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Background: This study aimed to investigate the protective effects of gallic acid
(GA) in the rat intestine against ischaemia-reperfusion (IR) injury.

Materials and methods: Thirty male Wistar albino rats with a mean weight of
200-250 g were used. Animals were categorized into the sham, IR, and IR+GA
groups. Ischaemia of the intestine was induced for 3 h by occluding the superior
mesenteric artery (SMA) and then left for 3 h of reperfusion. In the IR+GA group,
after ischaemia induction, 50 mg/kg GA was orally administered to the animals.
Blood samples were collected for biochemical assays. Intestinal tissues were excised
for histopathologic and immunohistochemical processing.

Results: Malondialdehyde (MDA) levels were increased, and catalase (CAT) and
glutathione (GSH) levels were decreased in the IR group compared to the sham
group. After GA treatment, MDA levels decreased and CAT and GSH levels in-
creased in the GA-treated group compared to the IR group. In the sham group,
normal intestinal histology was observed. In the IR group, the villi structures were
completely degenerated. In the IR+GA group, histology was improved after GA
treatment. In the sham group, the caspase-3 reaction was generally negative in
the epithelium and glands. In the IR group, the caspase-3 reaction increased in
apoptotic bodies and inflammatory cells. The caspase-3 reaction was negative
in goblet cells and the epithelium. A moderate caspase-3 reaction was observed
in the IR+GA group. The beclin-1 reaction was negative in epithelial cells and
goblet cells in villi in the sham group. In the IR group, the beclin-1 reaction was
positive in the degenerated villi. An intense beclin-1 reaction was also observed in
some inflammatory cells. After GA treatment, the beclin-1 reaction was positive in
a few cells. In general, moderate beclin-1 positivity was observed.

Conclusions: Gallic acid, with its antioxidative effect, inhibited the apoptotic path-
way (caspase-3) through beclin-1 regulation. (Folia Morphol 2023; 82, 3: 633-640)
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INTRODUCTION Intestinal IR injury leads to severe local and systemic

Intestinal ischaemia-reperfusion (IR) injury is an inflammation followed by damage to surrounding
event in which blood flow to the intestines is re- distant organs. Thus, the intestinal mucosal barrier
duced and then restored to the ischaemic tissue [9]. is disrupted, and the organ is damaged. If this dam-
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age continues for a long time and is left untreated,
the life of the animal may be endangered. Mortality
rates vary between 60% and 80% in patients with
acute intestinal IR; thus, new treatment strategies
are needed for intestinal IR [7, 23].

Gallic acid (GA; 3,4,5-trihydroxybenzoic acid) is
a polyhydroxy phenolic compound, and structurally
related compounds are widely found in fruits and
plants. GA esters have diverse uses in industry, in-
cluding as antioxidants in food, in cosmetics, and in
the pharmaceutical industry. GA is a source material
for inks, paints, and colour developers. Studies have
shown that these compounds are potential thera-
peutics, with anti-cancer and antimicrobial properties
[10, 14]. GA was found to possess anti-inflammatory
activity. Scavenging of superoxide anions, inhibition
of myeloperoxidase release and activity, and inter-
ference with the assembly of active NADPH-oxidase
may be the mechanisms underlying the inhibition of
inflammatory process by GA [10].

Caspases are cysteine proteases that are involved in
cell death. They play very important roles in embryonic
development and cell homeostasis. Caspase-3, on the
other hand, belongs to the effector caspase group
and causes apoptotic cell morphology by degrading
relevant proteins in the cell that will undergo apop-
tosis [16]. Beclin-1 is a multidomain protein involved
in autophagy mechanisms and membrane trafficking.
It can also bind to B-cell lymphoma 2 to regulate
apoptosis. Beclin-1 plays roles in tumorigenesis, neu-
rodegeneration, and other diseases. The expression
of beclin-1 is affected by many other factors [13, 21].
Immunohistochemistry is a laboratory method used
to detect the localization of specific antigens.

In this study, we aimed to investigate the effect
of GA in rat intestinal tissue against ischaemia and
reperfusion with immunohistochemical and biochem-
ical techniques.

MATERIALS AND METHODS

Animals

All experimental protocols were conducted accord-
ing to the National Institutes of Health Guidelines for
the Care and Use of Laboratory Animals. The study was
approved by a local ethics committee. Thirty male Wis-
tar albino rats with a mean weight of 200-250 g were
used. They were housed in an air-conditioned room
with a 12 h/12 h light/dark cycle and constant tem-
perature (23 + 2°C) and relative humidity (65-70%).
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Surgical procedure

All rats were fasted 12 h before the experiment.
The rats were anaesthetized with an intramuscu-
lar injection of ketamine (50 mg/kg; Ketalar, Parke
Davis, Turkey) and xylazine (10 mg/kg; Rompun,
Bayer AG, Germany) under aseptic conditions. The
abdominal region was shaved, and a 2-3-cm ab-
dominal midline incision was made. In the intesti-
nal IR injury model, the superior mesenteric artery
(SMA) was carefully blocked with a nontraumatic
microvascular clamp. At the end of the ischaemic
period, the clamp was removed, and the mesenteric
artery was released.

Sham group: — animals were laparotomized
without SMA occlusion.

IR group: — 3-h ischaemia was induced by SMA
occlusion. The intestine was then reperfused for 3 h.

IR+GA group — after the IR procedure, 50 mg/kg
GA was orally administered to the rats for 14 days.

At the end of the experiment, all animals were
sacrificed. The jejunum tissues of all groups were
removed, divided into two equal pieces, and stored
under suitable conditions for biochemical and histo-
pathological investigations.

Biochemical analyses

Blood samples were collected in tubes with
a gel separator and centrifuged for 5 min at 1550 g.
The supernatant plasma was removed and placed in
polypropylene plastic tubes. The tubes were labelled
with the appropriate sample name and type. Samples
were stored at —80°C for the determination of the
malondialdehyde (MDA), glutathione (GSH), and cat-
alase (CAT) levels. MDA levels were determined using
the double heating method of Draper and Hadley [3].
MDA values were expressed as nanomoles per gram
(nmol/g) of wet tissue. The GSH activity was mea-
sured by the method of Paglia and Valentine [15].
CAT values were measured by the method of Zhang
et al. [25].

Histopathological analysis

Intestinal sections were obtained for histopatho-
logical analysis and fixed in 10% buffered formalin,
dehydrated in ethanol (50% to 100%), purified in
xylene, and embedded in paraffin. Sections (4-5 mm
thickness) were cut and stained with haematoxylin
and eosin. The sections were studied to assess the
pathological changes in the gingiva tissue [4].
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Immunohistochemical analysis

Formaldehyde-fixed tissue was embedded in paraf-
fin wax for furtherimmunohistochemical examination.
Sections were deparaffinized in xylene and passed
through a descending alcohol series. The antigen re-
trieval process was performed in citrate buffer solution
(pH 6.0) for 15 min in a microwave oven at 700 W.
Sections were allowed to cool at room temperature for
30 min and washed twice in phosphate buffered saline
(PBS) for 5 min. Endogenous peroxidase blockage was
performed in a 3% hydrogen peroxide solution for
7 min. The washed samples were incubated in Ultra
V block (catalogue no. TA-015UB, Thermo Fisher, USA)
for 8 min. Blocking solution was removed from the
sections, which were then incubated overnight at 4°C
with primary antibodies against caspase-3, (catalogue
no. ab4051, Abcam, USA) and beclin-1 (catalogue no.
207612, Abcam, USA). After washing the sections in
PBS, secondary antibody (TP-015-BN, Thermo Fischer,
US) was applied for 20 min. The sections were washed
in PBS for 2 X 5 min and then exposed to streptavi-
din-peroxidase (TS-015-HR, Thermo Fisher, USA) for
20 min. Sections washed with PBS were allowed to
react with DAB (TA-001-HCX, Thermo Fischer, US) chro-
mogen. Counterstaining with haematoxylin and eosin
was performed, and after washing, the preparations
were mounted. Sections were examined under a light
microscope (Zeiss Imager A2, Germany) [24].

The quantification of histological and immunohis-
tochemical parameters was performed blindly by two
expert pathologists. The H-score (HS) was used to as-
sess the outcomes of immunohistochemical staining.
HS = Z(1 + i) X pi, where “i" indicates the staining
intensity (0 = no expression, 1 = light, 2 = medium,
3 = dense, and 4 = very dense) and “pi” indicates
the percentage of staining intensity [19]. Results were
presented as median (minimum-maximum) and sta-
tistical analysis was conducted.

Statistical analysis

Data were analysed using IBM SPSS 25.0 software
(IBM, Armonk, New York, USA). The Shapiro-Wilk test
was used for data distribution analysis. The Kruskal—-
—Wallis test was used for multiple comparisons, and
the Mann-Whitney U test was used for within-group
comparisons. P < 0.05 was considered statistically
significant.

RESULTS
The statistical analysis of biochemical and histo-
chemical parameters is shown in Table 1. MDA levels,
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histological scores of inflammation, dilatation, and
caspase-3 and beclin-1 expression were higher in the
IR group than the sham group. CAT and GSH levels
and histological scores of epithelialisation were sig-
nificantly lower in the IR group than the sham group.
After GA treatment, MDA levels, histological scores
of inflammation, dilatation, and caspase-3 and be-
clin-1 expression decreased in the GA-treated group
compared to the IR group, and this decrease was
statistically significant (Fig. 1A, C). Similarly, CAT and
GSH levels and histological scores of epithelialisation
statistically significantly increased in the IR+GA group
compared to the IR group (Fig. 1B).

Haematoxylin and eosin findings

In the sham group, the transversal section showed
that that the villi structures of the intestine were
regularly preserved, the goblet cells were regularly
located in the epithelium, the prismatic appearance
of the intestinal epithelial cells was smooth, and the
connective tissue cells were freely distributed in the
lamina propria in the lower parts. The muscle layer
had a normal structure and the fibres extending from
the lamina muscularis mucosal layer to the lamina
propria were also in a smooth course. Vascular lumens
were regular and endothelial cells were smooth (Fig.
2A). In the IR group, the villi structures completely dis-
appeared. Intense inflammation and cell infiltration
was present between the muscle cells. Degeneration
of goblet cells was found, and significant desqua-
mation was observed in the intestinal epithelium.
Degenerative and apoptotic changes were observed
in the intestinal glands. Deterioration of the vascular
structure and increased inflammation were observed.
Mild hyperplasia was also observed in the muscles
(Fig. 2B). In the IR+GA group, the villi structures were
found to be arranged in the form of leaves parallel to
the lumen in the transversal section of the intestine,
but desquamative cell debris was found at the ends.
Cell degeneration was evident at the tip. Improve-
ment was observed in goblet cells. Inflammatory
cells in the lamina propria region showed a solitary
distribution but did not increase much. The vascular
structure was regular, and there were no degenerative
changes in the endothelial cells. The muscle layer was
smooth and circular (Fig. 2C).

Caspase-3 immunostaining findings

In the sham group, although the villi structures
were significantly preserved, the caspase-3 reaction
was generally negative in the epithelium and glands.
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Table 1. Biochemical and histological parameters of the sham, IR, and IR+GA groups

Parameters Groups N Median (minimum-maximum) Mean rank P-value
Malondialdehyde Sham 10 22.05(14.98-46.28) 6.00 < 0.001*
R 10 48.57 (24.68-64.51) 2050 0.4+
R+GA 10 36.58 (25.16-50.36) 1575
Glutathione Sham 10 1.63(1.42-1.76) 20.30 < 0.001*
R 10 042(0.13-1.18) 5,50 <0001
R+GA 10 1.38(1.19-1.88) 2050
Catalase Sham 10 8.02 (5.47-8.63) 25.50 <0001*
R 10 411 (2.08-4.98) 7.00 <0.001*
R+GA 10 6.48 (4.83-7.33) 1550
Epithelialization Sham 10 2.00(1.00-3.00) 29.75 <0001*
R 10 0.50 (0.00-3.00) 8.00 <0.001*
R+GA 10 2.00(1.00-3.00) 2000
Inflammation Sham 10 0.00 (0.00-1.00) 6.50 < 0.001*
R 10 250 (2.00-3.00) 23.50 <0.001*
R+GA 10 1,00 (1.00-3.00) 16,50
Diatation Sham 10 0.00 (0.00-1.00) 6.50 <0001
R 10 2,00 (2.00-3.00) 2250 <0.001*
R+GA 10 1,00 (1.00-3.00) 1475
Caspase-3 expression Sham 10 0.00 (0.00-1.00) 6.50 < 0.001*
R 10 2,00 (2.00-3.00) 24,00 <0.001*
R+GA 10 1,00 (1.00-3.00) 16.00
Beclin-1 expression Sham 10 0.00 (0.00-1.00) 6.50 < 0.001*
R 10 2,00 (2.00-3.00) 24,00 <0.001*
R+GA 10 1.00 (1.00-3.00) 1450

*Sham vs. IR; **IR vs. IR+GA; IR — ischaemia-reperfusion; GA — gallic acid; n — number of animals

The caspase-3 reaction was found to be positive in
some spilled parts but could be considered normal,
and there was no apoptotic process. Additionally,
towards the lamina propria and submucosa layer,
some macrophage cells were concentrated, especially
around the vessel, and showed positivity. A slight
caspase-3 reaction was also observed in the endo-
thelial cells (Fig. 2D). In the IR group, the integrity of
the villi was completely lost. Breaks were also very
evident in the underlying gland cells. In particular,
the caspase-3 reaction started to show significant
positivity in the squamous cells in this direction.
Assignificantly higher number of apoptotic areas were
found, and intermediate inflammatory cells were
also evaluated as positive for caspase-3. Significant
degenerative changes in the muscles were found with
caspase-3 positivity (Fig. 2E). In the IR+GA group, the
caspase-3 reaction was clearly negative, especially in
goblet cells and prismatic cells. Again, a moderate
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caspase-3 reaction was observed in some of the gland
cells, while the caspase-3 reaction was widely evalu-
ated as negative in the connective tissue cells in the
lamina propria. The caspase-3 reaction was positive
in some cells in the submucosal region. In general,
the apoptotic process was found to be weakened or
decreased (Fig. 2F).

Beclin-1 immunostaining findings

In the sham group, the beclin-1 reaction was
observed to be negative, especially in epithelial cells
and goblet cells in the villi structures. Expression was
also found to be negative in the underlying gland
epithelium and goblet cells. Occasionally, the beclin-1
reaction was found to be positive in some macro-
phages and inflammatory cells and in the lamina
propria. The beclin-1 reaction was negative in the
muscle layer, but moderate beclin-1 positivity was
observed in some submucosal regions, especially
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Figure 1. Graphical illustration of malondialdehyde (MDA) (A), glutathione (GSH), and catalase (CAT) levels (B), epithelialization, inflammation,
dilatation, and caspase-3 and beclin-1 expression (C); IR — ischaemia-reperfusion; GA — gallic acid.

Figure 2. Haematoxylin and eosin (H&E) staining of intestinal tissue sham group (A), IR group (B), IR+GA group (C); bar: 50 um, magnification:
20x. Caspase-3 immunostaining of intestinal tissue sham group (D), IR group (F), IR+GA group (G), bar: 50 um, magnification: 20 . Beclin-1
immunostaining of intestinal tissue sham group (G), IR group (H), IR+ GA group (1); bar: 50 um, magnification: 20X ; IR — ischaemia-reperfusion;
GA — gallic acid.
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around the vessel (Fig. 2G). In the IR group, with
the deterioration of the villi structures, the beclin-1
reaction was positive, especially at the ends of the
ruptured parts. An intense beclin-1 reaction was also
observed in some inflammatory cells in the lamina
propria. The beclin-1 reaction was found to be posi-
tive in degenerative gland cells close to the basement
membrane and was also detected in inflammatory
cells and vascular endothelium close to the muscle
layer and submucosa region (Fig. 2H). In the IR+GA
group, the villi structure was preserved, and beclin-1
expression was negative, especially in goblet cells.
With the decrease in inflammatory structures, the
beclin-1 reaction was positive in a small number of
cells. Particularly, moderate beclin-1 positivity was
observed in the vascular endothelium. Along with
the preservation of the cell structure in some glands,
the beclin-1 reaction was observed to be positive in
the cells that were degenerative from time to time.
In general, moderate beclin-1 positivity was noted
(Fig. 21).

DISCUSSION

Ischaemia causes the insufficient delivery of oxy-
gen and other metabolites by the circulation to the
tissues, leading to cell death and organ failure. Reper-
fusing the ischaemic tissue may sometimes cause
more harm than ischaemia itself. During IR injury, the
production of reactive oxygen species increases. MDA
is an indicator of lipid peroxidation in tissues, and
high levels of MDA are related to oxidative damage.
The cell scavenges these harmful molecules using anti-
oxidant enzymes such as superoxide dismutase, GSH,
and CAT. During intestinal IR, the oxidant/antioxidant
balance may change. Ji et al. [6] studied the effects of
intestinal IR on MDA and myeloperoxidase levels and
found that MDA and myeloperoxidase levels increased
in the IR group. Similarly, Chen et al. [1] studied MDA,
SOD, and GSH levels in intestinal IR injury and found
that MDA levels increased in the IR group compared
to the sham group, while SOD and GSH levels were
lower in the IR group than in the sham group. The
statistical analysis of biochemical and histochemical
parameters in our study is shown in Table 1. MDA
levels, histological scores of inflammation, dilatation,
and caspase-3 and beclin-1 expression were higher
in the IR group than the sham group. CAT and GSH
levels and histological scores of epithelialisation were
significantly lower in the IR group than the sham
group. After GA treatment, MDA levels, histological
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scores of inflammation, dilatation, and caspase-3
and beclin-1 expression decreased in the GA-treated
group compared to the IR group in a statistically
significant manner. Similarly, CAT and GSH levels and
histological scores of epithelialisation statistically sig-
nificantly increased in the IR+GA group compared
to the IR group.

After reperfusion, some cellular functions may
be regained; however, reperfusion may cause more
cellular damage. These changes affect the histology
of intestinal tissue. Cimen et al. [2] induced intes-
tinal IR in rats and showed that IR injury caused
polymorphonuclear leukocyte infiltration, oedema,
haemorrhage, vascular dilatation, and congestion
in the IR group. Terzi et al. [20] induced 60 min/60
min IR injury in the rat intestine and observed pa-
thologies including desquamation in the epithelial
layers, haemorrhage, and oedema in the IR group
[20]. In our study, in the sham group, the villi struc-
tures of the intestine were regularly preserved, the
goblet cells were regularly located in the epithelium,
and the muscle layer had a normal structure (Fig.
2A). In the IR group, the villi structures completely
disappeared, and intense inflammation and cell
infiltration was observed between the muscle cells.
Goblet cells were degenerated, and significant des-
guamation was observed in the intestinal epithelium
(Fig. 2B). In the IR+GA group, the villi structures
were arranged as normal, cell degeneration was
decreased, goblet cells improved, inflammatory cells
were decreased, and the vascular structure was
regular (Fig. 2C).

Caspases are cysteine proteases that are involved
in cell death. They play very important roles in embry-
onic development and cell homeostasis. Caspase-3,
on the other hand, belongs to the effector caspase
group and causes apoptotic cell morphology by de-
grading relevant proteins in the cell that will undergo
apoptosis. Li et al. [11] reported that caspase-3 plays
the most important role in the apoptotic process and
that caspase-9 has similar properties to caspase-3.
Kim et al. [8] studied cardiac IR and showed that
oligonucleosomal deoxyribonucleic acid fragments
were formed with the activation of caspase-3, and
the cell entered an irreversible pathway with the
appearance of apoptotic bodies. Zhang et al. [26]
showed that caspase-3 messenger ribonucleic acid
expression increased after IR injury in the rat lung. In
our study, in the sham group, the caspase-3 reaction
was generally negative in the epithelium and glands
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and in other layers (Fig. 2D). In the IR group, the
caspase-3 reaction increased in the apoptotic areas
and intermediate inflammatory cells. Muscles showed
caspase-3 positivity (Fig. 2E), while the caspase-3
reaction was negative in goblet cells and the epithe-
lium. A moderate caspase-3 reaction was observed in
some of the gland cells, while the caspase-3 reaction
was largely negative in connective tissue cells in the
lamina propria (Fig. 2F).

Autophagy is the lysosomal degradation of cell
substances, which is key for maintaining cell homeo-
stasis. Beclin-1 is a protein that regulates both apop-
tosis and autophagy. During IR, beclin-1 expression
is affected by many factors. Shi et al. [17] showed
that beclin-1 expression was especially upregulated
during the reperfusion stage in myocardial IR injury.
Luo et al. [12] found that beclin-1 was overexpressed
during cerebral IR injury and thus protected against
neuronal death. Beclin-1 was also shown to protect
against myocardial IR by regulating caspase-4 ex-
pression [18]. In our study, the beclin-1 reaction was
negative in epithelial cells and goblet cells in the villi
structures. The beclin-1 reaction was also negative
in the muscle layer (Fig. 2G). The beclin-1 reaction
was positive mainly in the ruptured villi. An intense
beclin-1 reaction was also observed in some inflam-
matory cells and degenerative gland cells (Fig. 2H).
The beclin-1 reaction was positive in a small number
of cells. In general, moderate beclin-1 positivity was
noted (Fig. 21).

Limitations of the study

There are limited clinical studies on the relation-
ship between GA and beclin-1 regulation at the apop-
totic level. Huang et al. [5] suggested that exposure
to the GA-derived compound methyl gallate inhibits
hepatocellular carcinoma proliferation both in vitro
and in vivo. They also reported increased methyl gal-
late-induced cytotoxicity in hepatocellular carcinoma
cells to block autophagy. Based on their findings, it
has been suggested that methyl gallate may act as
a powerful therapeutic for human hepatocellular
carcinoma patients [5]. Similarly, cells treated with
propyl gallate, a derivative of GA, induced cell apop-
tosis, suggesting that it may be a new candidate
for hepatocellular carcinoma therapy. The authors
showed that propyl gallate inhibits hepatocellular
carcinoma cell proliferation through enhanced re-
active oxygen species production and autophagy
activation [22].
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CONCLUSIONS

Ischaemia-reperfusion caused cell degeneration,
which activated a signal in the basal membrane ac-
celerating the apoptotic process. Regulation of be-
clin-1 was disrupted, and caspase-3 was activated.
GA reduced oxidative stress with its antioxidative
effect and slowed down the apoptotic process medi-
ated through the cell basal membrane with impaired
beclin-1 regulation. In addition, GA, which has an
antioxidative effect in the IR model induced by SMA,
has been experimentally shown to inhibit the apop-
totic pathway (caspase-3) through beclin-1 regulation
for the first time. In this respect, more experimental
studies are needed.

Conflict of interest: None declared
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