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AbstractAbstractAbstractAbstractAbstract

AIM: To assess the effects of ulcerogenic agents on actin
cytoskeleton and cell motility and the contribution of
oxidative stress.

METHODS: Rat gastric mucosal cell monolayers were
cultured on coverslips. The cells were exposed, with
or without allopurinol (2 mmol/L), for 15 min to ethanol
(10-150 mL/L), ASA (1-20 mmol/L) or taurocholate
(1-20 mmol/L), then the cells were processed for actin
and vinculin staining. Cell migration after wounding was
also measured.

RESULTS: Exposure to 10 mL/L ethanol caused divergence
of zonula adherens-associated actin bundles of adjacent
cells and decreased rate of migration. These actions were
opposed by xanthine oxidase inhibitor allopurinol. Exposure
to 50 mL/L ethanol induced degradation and divergence
of zonula adherens-associated vinculin from adjacent cells,
which was, again, partially reverted by allopurinol. With
1 mmol/L ASA actin filaments became shorter and thicker.
However, higher concentrations (10, 20 mmol/L) of ASA
returned microfilaments thinner and longer, and decreased
rate of migration. Zonula adherens-associated actin bundles
were moderately distorted with 10 mmol/L ASA and with
10 mmol/L taurocholate. Exposure to taurocholate provoked
changes resembling those of ASA. Taurocholate 5-20 mmol/L
decreased the rate of migration dose dependently. The
effects of ASA and taurocholate were not prevented by
allopurinol.

CONCLUSION: All ulcerogenic agents decreased the rate
of migration dose dependently and induced divergence of

zonula adherens-associated actin bundles of adjacent cells.

In addition, ethanol and ASA caused degradation of actin

cytoskeleton. Oxidative stress seems to underlie ethanol,

but not ASA or taurocholate, induced cytoskeletal damage.

© 2005 The WJG Press and Elsevier Inc. All rights reserved.
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INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION

The gastric mucosa is frequently exposed to different
exogenous and endogenous ulcerative agents, such as ethanol,
aspirin and taurocholate. These agents have been extensively
investigated with methods, including biochemistry, morp-
hology, electrophysiology, tissue permeability, etc., but the
cellular mechanisms of injury are still poorly defined.

In digestive epithelia actin cytoskeleton is involved, for
example, in organization of cytoplasm, maintenance of cell
shape, generation and maintenance of epithelial polarity and
in migration. The cytoplasm of epithelial cell is spatially
and temporally organized by microfilaments, microtubules
and intermediate filaments, which form a lattice-like
intracellular meshwork[1,2].

The actin cytoskeleton is highly conserved in eukaryotic
cells, including more than 70 categorized types of actin-
binding proteins[3]. The human actin family includes α-, β-,
and γ-actin, which share most of their amino acid sequences.
The actin filaments are formed by polymerization of  actin
monomers. The polymeric actins are assembled into a
filamentous network, which is regulated by actin-binding
proteins. These proteins regulate, for example, polymerization,
cross linking, nucleation and branching, anchoring, capping,
membrane interaction, cell-extracellular matrix interaction,
cell-cell interaction and contractility of actin filaments[4]. The
actin filaments are bundled together by various actin cross-
linking proteins to form complex three-dimensional structures.
The filaments are extensively branched near the plasma
membrane, focal adhesions, and adherens and tight junctions.



Arp2/3 complex is involved in this branching[5].
Different components of the cytoskeleton are tightly

involved in cell motility[6]. Actin based cell motility has several
important tasks in epithelial cell functions, such as in secretory
vesicle movement and cell migration during wound healing[7].
The cell migration starts with lamellipodia extension and
formation of  new focal adhesions, followed by the contraction
of the cell body and detachment of the tail. Rho guanosine
triphosphatases have a key role in regulating different phases
of migration. Rac1 seems to be involved in initiation of
migration[8] and in stimulation of lamellipodium extension[9],
while Rho seems to contribute mainly to cell body contraction[6].

Epithelial cells have specialized mechanisms to enable
cell-cell and cell-extracellular matrix adhesions. These
connections are formed by transmembrane proteins, which
bind to extracellular matrix or adjacent cells with their
extracellular domains, while the intracellular domains bind
to intracellular cytoskeleton via cytoplasmic adaptor proteins,
many of which interact with the actin cytoskeleton[10].
Integrins mediate cellular adhesion to the extracellular matrix.
They are linked to the actin cytoskeleton in focal adhesion
complexes, which include a multitude of proteins, such as
vinculin, talin, paxillin and calpain. These focal adhesions
are involved in regulation of the cell migration and
proliferation. The classical E-cadherins mediate Ca2+

dependent cell-cell adhesion through their extracellular Ca2+

binding repeats, while their cytoplasmic part binds to the
actin cytoskeleton via β- and α-catenin. This complex is
associated with a variety of other proteins, including vinculin,
α-actinin, and paxillin. Zonula adherens is an E-cadherin
based belt-like adherent junction just below the tight junctions
encircling the epithelial cells adhered to each other. Along
the cytoplasmic side of the zonula adherens runs a contractile
bundle of actin filaments, which are associated to zonula
adherens with a set of intracellular proteins, such as a-catenin,
vinculin, -actinin and plakoglobin. Vinculin is a large protein
with multiple binding sites to different adhesion related
proteins, including actin, a-actinin, talin, paxillin, VASP,
ponsin, vinexin and PKC[11,12]. Vinculin is thought to mediate
the linkage between actin cytoskeleton and cadherins or
integrins in cell-cell or cell-extracellular matrix adhesions.
Recently vinculin has been shown to transiently associate
with arp2/3 complex in the nascent focal complexes in the
leading edge[13], possibly linking cellular protrusion and
adhesion to extracellular matrix. Ethanol is known to cause
oxidative stress in rat hepatocytes and in gastric mucosal
cells[14,15]. Oxidative stress can cause various effects in the
cell, such as oxidation and fragmentation of cellular proteins,
peroxidations of membrane lipids, fragmentation of DNA
and mitochondrial damage. Among the very early effects
of oxidative stress might be disruption of the cytoskeleton[16].

The aim of the present study was to characterize the
effects of different ulcerogenic agents on actin cytoskeleton,
cell adhesion molecules and cell migration, and to investigate
the possible role of oxidative stress in the cellular injury
induced by them. This was accomplished by confocal and
normal fluorescence imaging of  actin and vinculin during
exposure of the epithelial cells to the ulcerogenic agents.
We also measured the rate of  cell migration during exposure
to the ulcerogenic agents to assess the functional state of

the cytoskeleton. We further studied the possible role of
reactive oxygen species in epithelial injury by inhibiting
endogenous intracellular generation of superoxide radicals
from purines with a xanthine oxidase inhibitor, allopurinol.

MAMAMAMAMATERIALS AND METHODSTERIALS AND METHODSTERIALS AND METHODSTERIALS AND METHODSTERIALS AND METHODS

Immortal rat gastric mucosal cells (RGM-1, Riken Cell Bank,
Riken, Japan)[17] were cultured on coverslips to confluent
monolayers at 37  in humidified atmosphere containing
50 mL/L CO2 in air. The medium used was an equal
mixture of Ham’s F12 and Dulbeccos’s MEM supplemented
with inactivated 200 mL/L fetal bovine serum, 100 U/mL
penicillin, 100 µg/mL streptomycin and 0.125 µg/mL
amphotericin.

The cells were exposed for 15 min to the following
ulcerogenic agents: ethanol (10-150 mL/L), acetylsalicylic
acid (ASA, 1-20 mmol/L) and taurocholate (1-20 mmol/L)
at 37 . In allopurinol experiments the samples were treated
with 2 mmol/L allopurinol 24 h before and during the
exposure of the ulcerogenic agent. Thereafter the cells were
fixed with 35 mL/L paraformaldehyde in PBS for 15-20 min
at room temperature and stained as described below.

Actin filaments and focal adhesion plaques were stained
with phallotoxins conjugated to Alexa 488 fluorophore
(Molecular Probes, A-12379). After fixation the cells were
washed three times for 5-10 min with PBS at room
temperature, permeabilized with 1 mL/L Triton-X, 1 mL/L
bovine serum albumin in PBS and washed again three
times for 5-10 min in PBS. Thereafter, the samples were
incubated for 30-60 min in PBS with 80 mL/L bovine serum
albumin and washed three times for 5-10 min with PBS
and incubated overnight with the mouse monoclonal anti-
vinculin (10 µg/mL, with 10 mL/L bovine serum albumin).
The samples were washed three times for 5-10 min with
PBS and were incubated with secondary antibody goat
anti-mouse Alexa 568 (10 µg/mL) and Alexa 488 phalloidin
(1:1 000) with 1 mL/L bovine serum albumin in PBS for
30 min at room temperature. Thereafter, the samples were
washed three times for 5-10 min with PBS and mounted
with DABCO containing mounting media. Confocal
fluorescence microscopy was performed with a Leica TCS
SP2 confocal microscope and normal fluorescence
microscopy with an Olympus IX50 microscope.

Cell migration assay
RGM cells were cultured to confluency on plastic culture
dishes as described above. In allopurinol series the confluent
monolayers were treated with allopurinol after and 24 h
before wounding. Artificial round-shaped wounds were
created in the cell monolayer with a silicon tip, where after
control (water) or ulcerogenic agents were added. The migration
distance of the cells at the wound edge was measured during
the next 6 h at 2 h intervals by measuring the change in cell
free area. The rate of migration was calculated from the
change of cell free area measured at 0 and 6 h, as described
previously[18].

Statistical analysis
The results are expressed as mean±95% confidence intervals.
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Student’s unpaired t-test was used for statistical analysis of
the raw data. P values less than 0.05 were considered as
statistically significant.

RESULRESULRESULRESULRESULTSTSTSTSTS

Ethanol
In control cells, actin filaments were thin, showing branched
actin networks and zonula adherens-associated actin bundles
near the cell-cell contact sites (Figures 1 and 2). Exposure
to 10 mL/L (vol/vol) ethanol for 15 min (Figure 1) did not
cause any apparent changes in actin cytoskeleton. Increasing
the ethanol concentration to 50 mL/L caused moderate
degradation and irregularity in the actin filament organization.
These changes became more prominent with 100 mL/L
ethanol, displaying almost complete degradation of the
actin filaments. Exposure to 150 mL/L ethanol for 15 min
provoked detachment of the cells from each other
(Figure 1). The damage of the actin filaments was severe,
and in some microscopic fields only shadows of cells and
nuclei remained visible.

In control cultures, the zonula adherens-associated actin
bundles were normally seen as continuous belt-like accumu-
lations between the cells, and the actin belts of adjacent

cells could not be distinguished from each other. Exposure
to 10 mL/L ethanol caused actin belts of adjacent cells to diverge
from each other and the gap between them was widened with
increasing ethanol concentrations (20-50 mL/L, Figure 2).
Treatment with allopurinol (2 mmol/L), which acts as an
inhibitor of xanthine oxidase and inhibits production of
intracellular reactive oxidative species, prevented completely
the divergence of actin belts in cells exposed to 10 mL/L
ethanol and partially in cells exposed to 20 mL/L ethanol,
but not in cells exposed to 50 mL/L ethanol.

In control cultures, vinculin was visible at the focal
adhesions as well as in the zonula adherens between the
adjacent cells. The zonula adherens-associated vinculin of
adjacent cells could not be distinguished. Exposure to
10-20 mL/L ethanol did not change the distribution of
vinculin, but 50 mL/L ethanol exposure caused degradation
and divergence of zonula adherens-associated vinculin
staining. Allopurinol treatment moderately attenuated this
change (Figure 3).

Exposure to 10 mL/L ethanol decreased the rate of
migration during the first six hours after wounding (27±3
and 17±2 µm/h for control and ethanol experiments,
respectively; P<0.001, n = 20, Figure 4). This decrease in

Figure 1  Effects of different doses of ethanol (ETOH), acetylsalicylic acid (ASA) and taurocholate (TC) on actin filaments of RGM rat gastric surface epithelial cells.
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migration was partially abolished by allopurinol pretreatment
(17±2 and 23±2 µm/h for ethanol and ethanol+allopurinol
experiments, respectively; P = 0.025, n = 20). Allopurinol
treatment alone had no effect on the rate of migration
(27±3 and 27±2 µm/h for control and allopurinol experiments,
respectively). The migration distances are shown in Figure 4.
With higher ethanol concentrations the rate of migration

was further decreased (to 7±3 µm/h with 30 mL/L ethanol)
and even numerically reversed (to -17±13 µm/h with
50 mL/L ethanol), indicating enlarging of the wound, possibly
due to a direct toxic effect of ethanol and/or to overall cell
shrinkage in the monolayer caused by ethanol. At these
higher concentrations of ethanol (30-50 mL/L) allopurinol
did not prevent the ethanol promoted decrease in migration.

Figure 2  Effects of different doses of ethanol (ETOH), acetylsalicylic acid (ASA)
and taurocholate (TC) on the zonula adherens-associated belt-like actin bundles

in RGM cells and their modulation by allopurinol (2 mmol/L) treatment. Arrows
indicate perturbations in the actin belt organization.
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Exposure to 1-10 mmol/L ASA had no effect on vinculin
distribution (Figure 3). Likewise, exposure to 1-5 mmol/L
ASA had no effect on the rate of migration, but exposure
to 10 mmol/L ASA retarded migration after wounding from
16.8±0.5 to 13.7±1.2 µm/h ( P = 0.008, n = 6).

Taurocholate
Following exposure to low concentrations of  taurocholate
(1 and 5 mmol/L) the actin filaments were contracted,
becoming shorter and thicker than in controls. These effects
became more conspicuous with increasing concentrations
of taurocholate (Figure 1). In fact, taurocholate caused
similar changes as was seen with low concentrations of
ASA, but the alterations were of lesser degree. Exposure to
1-5 mmol/L taurocholate did not cause any change in the
zonula adherens-associated actin bundles, but 10 mmol/L

Acetylsalicylic acid (ASA)
After 15 min exposure to 1 mmol/L ASA, the actin filaments
were contracted and became shorter and thicker, but no
signs of cell detachment from each other were visible. However,
with higher concentrations of ASA (10 and 20 mmol/L)
the microfilaments became thinner and longer again, but
failed to resume their original size and shape. Increasing
ASA concentration to 20 mmol/L detached the cells partially
from each other, which was manifested also as a divergence
of the zonula adherens-associated actin bundles of adjacent
cells (Figure 1). Also degradation of the actin filaments was
visible.

Exposure to 1-5 mmol/L ASA had no effect on the
zonula adherens-associated belt-like actin bundles. Exposure
to 10 mmol/L ASA moderately distorted these actin belts and
this was not prevented with allopurinol treatment (Figure 2).

Figure 3  Effects of different doses of ethanol (ETOH), acetylsalicylic acid (ASA)
and taurocholate (TC) on vinculin distribution in RGM cells and their modulation

by allopurinol (2 mmol/L) treatment. Arrows indicate perturbations in vinculin
organization.
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taurocholate showed a moderate perturbation of these belts,
which was not prevented by allopurinol treatment (Figure 2).
Exposure to taurocholate (1-10 mmol/L) had no effect on
vinculin distribution (Figure 3).

Exposure to 1 mmol/L taurocholate had no effect on
the rate of migration after wounding, but 5-20 mmol/L
taurocholate retarded migration dose dependently
(migration speed 16.8±0.6, 14.5±0.8 (P = 0.01), 12.7±0.4
(P<0.001) and 1.6±0.8 (P<0.001) µm/h for 0 mmol/L
(control), 5, 10 and 20 mmol/L taurocholate, respectively;
P values are given in comparison with control, n = 6).

DISCUSSIONDISCUSSIONDISCUSSIONDISCUSSIONDISCUSSION

The gastric mucosa is normally exposed to a large number
of ulcerogenic compounds, including ethanol, ASA (aspirin)
and bile salts. The effects of these agents on cell cytoskeleton
have not been thoroughly studied. In the healing of superficial
gastric mucosal lesions, intact actin cytoskeleton is essential
for cell migration and survival. The normal wound healing
process in gastric mucosa is initiated by epithelial restitution
whereby the surviving epithelial cells around wound edge
migrate over the injured area to cover it with a flattened
neo-epithelium. The migrating cells form lamellipodia and
vinculin, RhoA and Rac are strongly expressed along the
wound edge[19]. Ulcerogenic agents can profoundly modulate
this healing process.

Ethanol promotes narrowing of lamellipodia as well as
retards cell migration and inhibits cellular proliferation after
wounding in rabbit gastric mucosa[20,21]. Exposure to 50-
100 mL/L ethanol causes extensive disorganization and
fragmentation of the actin cytoskeleton leading to its
complete collapse in an intestinal epithelial cell line[22,23]. We
have previously shown that 50 mL/L luminal ethanol causes
the opening of basolateral potassium channels leading to
cell volume shrinkage[24]. In the present work we demonstrated
that the same concentration of ethanol affects also various
components of the cytoskeleton. The changes in the structure
and arrangement of the cytoskeleton are in line with cell
shrinkage and the consequent increase in the gaps between
the cells. Since an intact cytoskeleton is of utmost importance
for the epithelial integrity and function, these minor changes
may be the first manifestations of the ethanol-induced damage
to the epithelial cells. At 100 mL/L ethanol concentration,

there was an extensive distortion of the actin cytoskeletal
network, and even stronger ethanol (150 mL/L) caused
severe damage to the cells with complete degradation of all
actin filaments.

The zonula adherens-associated belt-like actin bundles
of adjacent cells were diverged from each other already
during exposure to a rather low (10 mL/L) concentration
of ethanol. This divergence was prevented with 2 mmol/L
allopurinol treatment. Allopurinol is a cell membrane
permeable xanthine oxidase inhibitor, which blocks endogenous
intracellular enzymatic generation of superoxide radicals
from purines. This suggests that superoxide radicals are
involved in ethanol induced divergence of the actin belts.
Ethanol also perturbed the distribution of the zonula adherens
junction-associated protein, vinculin, but only after exposure
to 50 mL/L ethanol. Further, this change was moderately
opposed by allopurinol treatment. The damage in zonula
adherens-associated vinculin became apparent only with
higher ethanol concentrations than was needed for changes
in zonula adherens-associated actin bundles, which suggests
that the changes in the actin belts might precede the zonula
adherens junction damage. Allopurinol also opposed the
ethanol provoked decrease in cell migration after artificial
monolayer wounding, a further indication of the involvement
of superoxide radicals in ethanol induced cytoskeletal
damage.

The above findings suggest that oxidative stress might
underlie the observed ethanol induced changes in actin
cytoskeleton. Epithelial cells exposed to ethanol increase
superoxide production[25] and superoxide dismutase activity
is decreased in rat stomach exposed to pure ethanol[26]. Also,
oxidative stress and mitochondrial damage precede death
in gastric mucosal cells exposed to ethanol[15]. The number
of propidium iodide positive cells, indicating loss of cell
viability, was increased following exposure to 50 mL/L
ethanol and ethanol caused mitochondrial cell membrane
depolarization and mitochondrial permeability transition,
indicating mitochondrial dysfunction[15].

It has been suggested, that NSAIDs, including ASA,
damage gastrointestinal tract both by direct local effects
and by systemic inhibition of prostaglandin synthesis.
Davenport first demonstrated that ASA diffuses into the
gastric mucosa as an undissociated molecule leading to
disruption of the gastric mucosal barrier and backdiffusion
of luminal acid into the mucosa, which, in turn, leads,
presumably via generation of an inflammatory cascade, to
break-down of the mucosal tissue[27]. Although prostaglandins
contribute to cell migration in several cell types[28,29], addition
of exogenous prostaglandins or inhibition of endogenous
prostaglandin synthesis had no effect on gastric epithelial
cell migration[18]. On the other hand, NSAIDs may directly
retard cell migration and decrease actin staining in gastric
epithelial cell (RGM1) monolayer[30].

The present results with ASA are well in accordance
with our earlier finding that ASA causes major cell shape
deformations in Necturus gastric antrum (unpublished results).
The shrinkage of actin cytoskeleton probably contributes to
cell-cell detachment, which was shown to occur at higher ASA
concentrations. ASA decreased migration at 10 mmol/L
concentration and degradation of actin filaments was visible

Figure 4  Effect of ethanol on cellular migration distance, with and without
allopurinol treatment. Ethanol significantly reduced the migrated distance.
Allopurinol partially abolished the ethanol promoted inhibition of cell migration.
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at 20 mmol/L ASA concentration. Zonula adherens-
associated actin bundles were moderately damaged with
10 mmol/L ASA and this was not affected by allopurinol
treatment, suggesting a mechanism different from ethanol-
induced divergence of these actin bundles.

To our knowledge there is very little information about
the actions of ASA on cellular actin cytoskeleton in the
gastric epithelium. Electrophysiological measurements have
shown that there is a slight initial increase in transepithelial
resistance following exposure to 10 mmol/L ASA (at pH
3), which is, however, due to increase in apical cell membrane
resistance. However, during more prolonged exposure to
ASA the transepithelial resistance decreased, which might
be a consequence of tight junction disruption, widening of
intercellular space and/or loosening of cell-cell adhesions[31].
The changes in the zonula adherens-associated actin bundles
observed in the present study might contribute to the
previously observed decrease in transepithelial resistance.

In earlier studies bile salts have been shown to retard
wound restitution and repair in cultured rabbit gastric
epithelial cells[32]. In the present study, taurocholate caused
similar effects in cell migration reducing it dose dependently
in concentrations of 5 mmol/L and higher. The mechanism
of taurocholate induced decrease in migration speed is still
unclear, but bile salts are known to increase intracellular
calcium levels[33,34] and this might have an effect on cellular
migration.

Taurocholate is known to interact with cell membranes
and as a lipophilic compound it may diffuse into the cell mem-
branes increasing its permeability to extracellular agents[35].
Taurocholate may also act as a detergent dissolving cell
membrane phospholipids eventually breaking up the cell
membrane[36]. Apical cell membrane resistance was decreased
significantly with 10 mmol/L taurocholate in Necturus
antrum[31], suggesting that cell membranes may be the main
target in taurocholate induced cellular damage. Zonula
adherens associated actin bundles were moderately damaged
with 10 mmol/L taurocholate, but this was not affected by
allopurinol treatment suggesting, again, a mechanism
different from ethanol induced damage. Previously, it has been
shown that bile salts induce depolarization of mitochondrial
membrane potential, which might be due to disturbed
oxidative phosphorylation in mitochondria[37]. In the present
study, the possible oxidative damage was not prevented with
allopurinol exposure, suggesting that xanthine oxidase is not
involved in taurocholate-induced cellular injury.

In conclusion, our results show that deformations of
the actin cytoskeleton are involved in the epithelial cell
damage caused by the three ulcerogenic agents tested.
Reactive oxidative species seems to underlie ethanol, but
not ASA or taurocholate, induced cytoskeletal damage.
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