.49) was deter-
mined according to the method of Lorh and Waller (31).
Succinate dehydrogenase (EC 1.2.1.16) was measured in
the mitochondrial fraction, by the technique reported by
King (32). In both, whole homogenate of gastric mucosa
and isolated mitochondria, the activity of cytochrome oxi-
dase (EC 1.9.3.1) was quantified according the method of
Rafael (33). In neutralized acid extracts obtained from gas-
tric mucosa, levels of ATP, ADP, lactate, and pyruvate were
determined by the methods described elsewhere (34). The
free pool of NADP+ was also spectrophotometrically deter-
mined in these extracts, coupled to the reaction of the malic
enzyme, as a modification of the technique described by
Wise and Ball (35).

Calculations and Statistics. Mitochondrial recov-
ery and the amount of protein per gram of gastric mucosa
were calculated using the activity of cytochrome oxidase, as
a marker enzyme, as previously described (36). All results
are expressed as mean ± SE. The significance of the differ-
ences among groups was assessed by two-way ANOVA
and, in the case of significance by ad hoc Newman-Keul's
test.

Results
Changes in Mucosal Glucose Oxidation In-

duced by Chronic Treatment with Ethanol. Fulfill-
ment of the metabolic requirements of the acid-secreting
parietal cell under physiological circumstances requires a
combination of substrates, but glucose seems to be the most
effective in rats (13). Total glucose oxidation by isolated
gastric mucosal minces, as assessed by 14C02 production
from U.14C-glucose, showed an apparent Km of 1.3 ± 0.3
mM for glucose, as well as an apparent Vmax of 11.1 ± 0.5
nmol of oxidized glucose-h' l-mg" of protein, in control
gastric mucosa. From these data, we used 10 mmoVI glu-
cose as fixed substrate concentration for further incubations
of gastric mucosal samples in the presence of radiolabeled
glucose in different carbons (Table I). In animals subjected
to chronic mucosal injury, glucose oxidation was doubled as

Table I. Oxidation of [1_14C]_, [6_14C]_, and [U_14C]-Glucose by the Gastric Mucosa from Ethanol-Treated Rats

Glucose isotope oxidation

Treatment (nmols·h-1·mg tissue proteirr ')

[1_ 1 4 C] n [6·14 C] n [U-14 C] n

Control 9.9 ± 1.2 16 6.2 ± 0.7 8 8.9 ±0.6 11
Ethanol (gastritis) 20.6 ±2.0B 13 12.9 ± 1.7B 8 18.8 ± 2.1 B 9
Control + omeprazole 7.3 ± 0.38 4
Ethanol + omeprazole 12.0 ± 0.6b 4

Minces of gastric mucosa isolated from controls and ethanol-treated rats were incubated with 10 mmoVl glucose containing 0.4 to 0.8 IJCi of
1 4C-radiolabeled glucose in different carbons. The incubation was performed at 37°C for 90 min. Controls corresponded to rats treated with
saline. Results are expressed as mean :t SE of n individual preparations. Statistics: lip < 0.05 vs controls: bp < 0.05 vs the ethanol group
(gastritis) .
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Figure 1. Effects of subchronic ethanol treatment on the aminopy-
rine accumulation (aminopyrine ratio). Minces of gastric mucosa
from both controls and ethanol-treated rats were incubated in pres-
ence or in absence of histamine (10-4 M), carbachol (10-4 M), cirnet-
idine (10-3 M), or BAPTA·AM (50 ~M). The BAPTA-AM vehicle
(DMSO) was added to control flasks (20 ~I). For calculations, a mean
value of 2.4 ± 0.4 (controls) and 2.6 ± 0.4 ~Vmg dry wt (ethanol) was
found for the intraglandular water. Values are means ± SE of 4-8
experiments. Control value: 0.92 ± 0.11 (100%). Statistics: (a) P <
0.05 vs control group (saline): (b) P < 0.05 vs ethanol group.

intracytoplasmic membranes termed the vesicle tubular sys-
tem (Fig. 2A). This morphological pattern represented the
69 ± 5% of the total population of oxyntic cells in control
samples. When parietal cells were examined in mucosal
samples from animals undergoing gastritis, it was observed
that the vesicle tubules decreased in number and increased
in volume, taking a vacuolar shape, whereas microvillus
appeared on their secretory surface. Therefore, the apparent
loss in surface area of the vesicletubular system seems to be
compensated for by newly created microvillus (Fig. 2B).
The last findings has been described before as a result of
stimulating normal parietal cells with secretagogues (28);
therefore, the increased number of vacuoles can be consid-
ered as expanded acid secretory canaliculus, which were
present in the 50 ± 5% of parietal cells from ethanol-treated
rats (Fig. 2B). Moreover, when comparing the percentage of
cell surface occupied by the secretory canaliculus in oxyntic
cells from both experimental groups, differences were quite
evident. Few vacuoles were recorded in nonsecreting cells
(i.e., controls animals) accounting for by 3.1 ± 0.2% of the
total area. However, in stimulated oxyntic cells predomi-
nantly in the gastritis group, the vacuolar distribution rep-
resented up to 21 ± 2% of the total area calculated for the
parietal cells.

Role of Ca2+ in Ethanol-Induced Metabolic and
Secretory Changes. Both the inhibitory effect of
BAPTA-AM and the absence of carbachol stimulation on

compared with controls. The increased oxidation of the dif-
ferent glucose radioisotopes was of a similar magnitude in
gastric samples from animals undergoing gastritis, suggest-
ing that the enhanced capacity of chronically injured gastric
mucosa for metabolizing glucose was not associated to
changes in the relative contribution of each metabolic path-
way (i.e., glycolysis, citric acid cycle or pentose phosphate
shunt; Table I) Based on data taken from Table I, the pro-
duction of 14COZ as a function of the ratio I_14C/6_14C of
glucose was of 1.6, indicating that rat gastric mucosa truly
possesses an active pentose phosphate pathway activity for
glucose oxidation, which agrees with metabolic consider-
ations previously reported (27). The presence of an active
pentose phosphate shunt in the rat gastric mucosa was ad-
ditionally corroborated by measuring of glucose-6-
phosphate dehydrogenase activity in cytosolic fractions of
gastric mucosa: 333.0 ± 66.8 (ethanol group) vs 336.4 ±
47.6 nmol NADPWminlmg of protein (control group). To
evaluate the proportion of glucose oxidation directly linked
to the acid secretory activity of the gastric mucosa, the
H+-K+-ATPase inhibitor, omeprazole, was added in vitro to
the incubation medium. As shown in Table I, omeprazole
inhibited glucose consumption in both, mucosal samples
from control and animals subjected to gastritis. However,
the percentage of inhibition of glucose oxidation induced by
omeprazole was of higher magnitude in mucosal samples of
rats treated chronically with ethanol (36 ± 4 vs 18 ± 3% in
controls; P < 0.01). These data suggest that a significant
fraction of glucose oxidative metabolism is coupled to the
activity of the H+-K+-ATPase.

Effect of Chronic Ethanol Treatment on the Se-
cretory Acid Status in Gastric Mucosa. The accumu-
lation of 14C-aminopyrine was evaluated in mucosal
samples obtained from our experimental groups, as a pa-
rameter indicative of the acid secretory function of the pa-
rietal cells. Basal aminopyrine accumulation (nonstimulated
by secretagogues) was almost doubled in preparations ob-
tained from ethanol-treated rats when compared to controls
(Fig. I). In control mucosal samples, either histamine or
carbachol (gastric secretagogue which acts via Caz+) were
able to stimulate acid secretion; however, both secreta-
gogues failed to elicit an additional stimulation of acid se-
cretion in rats subjected to gastritis (Fig. I). The histamin-
ergic Hz-receptor antagonist, cimetidine, had no effect in
the basal aminopyrine accumulation in either, control or
injured mucosal preparations. The BAPTA-AM, a chelator
of intracellular Caz+, did lower the stimulated acid secretion
recorded in mucosal samples from ethanol-treated rats
(Fig. I).

The results obtained from in vitro measurements of the
acid secretory activity in gastric mucosa samples might be
correlated with the morphologic changes of the parietal
cells, induced in vivo by chronic ethanol administration.
Figure 2A (control animals) shows a rat parietal cell, which
has a characteristic conical shape with numerous mitochon-
dria. Also there is a complex network of smooth-surface
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Figure 2. Electron micrographs of parietal cells. The pictures are representative of at least three stomachs per group. (A) control animal. (B)
Ethanol-treated animal. Pieces of gastric mucosa freshly isolated were immediately placed in a cooled solution of 2.5% glutaraldehydeIn 100
mM of phosphate buffer, pH 7.4, and processed for transmission electron microscopy. VI, vesicletubular system; ic. Intracellular canaliculus
and microvillus; m, mitochondria. Magnification x4000.

the aminopyrine accumulation were detected in the gastric
mucosa from ethanol-treated rats (Fig. I). Such effects led
us to examine the possible role of Ca2

+ in the regulation of
carbohydrate metabolism in normal and injured gastric mu-
cosa. For this. agents capable of modifying cell Ca2

+ ho-
meostasis were used in vitro. Using EGTA to sequester
extracellular Ca2

+ . glucose oxidation was reduced as com-
pared with the basal glucose utilization by preparations
from control animals. Addition of HAPTA-AM to the incu-
bation medium with EGTA, elicited an even stronger in-
hibitory effect on glucose oxidation (Fig. 3). In rats sub-
jected to gastritis. EGTA significantly reduced the ethanol-
induced stimulation of mucosal glucose oxidation. while the
incubation in presence of both Ca2

+ chelators, completely
abolished the chronic effect of ethanol (Fig. 3). The mus-
carinic agonist carbachol. stimulated the glucose oxidation
in control animals, but this agent did not modify the glucose
catabolism in the ethanol-treated rats (Fig. 3). Mucosal glu-
cose oxidation in the presence of I mmolll LaCI3 was in-
hibited in a similar extent. either in samples obtained from
control or from animals subjected to gastritis (Table 11).

These data strengthen the dependence of gastric mucosa
oxidation of glucose and the extracellular calcium. indeed
supporting to that found in the experiments using EGTA
(Fig. 3).

To get a better understanding of the putative effect of
chronic ethanol on Ca l

+ dynamics. uptake and efflux of

45C 2+ d . d i I If'a were eterrmne m mucosa samp es 0 our expen-
mental groups (Fig. 4). Mucosal Ca2+ uptake was progres-
sively increased and saturated at 30 min of incubation. De-
spite a quite similar profile of Ca2+ uptake was found in
gastric mucosa isolated from both control and rats under-
going gastritis. it was clear that injured gastric mucosa in-
corporated more radioactive Ca2+ than the normal one (Fig.
4A). On the contrary. Ca2

+ release was similar in mucosal
samples obtained from both experimental conditions (Fig.
48). These results are in agreement with those obtained by
measuring total Ca l

+ in subcellular fractions (Table Ill). In
both subcellular fractions. cytosol and mitochondria, there
was an enhanced Ca2

+ accumulation in mucosal samples
from ethanol-treated rats (Table Ill).

Oxygen Consumption and Production of ATP
and Lactate In Gastric Mucosa from Control and
Ethanol-Treated Animals. Despite that calculated
amount of mitochondrial protein per gram of gastric mucosa
(36) was lower in animals undergoing gastritis (32.4 vs 44.5
mg of mitochondrial protein/g of mucosa. in controls: P <
0.0 I), samples of damaged mucosa had high oxygen con-
sumption (Table 11). This could be explained by increased
activities of mitochondrial enzymes. such as that of succi-
nate dehydrogenase. which was enhanced in animals sub-
jected to gastritis (11.1 ± 0.8. against 7.4 ± 1.0 nmol-min'"
-mg" of mitochondrial protein. in controls: P < 0.02). In-
terestingly. oxygen uptake by gastric mucosal slices was
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Figure 3. Effects of carbachol and Ca2 + quelators on the rate of
glucose oxidation. Minces of gastric mucosa from controls and etha-
nol-treated animals, were incubated with 10 mM glucose plus 0.4 ~Ci

[u- 14Cj-glucose, in absence or presence of carbachol 10-4 M, EGTA
1 mM, or EGTA + BAPTA-AM 50 ~M. CaCI2 was omitted from TES
solution in experiments with EGTA or EGTA + BAPTA-AM. Control
value: 10.4 ± 1.8 nmol of glucose oxidized·h-1·mg-1 of protein. Re-
sults are mean ± SE of 4-10 experiments. Statistics: (a) P < 0.05 vs
controls (saline); (b) P < 0.05 vs EGTA; (c) P < 0.05 vs ethanol-
treated animals; (d) P < 0.05 vs EGTA in ethanol-treated animals.

largely modified by addition of lanthanum or omeprazole.
Pre-incubation with I mmolll LaCI) inhibited oxygen con-
sumption by control mucosa samples (up to 55%); the in-
hibiting effect of lanthanum in the stimulated oxygen uptake
by slices of damaged gastric mucosa was even bigger (72%;
Table II). Coinciding with its effect on glucose oxidation by
mucosal preparations (Table I), addition of omeprazole led
to an inhibition of 39.5% and of 51.3% in the rate of gastric
mucosal oxygen consumption by control and ethanol-
treated rats, respectively.

Although animals treated chronically with ethanol
showed lower mitochondrial content in the gastric mucosa,
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these preparations produced more ATP than controls after
incubation with glucose (Table IV). Because gastric muco-
sal ADP content was not significantly modified in either,
control and ethanol-treated animals, total adenine nueleo-
tides were augmented in gastric mucosa at the onset of
gastritis. Despite increased oxidation of glucose was noted
in mucosal samples of animals with gastritis, no significant
changes were found in the level of lactate and on the lactate/
pyruvate ratio (Table IV). Because glucose flux through the
pentose phosphate pathway was increased in gastric mucosa
of ethanol-treated rats, in the absence of changes in glucose-
6-phosphate dehydrogenase, the content of NADP+ was
measured. As expected, mucosal samples from rats under-
going gastritis showed a significant higher NADP+ level
than in controls (Table IV); therefore, enhanced activity of
pentose phosphate shunt in the damaged mucosa could be
caused by, at least in part, to the increased mucosal NADP+
availability.

Discussion

The present study was aimed to discern whether
changes in oxidative metabolism and acid secretory activity,
are participating in the mechanisms of gastric mucosal in-
jury induced by in vivo chronic treatment with ethanol. Ad-
ditionally, the role of Ca2

+ homeostasis as a mediator of
those changes was also investigated. Our data strongly sug-
gest that chronic gastric mucosal injury in vivo occurs with
changes in Ca2+ mobilization, disturbing its homeostasis.
These events exert a profound influence in the oxidative
catabolism of carbohydrates and the energy supply for the
stimulated acid secretion by parietal cells after mucosal in-
jury induced by chronic ethanol treatment.

Glucose has been considered as the main oxidative sub-
strate for rat gastric mucosa, in function of its efficiency in
supporting the acid secretory activity (13, 27). In the present
study, kinetics of glucose by gastric mucosa from control
animals were very similar to those reported in other species
(14, 18). Total glucose oxidation corresponding to the dif-
ferent glucose oxidative pathways (glycolysis, pentose
phosphate shunt, citric acid cycle), was significantly stimu-
lated in gastric mucosa from animals subjected to gastritis
(Table I). It should be noted that present experiments were
conducted in the absence of ethanol because ethanol and its

Table II. Effects of 1 mM LaCI3 on the Rate of Oxygen Uptake and Glucose Oxidation in the Ethanol-Treated
Rat Gastric Mucosa

Treatment

Control

Ethanol

Addition

None
Lanthanum
None
Lanthanum

O2 uptake
nAT02·min-

1·mg tlssue"

47.3 ± 4.0
21.5 ± 1.8"
75.2 ± 8.4
21.1 ± 3.0·

Rate of 6- ' 4C-glucose oxidation
nrnots-hr l-rnq tissue protelrr"

6.11 ± 0.6
4.17 ± 0.4"
11.6 ± 1.1

7.5 ± O.g"

Aliquots of gastric mucosa samples were incubated for 90 min at3rC in the presence of 10 mmoVl glucose containing 0.5 ~Ci of 6- ' 4C-glucose
to assess the rate of glucose oxidation. Other aliquots from the same samples were assayed lor oxygen consumption, as described in the
Materials and Methods section. "P < 0.05 vs control.
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Table III. Content of Total Ca2
+ Determined by

Atomic Absorption Spectrometry in the Cytosolic and
Mitochondrial Fractions from the Rat Gastric Mucosa

Both cytosolic and mitochondrial fractions were isolated from ho-
mogenates of gastric mucosa, deproteinized by 6% HCL04 , and
centrifuged in presence of 1% LaCI3 • Ca2

+ total content was mea-
sured by atomic absorption flame photometry. Results are mean ±
SE of three determinations from pooled gastric mucosa."P < 0.05 vs
controls.

Total calcium content
(nmol Ca2+'mg tissue protein-1

)

1.86 ± 0.15
2.85 ± 0.31*

MitochondriaCytosol

0.49 ± 0.03
0.65 ± 0.05*

Treatment

Control
Ethanol (gastritis)

~Control (saline)
~Ethanol
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tected glucose-o-phosphate dehydrogenase activity, this fur-
ther support that a fraction of glucose oxidation is derived to
the pentose phosphate shunt in the rat gastric mucosa. In-
deed, chronic ethanol treatment substantially increased glu-
cose flux through this metabolic pathway in the injured
mucosa, effect seemed to be due an increased availability of
NADP+ (Tables I and IV). A similar stimulation of the
pentose phosphate shunt has been observed during early
stages of liver fibrosis induced by carbon tetrachloride (38).
Here, we have suggested that increased pentose phosphate
shunt activity could participate in the replenishment of re-
duced glutathione and probably in the synthesis of deoxy-
ribonucleotides, stimulating cell replication (38). In this
context, we have observed a normalization of the mucosal
glutathione level and increased DNA synthesis, during the
early recovery period after ethanol withdrawal in the ex-
perimental present model (2). Hence, both processes requir-
ing NADPH (DNA synthesis and glutathione replenish-
ment) would favor the oxidative flux of glucose through
pentose phosphate shunt.

Increased glucose oxidation can be associated to an
enhanced demand of metabolic energy for the by H+-K+-
ATPase activity, leading to an acid hypersecretory state in
the injured gastric mucosa. The inhibitory effects of
omeprazole on the glucose oxidation in the gastric mucosa
of ethanol-treated rats (Table I), and on oxygen consump-
tion, strongly suggest a coupling between metabolic and
secretory activities in this model of mucosal injury (Figs. I
and 2). A similar dependence between secretory and meta-
bolic effects has been reported before in the normal gastric
mucosa (12-14, 39). Aminopyrine accumulation seemed to
be a good indirect index of the acid secretion in the rat
gastric mucosa. Chronic ethanol treatment in vivo induced a
significant increase on the acid secretory activity, as as-
sessed by aminopyrine accumulation and electron micros-
copy data (Figs. I and 2). Therefore, these data show that
chronic ethanol treatment also occurs with a mucosal hy-
persecretory state, which resembles the stimulatory action
of ethanol on this parameter, found after its acute exposure
(5.8-10.40). In addition, ethanol seemed to directly stimu-
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Figure 4. Effects of ethanol on 45Ca2 +-influx (A) and -efflux (B) by
the gastric mucosa of rats. Experiments were performed as de-
scribed in Materials and Methods section. Results are means ± SE
of four experiments. Values in ethanol-treated group are statistically
significant vs the corresponding point in the control group.

metabolites were practically undetectable at the moment of
animal's death ( I). Then, changes on glucose oxidative me-
tabolism, found in this model, were a consequence of the
chronic mucosal injury, instead due to ethanol oxidation
during in vitro incubations. In agreement with this statement
is the finding of a very low capacity of rat gastric mucosa to
oxidize ethanol, at concentrations below 150 mmol/l (37).

Our data, using radiolabeled glucose in different car-
bons. clearly showed that an active pentose phosphate shunt
is present in the rat gastric mucosa (Table I). This agrees
qualitatively with the effect reported by Seroka and Harris
(27), despite the magnitude of glucose oxidation was lower
than the effect described by these authors. Because we de-
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Table IV. Effect of Ethanol in Vivo Administration on the Tissue Level of Lactate, Pyruvate, ATP, ADP, and
NADP+ in Incubated Slices of Rat Gastric Mucosa

Treatment
Lactate

Total tissue content (prnols-q wet weighC')

Pyruvate ATP ADP

None (control)
Ethanol (gastritis)

2.1 ±0.2
2.4 ±0.2

0.16 ± 0.02
0.17 ± 0.01

2.4 ± 0.2
3.4 ± 0.3*

1.6 ± 0.2
1.9 ± 0.2

0.015 ± 0.001
0.027 ± 0.002*

Slices of gastric mucosa isolated from both control and ethanol treated rats were incubated for 90 min (at 37°C), in the presence of 10 mmoll1
glucose (pH 7.4). Immediately after incubation, slices were immediately deproteinized with 6% HCI04 • Extracts were further neutralized, and
the content of lactate, pyruvate, ATP, ADP, and NADp· were determined as described in Materials and Methods. Results are mean ± SE of
five individual experiments. Statistics as indicated in the Table II.

late the functional expression of gastric H+-K+-ATPase
(41).

The close relationship among glucose oxidation. ATP
generation, and acid secretory activity found in the normal
and ethanol-injured mucosa seems to be regulated by
changes in intracellular levels of Ca2+ as a possible physi-
ological mediator. Although Ca2+ has been claimed to be a
mediator triggering cell death (42), changes in Ca2+ homeo-
stasis are also involved in the compensatory cell prolifera-
tion that follows partial hepatectomy in rats (30). In the
normal gastric mucosa, the physiological role of Ca 2+ in the
regulation of metabolic and secretory processes has been
established (15-17. 19, 20). However. the role of Ca2

+ dur-
ing generation of gastric mucosal injury has not been fully
clarified, since information is lacking on in vivo effects of
this cation on gastric mucosa.

The metabolic inhibition induced by absence of Ca2
+

(+EGTA). or by the presence of lanthanum in the incubation
medium. clearly indicates that extracellular Ca2+ partici-
pates in the regulation of oxidative metabolism in gastric
mucosa. Indeed, the stimulation of glucose oxidation in
ethanol-injured rat gastric mucosa was particularly sensitive
to the blockade of Ca2+ entry to mucosal cells. However. the
addition of the intracellular Ca2+ chelator. BAPTA-AM,
induced an extra inhibition of the glucose oxidation. sug-
gesting that Ca2+ mobilization from internal stores also me-
diates the metabolic ethanol effect (Fig. 3). Despite carba-
chol did not induce additive stimulation of glucose oxida-
tion and aminopyrine accumulation in mucosa from
ethanol-treated rats. it did stimulate glucose oxidation in
control animals (Figs. I and 3). LaCI3 was a stronger in-
hibitor of calcium-induced effects on energy metabolism in
the chronically ethanol-injured mucosa, as compared with
control rats (Table II). These data indicate that a significant
fraction of glucose oxidation depends on Ca 2+ mobilization.
from both extracellular medium and internal stores. being
this dependence stronger in gastric mucosa from rats sub-
jected to gastritis. Similar results have been reported in
guinea pig parietal cells treated with ethanol in vitro. where
carbachol also failed in stimulating the acid secretion. This
has been attributed. at least in part. to high levels of intra-
cellular Ca2+ and activation of protein kinase C. presumably
induced by ethanol oxidation (43). The above results
strongly suggest that ethanol-induced chronic mucosal dam-

age could be associated to disturbances on Ca2+ homeosta-
sis. characterized by increased levels of intracellular Ca2+ in
the rat gastric mucosa.

Confirming the aforementioned. we have the following
findings in ethanol-injured gastric mucosa: I) in both cyto-
solie and mitochondrial fractions, total calcium content is
increased (Table 11), 2) mucosal minces incorporated more
actively the added external Ca2

+ (Fig. 4). This ion acts as a
regulator in of some mitochondrial enzyme activities in the
rabbit gastric mucosa. influencing the metabolism of carbo-
hydrates and its derivatives (20). Indeed, levels of total mi-
tochondrial Ca2

+ reported herein correspond to those pro-
posed as capable of affecting mitochondrial dehydrogenase
activities in other tissues (44). Linked to the above men-
tioned. Ca2+ also seems to mediate the mechanism of se-
cretory stimulation by of Hy-receptor agonists in the parietal
cell (17. 45). Hence. high levels of intracellular Ca2+ in-
duced by chronic treatment with ethanol could promote en-
hanced activity of mitochondrial enzymes. such as succinate
dehydrogenase. The latter might explain the enhanced oxi-
dative metabolism of the injured mucosa. even thought that
mitochondrial protein was found reduced in gastric mucosa
from animals with gastritis.

Controversy exists regarding the participation of Ca2+

in the pathogenesis of gastric mucosal lesions induced in
vitro and in vivo by acute ethanol exposure. Ethanol treat-
ment increases intracellular Ca2+ concentration, leading to a
gastric mucosal lesion (26). In vitro. external Ca2+ exacer-
bates ethanol-induced damage in gastric mucosal samples
(46), and Ca2+ channel blockers exert protection for gastric
mucosa against the deleterious effect of ethanol (26,47.48).
In contrast. it has also been reported that Ca2

+ could dimin-
ish the extent of ethanol-induced gastric injury (49). and that
veraparnil, a Ca2+ channel antagonist. indeed worsened the
ethanol-induced gastric mucosal damage (24). Despite the
fact that nature of this discrepancy is still unknown. this
could be related, at least in part. to the different experimen-
tal models used (in vivo vs in vitro). ethanol and Ca2+ con-
centrations. time of exposure. and rate of ethanol metabo-
lism. among others. The present work shows that Ca2

+ in-
tracellular levels could mediate metabolic and secretory
effects. which were more evident in gastric mucosa isolated
from animals subjected to gastritis.

Ethanol effects have been reported in gastric mucosa
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metabolism. Acute treatment with ethanol produces a sig-
nificant decrease in ATP content (50), accompanied of el-
evated lactate/pyruvate ratio in the gastric mucosa (10). In
addition, ethanol can also decrease glucose oxidation by the
gastric mucosa, mainly through inhibition of the pentose
phosphate pathway (51). Indeed, it has been proposed that
topical ethanol exposure alters oxidative phosphorylation,
coincident with its damaging effect on gastric mucosa, most
likely via perturbations in tissue blood flow (52). Because
we did not find the above-described effects of ethanol in this
present model of chronic mucosal injury, we could rule out
the participation of acute ethanol effects. Therefore, the
changes in oxidative metabolism, acid secretion and in in-
tracellular Ca2+ content, seemed to be characteristic in rat
gastric mucosa during progression of a chronic mucosal
damage induced by ethanol treatment.

In conclusion, for the first time we have demonstrated
that changes in Ca2+ mobilization leading to a disturbed
Ca2+ homeostasis occur in a model of chronic gastric mu-
cosal injury in vivo after ethanol withdrawal. These events
can be related to metabolic adjustment to maintain the oxi-
dative catabolism of carbohydrates and the energy supply
for the acid secretion stimulated in the parietal cells. How-
ever, it is also possible that Ca2

+ could mediate preparative
changes that are driving the cell proliferative response that
follows to discontinuation of ethanol in this model (2). In a
similar context, changes of intracellular Ca2

+ participate in
the metabolic adjustment (energy and redox potentials) that
occurs at the onset of liver regeneration induced by partial
hepatectomy in rats (30, 34).

We thank Susana Vidrio for her expert technical assistance and M.S.
Pilar FernAndez-Lomelin for the determinations of calcium content by
Atomic Absorption Spectrometry.
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