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Abstract

Intestinal ischemia-reperfusion (I/R) is a pathophysiological process that is common in many clinical conditions such as shock,
sepsis, mesenteric thrombosis, necrotizing enterocolitis, and bowel transplantation. Our aim in this study was to investigate
the potential protective effects of carvacrol on the intestinal I/R injury in a rat model. The 30 rats were randomly divided into
three groups (n = 10): The sham-control (group 1) underwent only the separation of the superior mesenteric artery but not the
occlusion. In the I/R-untreated (group 2) and I/R-carvacrol-treated groups (group 3), the superior mesenteric artery was
clamped for 45 min, followed by 60 min of reperfusion. 2 hours before ischemia, the group 3 of rats received an intra-
peritoneal injection of carvacrol at a dose of 75 mg/kg bw. At the end of the experiment, intestinal tissue samples were taken for
oxidative stress assessment including superoxide dismutase (SOD), malondialdehyde (MDA), myeloperoxidase (MPO), total
antioxidant status (TAS) and total oxidant status (TOS). In addition, the intestine sections were stained with haematoxylin-eosin
to evaluate morphological changes and immunohistochemical staining was performed for inducible nitric oxide synthase (iNOS)
and endothelial nitric oxide synthase (eNOS) assessment. The intestinal mucosa was significantly damaged in the group 2,
which was markedly attenuated after carvacrol treatment. The tissue MDA, MPO and TOS content increased significantly in
the group 2, but they were reduced by carvacrol treatment. In addition, SOD and TAS activity increased markedly in group 3
as compared to group 2. Immunohistochemical staining showed that iNOS increased and eNOS decreased in group 2, which
was improved in reverse direction after carvacrol treatment. Carvacrol may be a potential therapeutic agent for the treatment
of intestinal I/R injury.

Rezumat

Procesul de ischemie-reperfuzie intestinald (I/R) este frecvent intdlnit in multe afectiuni clinice, cum ar fi septicemia, tromboza
mezenterica, enterocolita necrozanta si transplantul de intestin. Scopul acestui studiu a fost de a investiga potentialul efect protector al
carvacrolului asupra leziunilor I/R intestinale intr-un model experimental pe sobolan. Cei 30 de sobolani au fost randomizati in trei
grupuri (n = 10): control (grupul 1) - a suferit doar separarea arterei mezenterice superioare, dar nu si ocluzie; grupul 2 - cu I/R si grupul
3 - I/R-carvacrol, la care artera mezenterica superioara a fost obstructionata timp de 45 min, urmand 60 min de reperfuzie. Cu 2 ore
inainte de ischemie, sobolanii din grupul 3 au primit 75 mg/kgc carvacrol, i.p.. La sfarsitul experimentului, s-au prelevat probe de tesut
intestinal pentru evaluarea stresului oxidativ. Sa-u determinat: activitatea superoxid dismutazei (SOD) si mieloperoxidazei (MPO),
malondialdehida (MDA), statusul antioxidant total (TAS) si statusul oxidativ total (TOS). in plus, sectiunile intestinale au fost evaluate
privind modificarile morfologice existente, iar studiile imunohistochimice au evidentiat expresia nitric oxid sintazei inductibile (iNOS) si
endoteliale (eNOS). Mucoasa intestinala a fost afectatd in grupul 2, proces atenuat in mod semnificativ dupa tratamentul cu carvacrol.
Continutul tisular de MDA, MPO si TOS a crescut semnificativ in grupul 2, dar nivelele acestora au fost reduse prin tratamentul cu
carvacrol. In plus, activititile SOD si TAS au crescut semnificativ in grupul 3, comparativ cu grupul 2. Colorarea imunohistochimici a
demonstrat ca iNOS a crescut si eNOS a scazut in grupul 2. Carvacrolul poate fi un potential agent terapeutic pentru tratamentul
leziunilor I/R intestinale.
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Introduction together with an increased permeability in the mucosa
are known causes of tissue damage. Clinically, this
pathological process has high morbidity and mortality,
resulting in sepsis, systemic inflammatory response
syndrome, as well as multiple organ failure and sub-
sequent fatal deaths in critically ill cases [3, 4].

Although the factors that play a crucial role in the
development of intestinal mucosal damage have
been extensively studied, this issue remains of high

Ischemia-reperfusion (I/R) of the intestine is a
pathological process that occurs in many diseases
and surgical situations such as major vascular surgery,
shock, intestinal and liver transplantation, severe acute
pancreatitis, volvulus, and necrotizing enterocolitis
[1, 2]. During I/R, the release of cytokines and
translocation of intestinal microflora and endotoxins
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importance. However, it is claimed that certain mediators
such as polymorphonuclear neutrophils, increased
adhesion molecules, reactive oxygen species (ROS),
nitric oxide (NO) and some cytokine/chemokine release
are involved [5-8]. Additionally, previous animal studies
have shown that ROS is the end result of oxygen
imbalance, which leads to the accumulation of reactive
aldehydes by lipid peroxidation in mitochondria [8].
Then, it has been suggested that ROS production
occurring during the reperfusion period plays a key
role for uncontrolled oxidative stress, and increased
ROS may also induce the inflammatory cascade [9].
Carvacrol, a monoterpenic phenol of Lamiaceae family,
has been widely used in food industry for a long time
[10]. Several studies suggest that carvacrol has anti-
oxidant, anti-inflammatory, cytoprotective, antitumor
and antimicrobial properties [11-13]. Also, carvacrol,
a potent antioxidant, can be effective in the treatment
of many illnesses.

There are no studies assessing carvacrol’s ability to
reduce intestinal damage in mesenteric I/R to the
extent that we search the literature. Moreover, the
role of carvacrol in reducing lipid peroxidation and
its successful experiments in other organs with
therapeutic applications such as anti-inflammatory,
cytoprotective and antimicrobial, it seems appropriate
to hypothesize that carvacrol may have a therapeutic
effect in intestinal I/R. Therefore, the main purpose of
this study was to investigate the role of carvacrol on
oxidative stress in intestinal I/R injury in a rat model
and to evaluate the potential mechanisms underlying
the protective effects of carvacrol.

Materials and Methods

Animals

Sprague Dawley rats, (8 - 10-year-old male, 250 - 280 g),
were used in this study, and All the procedures in
this study were approved by the Institutional Animal
Care and Use Committee of Abant Izzet Baysal
University (Bolu, Turkey) (Number/ID (s):2017/34),
and animals were handled according to the Guide for
the Care and Use of Laboratory Animals (1996). The
rats were individually housed under a 12/12 h light/
dark cycle, with free access to tap water and food.
Room temperature and humidity were kept at 22 + 2°C
and 55 + 5%, respectively.

Mesenteric ischemia-reperfusion injury

I/R injury model was performed as previously described
[14]. The rats were anesthetized by xylazine (10 mg/kg
bw, Rompun®”; Bayer AG, Leverkusen, Germany)
and ketamine hydrochloride (100 mg/kg bw, Ketalar,
Eczacibasi, Turkey). The rats were placed in supine
position and secured in a dissection tray. The abdominal
region was shaved and cleaned with anti-septic solutions.
It was entered into the abdomen through a midline
laparotomy. The superior mesenteric artery was gently
dissected and occluded with a microvascular clamp,

893

then, intestinal ischemia was maintained for 45 min.
The abdomen was temporarily covered with a sterile
plastic wrap to minimize evaporative loss. Following
ischemia, the clamp was removed and a 60-min re-
perfusion was applied. In the sham operation group,
the superior mesenteric artery was isolated, but it
was not occluded.

30 rats were randomly divided into three groups, namely,
the sham-control group (group 1), I/R-untreated group
(group 2), and I/R-carvacrol treated group (group 3),
with 10 animals in each group. The sham-control
group underwent only the separation of the superior
mesenteric artery but not the occlusion. In the I/R-
untreated and I/R-carvacrol treated groups, the superior
mesenteric artery was clamped for 45 min, followed
by 60 min of reperfusion. At 2 before ischemia, the
I/R-carvacrol treated group rats received an i.p.
injection of carvacrol at a dose of 75 mg/kg bw
(Sigma-Aldrich, St. Louis, MO, USA). Sham-control
and I/R-untreated groups received vehicle (25% di-
methyl sulfoxide (DMSO) in normal saline) 10 mL/kg
bw according to the same protocol.

At the end of experiments, intestine tissue samples
were collected, (10 cm away from the ileocecal junction
of the isolated segment of the intestine) and, flushed
with saline. Then, the samples were divided into two
parts, one part of the tissue samples were frozen
immediately using liquid nitrogen for analysis of
biochemical and immunohistochemical studies, and
stored at -80°C until analysis. The remaining part of
intestine samples were placed in a solution of 10%
formaldehyde for histopathological studies.
Histopathologic Examination

Terminal ileum segments were embedded in paraffin,
and 5 pum thick sections were stained with haematoxylin
and eosin (H&E). The degree of intestinal tissue injury
was evaluated under a light microscope (TE300; Nikon,
Tokyo, Japan) by a blinded pathologist. Chiu scale
[15] consists of 5 grades (GO - G5) and it was used
to assess the histological damage of the intestine as
follows: grade 0 — mucosa without changes; grade 1 —
subepithelial space at the tips of the villi; grade 2 —
extension of the subepithelial space; grade 3 — massive
desquamation from the tips of the villi; grade 4 —
entirely desquamated mucosa with markedly capillary
congestion; and grade 5 — derangement of lamina
propria with ulceration.

Determination of tissue malondialdehyde, superoxide
dismutase and myeloperoxidase

In a similar manner to the previously described method
[16], the samples were thawed before study. Each
tissue was homogenized once in 1 mL phosphate-
buffered saline. Samples were frozen and thawed
twice to facilitate cell membrane disintegration. The
homogenate was centrifuged at 4°C at 5,000 g for 5
min, and the supernatant was removed. Malondi-
aldehyde (MDA) concentrations were measured using
commercially available colorimetric assay kits according
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to manufacturer instructions (Cayman Chemical Co.,
Ann Arbor, USA). Superoxide dismutase (SOD), and
Myeloperoxidase (MPO) activities were measured
using commercially available enzyme-linked immuno-
sorbent assay kits according to manufacturer instructions
(Cusabio Biotech, Wuhan, PRC). BCA protein assay
was used for the quantitation of tissue total protein
(Thermo Fisher Scientific Inc., Rockford, USA).
Measurement of tissue TAS and TOS levels

The total antioxidant status (TAS) and total oxidant
status (TOS) levels in the intestinal tissue were measured
using a Beckman Coulter AU680 analyser (Beckman
Coulter) with commercial reagents (Rel Assay Diagnostic,
Gaziantep, Turkey).

Immunohistochemical examinations

All the intestinal tissue specimens were embedded
in paraffin blocks and stored at 4°C. The specimens
were later deparaffinized, rehydrated, and sectioned
at 5 um. The sections were microwave pre-treated in
10 mM citrate buffer for 20 min, followed by cooling
at room temperature for 20 min and washing with buffer
solution for 10 min. The expression of endothelial
nitric oxide synthase (eNOS) and inducible nitric oxide
synthase (iNOS) was evaluated using eNOS poly-
clonal rabbit antibody (Thermofisher Scientific, PAS-
16887) and iNOS polyclonal rabbit antibody (Thermo
Fisher Scientific, PA5-16855), respectively. In each
group, the expression of eNOS and iNOS were scored
semi-quantitatively as follows: no staining (score 0),
mild staining (score 1), moderate staining (score 2)
and severe staining (score 3).

Statistical analysis

Data were analysed using SPSS Statistics software
Version 23 (IBM Corporation, Armonk, NY, USA).
All data sets were first assessed for normality with the
Kolmogorov-Smirnov test and Shapiro-Wilk test. Data

are expressed as means =+ standard deviation. If the
data were normally distributed, the comparison of
multiple groups was performed using the one-way
analysis of variance (ANOVA) followed by Tukey
post hoc analysis to compare differences between
individual groups (SOD, MDA, MPO, TAS, and TOS 's
tissue levels); if the data were not conforming to the
normal distribution, then the comparison of multiple
groups was carried out by Kruskal-Wallis test (intestinal
mucosal injury score, iNOS, and eNOS), and differences
between individual groups were compared by Mann-
Whitney U test. A p value of < 0.05 was considered
to indicate statistical significance.

Results and Discussion

As shown in Table I, the tissue MDA levels were
significantly increased in the I/R-untreated group as
compared to the sham-control (p < 0.001). Moreover,
in the I/R-untreated group, the SOD activity was
reduced in the presence of I/R compared with the
sham-control group (p < 0.02). However, in the I/R-
carvacrol treated group rats, the MDA contents
reduced significantly and the SOD activity increased
markedly compared with the I/R-untreated group (p <
0.004 and p < 0.001, respectively). As compared to the
sham-control group, MPO activity increased significantly
in the I/R-untreated group (p < 0.001). However, tissue
MPO activity decreased significantly after carvacrol
treatment (p < 0.001) (Table I), indicating that carvacrol
is able to inhibit the release of inflammatory cyto-
kines and suppress the oxidative stress. In the comparing
the tissue oxidative stress parameters between the
I/R injury groups, the TAS was significantly higher
(p <0.001) and the TOS level was significantly lower
(p <0.001) in the I/R-carvacrol treated group.

Table 1
Tissue oxidative stress parameters of all groups

Parameters Group 1 (Sham-control) | Group 2 (I/R-untreated) | Group 3 (I/R-carvacrol treated)
MDA (nmol/mg protein) 3404 33.6 £ 6.2*f 11.8+1.29
SOD (mU/ug protein) 9.2+0.8 2.4 +0.4%F 20.4 £2.29
MPO (ng/ug protein) 16.4+34 157.8 £7.6* 62.6 = 6.29
TOS (nmol/mg protein) 41+0.1 8.8 +0.8*F 34+£04
TAS (mmol/mg protein) 43+0.2 1.8+ 0.2%} 9.8 +1.49

Malondialdehyde (MDA), myeloperoxidase (MPO) and total oxidant status (TOS) were significantly increased in intestinal tissues subjected to ischemia
reperfusion injury but decreased by carvacrol treatment. The levels of superoxide dismutase (SOD) and total antioxidant status (TAS) in the intestinal tissue
exposed to ischemia reperfusion (I/R) were increased by carvacrol treatment. *p < 0.05 (Group 2 vs. 1); Tp < 0.05 (Group 2 vs. 3), fp < 0.05 (Group 3 vs. 1)

Table 11
Histopathological parameters of all groups
Parameters Group 1 (Sham-control) | Group 2 (I/R-untreated) | Group 3 (I/R-carvacrol treated)
Chiu score 0.4+0.2 3.2+£0.3*%F 1.2+0.1
iNOS expression 0.84+0.2 2.5+ 0.2%} 1.4+0.2
eNOS expression 14+0.2 1+0.3 2.4+£02¥%

The levels of intestinal tissue Chiu scores, inducible nitric oxide synthase (iNOS) and endothelial nitric oxide synthase (eNOS) from sham-
control, I/R-untreated and I/R-carvacrol treated groups. Intestinal mucosal injury scores were decreased by carvacrol treatment in the intestinal
tissues exposed to ischemia/reperfusion (I/R). In the I/R-carvacrol-treated group, the iNOS level was significantly lower and eNOS was
significantly higher. *p < 0.05 (Group 2 vs. 1); Tp < 0.05 (Group 2 vs. 3), ¥p < 0.05(Group 3 vs. 2).
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In the I/R-untreated group, the intestinal mucosal
injury score was significantly higher compared with
that in the sham-control group (p < 0.001). However,
the quantitative analysis showed a significantly decreased
mucosal injury score in the I/R-carvacrol treated group
compared with that in the I/R-untreated group (p <
0.001), which showed that carvacrol treatment might
play a protective effect in intestinal I/R injury (Table
I). In H&E-stained intestine sections, normative
histological changes were found in the sham-control
group. In this group, intestinal epithelial villi aligned

and formed a complete structure (Figure la). In
accordance with Chiu’s score, in the I/R-untreated
group, the intestinal morphology was severely damaged
and the intestine villus epithelial was broken, which
exhibited interstitial hyperaemia, congestion and
inflammatory cell infiltration (Figure 1b). In the I/R-
carvacrol treated group rats, most of the intestinal villi
were normal, while a few inflammatory cells were
infiltrated and a discrete congestion was observed at
the capillary level (Figure 1c).

Figure 1.

Histopathological appearance of rat intestinal mucosa in all groups (haematoxylin and eosin staining, x100). a)
Sham-control rats demonstrated a normal histologic architecture. b) Rats subjected to intestinal ischemia
reperfusion (I/R) injury: marked extended subepithelial space and epithelial lifting along the villis sides, denuded
villi, and loss of villus tissue (—), congestion (c), and inflammatory cells (). ¢) Rats subjected to intestinal I/R
injury, pretreated with carvacrol: preserved the villi architecture

In the I/R-untreated group, iNOS expression was
significantly elevated when compared with that in the
sham-control and the I/R-carvacrol treated groups
(p <0.001 and p < 0.002 respectively), as shown in
Table II and Figure 2a-c. In contrast, in the I/R-

carvacrol treated group, the mean value of eNOS
expression in intestinal mucosal cells was significantly
increased when compared with that I/R-untreated groups
(p <0.007), as shown in Table IT and Figure 3a-c.

Figure 2.

Examination of inducible nitric oxide synthase (iNOS) expression in intestinal tissues in the all groups (original
magnification, x 100). (a) iNOS staining showed that there was mild change in control rats. (b) Significant
increase in the number of iNOS-positive epithelial cells were observed in ischemia reperfusion group. (c)

Expression of iNOS decreased in the carvacrol treatment group

The present research is the first study to evaluate and
demonstrate the effects of carvacrol on reducing the
negative consequences of I/R injury in a rat model of
intestinal I/R. The results of the present study showed
that carvacrol treatment inhibited nitrosative and oxidative
stress by reducing lipid peroxidation (MDA) levels,
reducing iNOS expression, and by increasing anti-
oxidants such as the SOD enzyme. In addition, carvacrol
treatment reduced the I/R-induced increase in MPO
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levels in ischemic intestinal tissues. These responses
may be related to anti-inflammatory, cytoprotective
factors and/or antioxidants.

Intestinal I/R injury is an emergency medical condition
with a high mortality rate. Ischemia, the interruption
of blood supply, may cause damage to vital tissues.
Although re-perfusion of tissues is important, it causes
pathophysiological responses that lead to serious cell
and tissue damage [17]. Several mediators have been
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included in intestinal I/R injury, such as the deposition
of ROS, neutrophil infiltration, proinflammatory cyto-
kines, chemokines, and apoptosis [18, 19]. Additionally,
I/R causes damage of the intestinal mucosal barrier
and, then, bacterial translocation from the gut into the

bloodstream triggers a systemic inflammatory response
syndrome and oxidative stress, which lead to distant
organ injury with a high mortality rate of approximately
40% [20].

Examination of endothelial nitric oxide synthase (eNOS) expression in intestinal tissues in all groups (original
magnification, x100). (a) eNOS expression was found mean in the sham-control group. (b) eNOS expression in
I/R —untreated group were decreased. (c) eNOS expression in the carvacrol-treated group was significantly
higher in the epithelial cells

It is well known that ROS play important roles in the
pathogenesis of I/R injury, as they involve direct
cellular injury, initiate a cascade of mediators, apoptosis,
acute inflammatory changes, and necrosis [21, 22]. SOD
is an important antioxidant in maintaining of the
oxidative balance [23]. In addition, MDA, which is
the product of free radical lipid peroxidation, is used
in many studies as a standard to assess the level of I/R
injury [22, 24]. Carvacrol is a natural agent extracted
from many plants of the Lamiaceae family, such as
plants in the genera Origanum and Thymus [10,
25]. In a number of studies, its multiple effects and
therapeutic potential were well-presented in several
areas and on various diseases, as mentioned below.
Many studies demonstrated that carvacrol has anti-
inflammatory [26], antimicrobial [27], antinociceptive,
antithrombotic [28], antispasmodic [29], vasorelaxant
[30], and antioxidant properties [31]. In a more recent
study Li et al., in a mice model of focal cerebral I/R
injury, showed that carvacrol inhibited the levels of
inflammatory cytokines and MPO activity, as well as
the expression of iNOS [32]. It also increased SOD
activity and decreased MDA levels in ischemic cortical
tissues. In another work, Canbek et al. demonstrated
that carvacrol improved the biochemical changes in
the liver caused by I/R, and there was no hepato-
toxicity displayed at the chosen dose of carvacrol [33].
In the current study, lipid peroxidation was increased
in the intestinal tissues of the rats after exposure to
I/R, as demonstrated by elevated MDA production.
However, carvacrol treatment markedly decreased MDA
production and increased the activities of antioxidant
enzymes, including SOD, following intestinal I/R in
rats. SOD is an enzyme that alternately catalyses the
dismutation (or partitioning) of the superoxide
(OU-) radical into either typical molecular oxygen
(OlJ) or hydrogen peroxide (HUJOLJ). SOD is an
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important anti-oxidant defence mechanism for cells
exposed to oxygen [34]. Additionally, the TOS level
was significantly lower in the I/R-carvacrol treated
group when compared to the I/R-untreated group.
The decrease in the TOS level resulted from the
carvacrol-induced increase in the antioxidant
capacity of the tissue. In addition, histopathological
analysis revealed that the intestinal tissue injury
score markedly decreased in the I/R-carvacrol
treated group compared to the I/R-untreated group.
NO is revealed from L-arginine by three types of nitric
oxide synthase (NOS) enzymes, known as endothelial
NOS (eNOS), neuronal NOS, and inducible NOS
(INOS) [35]. Among these isoforms, the expression
of iNOS usually increases during the pathological
processes and in response to proinflammatory cytokines.
iNOS induces the production of large quantities of NO,
thus, leading to the reperfusion induced intestinal injury
[36]. Naito et al. demonstrated that inflammation
induced by mesenteric reperfusion in rats resulted
in oxidative and nitrosative stress, by the increased
expression of iNOS and by an excess expression of
lipidic peroxides [37]. Wu et al. suggested that iNOS
is related to increased apoptosis in the small intestine
mucosa of rats after I/R [38]. In this study, intestinal
I/R caused a significant increase in iNOS tissue expression
compared with the sham-control group. Conversely,
iNOS tissue expression levels were decreased in the
I/R-carvacrol group. Additionally, in the I/R-carvacrol
group, eNOS tissue expression levels were significantly
increased.

The current study has some limitations. Firstly, carvacrol
was administered before SMA occlusion which does
not exactly match the clinical situation. Secondly,
apoptosis was not examined directly and, we did not
access more inflammatory cytokines and oxidative
proteins that may have potential functions in it.
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However, we believe that our findings may provide
useful clues for future research.

Conclusions

In the present study, we revealed that administration
of carvacrol increased the levels of SOD, TAS and
eNOS but decreased the levels of MDA, MPO, TOS
and iNOS in the I/R rats. This indicates that carvacrol
may alleviate I/R injury by an increase of the anti-
oxidative activity and suppression of inflammatory
cell infiltration as well as preservation of intestinal
mucosal damage. These results suggested that carvacrol
may be a novel therapeutic agent for the protection
of intestinal mucosal tissue against I/R injury.
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