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Abstract

In this study, the protective and healing effects of beta-caryophyllene (BCP) on gastric mucosa in indomethacin (INDO)-
induced gastric ulcer model were investigated. In the study, 116 male Sprague—Dawley rats were used. In in vivo experiments,
rat was administered doses of 50-100-200 mg/kg BCP and 5 mg/kg omeprazole for 14 days, and indomethacin (100 mg/
kg) was given on the last day. In in vitro experiments, the effects of BCP (250-500-1000 pg/ml) on gastric motility and
acid secretion were examined by isolated organ bath method. It was found that INDO treatment increased MDA level in
gastric tissue, but decreased GPx and SOD activities. Nrf2 and HO-1 levels were decreased in INDO-treated groups. INDO
increased TNF-a, IL-1p, and NF-xB levels and iNOS activity, but decreased COX-1 activity and PGE2 levels. INDO induced
ER stress and increased GRP78, ATF4, ATF6, p-IRE1, sXBP1, elF2-a, and CHOP expression levels in gastric tissue. Bax,
caspase-3, and caspase-12 levels increased in INDO group, while Bcl-2 level decreased. BCP showed protective activity in
gastric tissue and brought these parameters closer to normal levels. In vitro studies revealed that BCP decreased ACh and
KCl-induced gastric contractions. Again, BCP decreased gastric acid secretion via M3 receptor pathway but not via H2 and
CCK?2 receptor pathways. This study revealed that BCP showed healing effects by protecting gastric mucosa from oxidative
stress, inflammation, ER stress, and apoptosis in INDO-induced gastric ulcer model. In addition, it was revealed that BCP
affects gastric motility by regulating gastric acid secretion via M3 receptor pathway.
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Introduction people reported to have stomach ulcers each year (Groenen

et al. 2009). Ulcer development disrupts the biological bal-

Gastric ulcer is a major public health problem today due to
its high recurrence rate and the economic losses it causes
(Kowada and Asaka 2022). Stomach ulcers are a common
health problem worldwide, with an average of 4—6 million
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ance between defensive and aggressive factors in the gas-
trointestinal tract, leading to damage to the structure of the
gastric mucosa. In this process, increased ambient acidity,
decreased mucus secretion, irregular gastric movements, and
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disruptions in blood flow can trigger erosion of the mucosa
and subsequent ulcer formation. Factors that can trigger this
condition include non-steroidal anti-inflammatory drugs
(NSAIDs), Helicobacter pylori (H. pylori) infections, and
stress factors (Bi 2014; Graham 2014; Kumar et al. 2014).
Non-steroidal anti-inflammatory drugs frequently preferred
in the treatment of various inflammatory conditions such as
rheumatoid arthritis, osteoarthritis, and ischemic cerebro-
vascular diseases (Goldstein and Cryer 2015; Jeppesen et al.
2020). The therapeutic mechanism of NSAIDs is based on
the inhibition of prostaglandin synthesis (Sohail et al. 2023).
However, long-term use of these drugs brings serious gas-
trointestinal (GI) problems. Side effects such as mucosal
lesions, gastric ulcers, bleeding, and intestinal inflammation
are the main problems frequently encountered in the use of
these drugs (Panchal and Prince Sabina 2023). Indometha-
cin (INDO), an NSAID, exerts its anti-inflammatory effects
by inhibiting the cyclooxygenase (COX) enzyme from con-
verting arachidonic acid into prostanoids, the precursors
of prostaglandins. However, when used to relieve pain and
inflammation, this medicine can cause serious damage to
epithelial cells in the digestive tract (Morsy and El-Moselhy
2013; Teichert et al. 2014).

Beta-caryophyllene (BCP) is a natural plant compound
belonging to the bicyclic sesquiterpene family. BCP, which
is known both as a pure component and as a constituent of
plant essential oils, attracts attention with its many beneficial
properties. Recent studies have demonstrated the beneficial
biological effects of BCP in various organs such as the liver,
kidney, and brain. Studies have shown that BCP has antioxi-
dant, anti-inflammatory, antiapoptotic, and anticarcinogenic
properties (Gushiken et al. 2022). Thanks to these effects,
BCP is known as an important molecule in herbal treatment
methods. These receptor types involve multiple signaling
pathways in response to mediators such as neurotransmitters,
hormones, and other bioactive molecules (Baradaran Rahimi
and Askari 2022).

In this study, we aimed to investigate the effects of BCP
on INDO-induced gastric ulcer. This study aimed to reveal
the effects of BCP application on oxidant damage, endoplas-
mic reticulum (ER) stress, inflammation, and apoptosis by
in vivo method. In addition, it was also aimed to investigate
the role of BCP in regulating gastric motility and its effects
on gastric acid secretion by in vitro isolated organ bath study
method.

Material and methods

Experimental applications and laboratory analyses in this
study were carried out at Atatiirk University Medical Experi-
mental Research and Application Center. Ethical approval
for the study was obtained from Atatiirk University Rectorate
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Animal Experiments Local Ethics Committee (Decision No:
2022/83).

Chemicals

Indomethacin (Cat. no. A19910.22), omeprazole (Cat. no.
89352-76-1), beta caryophyllene (Cat. no. 87-44-5), acetyl-
choline (ACh) (Cat. no. 60-31-1), potassium chloride (KCI)
(Cat. no. 7447-40-7), histamine (Cat. no. H7250), famoti-
dine (Cat. no. F6889), atropine (Cat. no. A0132), pentagas-
trin (Cat. no. C5259); proglumide (Cat. No. M006); chemi-
cals used for Krebs solution: mM: sodium chloride (NaCl)
118, KCl 4.8, magnesium sulfate (MgSO,) 1.2, potassium
dihydrogen phosphate (KH,PO,) 1.14, disodium hydrogen
phosphate (Na,HPO,) 15.9, calcium chloride (CaCl,) 0.65,
glucose 31.6; chemicals used for serosal solution: mM:
NaCl 118, KCl1 4.8, MgSO, 1.2, KH,PO, 1.14, Na,HPO,
15.9, CaCl, 0.65, Glucose 31.6; chemicals used for mucosal
solution: mM: NaCl 135, KCI 4.8, MgSO, 1.2, CaCl, 1.3,
glucose 31.6. In addition, the kits purchased for biochemical
analyses; all ELISA kits were purchased from Bostonchem
as rat compatible. The antibodies used were purchased from
Santa Cruz and Elebscience, and the examinations were car-
ried out.

Experimental animals and experimental protocols

The experimental animals used in the study were obtained
from Atatiirk University Medical Experimental Applica-
tion and Research Center. A total of 116 male adult (2.5-3
months old) Sprague—Dawley rats weighing approximately
240-290 g were used in the study. The daily nutritional
and water requirements of the animals in the experimental
groups were met ad libitum. The feed content used in rats is
humidity 12.8%, crude protein 23%, crude fat 1.7%, crude
fiber 3.7%, raw ash 8.3%, sodium 0.5%, manganese 95 mg/
kg, iron 31 mg/kg, zinc 95 mg/kg, cobalt 0.5 mg/kg, sele-
nium 0.28 mg/kg, iodine 2.28 mg/kg, vitamin A 12,000,000
1U/kg.

In our study, two separate experimental protocols were
applied.

In the first protocol, a total of 96 rats were divided
into nine groups as control, indomethacin (INDO) (100
mg/kg), omeprazole (OMP) (5 mg/kg), OMP (5 mg/kg)
+indomethacin (INDO) (100 mg/kg), BCP (50 mg/kg)
+ indomethacin (INDO) (100 mg/kg), BCP (100 mg/kg)
+ indomethacin (INDO) (100 mg/kg), BCP (200 mg/kg)
+ indomethacin (INDO) (100 mg/kg), and BCP (200 mg/
kg). The control group received only intragastric (i.g.)
PBS for 14 days. The INDO group received a single dose
of Indomethacin (INDO) (100 mg/kg, i.g.) on the 15 th day
of the study (Sengul and Gelen 2019). Omeprazole 5 mg/
kg, i.g (El-Ashmawy et al. 2016) and BCP 200 mg/kg, i.g.
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(Hammad et al. 2018) were administered for 14 days. In
the OMP +INDO, BCP50 (He et al. 2021; Francomano
et al. 2019; Baradaran and Askari 2022) +INDO, BCP100
(He et al. 2021; Francomano et al. 2019; Baradaran and
Askari 2022) +INDO, and BCP200 +INDO groups, a
single dose of INDO (100 mg/kg) was administered on
day 15, 1 day before the animals were euthanized, follow-
ing the 14-day treatment period. Animals were sacrificed
under general anesthesia 24 h after the last treatment, and
gastric tissues were examined macroscopically and placed
in appropriate storage conditions for further analyses.

In the second protocol, a total of 20 male rats were used
in two groups while performing in vitro studies. In the
first group, contraction-relaxation responses of the stom-
ach smooth muscles were determined in 10 rats. In the
second group, the effects of BCP on stomach acid secre-
tion activity were investigated in the isolated organ bath
environment on 10 rats.

Macroscopic evaluation of gastric ulcer

Ulcer index and preventive index measurement were cal-
culated using the method used by Kiigiikler et al. The ulcer
score for each group was the average number of ulcers in
each group (total number of ulcers/total number of rats).
Preventive index = (ulcer index of the ulcer group — ulcer
index of the treated group X 100)/ulcer index of the ulcer
group. Again, the ulcer scoring in macroscopic findings
was evaluated as no (—), mild (+), moderate (+ +) and
severe (+ + +) (Kiigiikler et al. 2022).

Table 1 Gene names and information used in real time PCR analyses

ELISA analyses

Oxidative and antioxidant parameters (MDA, SOD, GPx),
proinflammatory (TNF-a, IL-1p) cytokines, iNOS activity,
cyclooxygenase-1 (COX-1), and prostaglandin E2 (PGE2)
levels in the stomach tissues of rats were measured using
the enzyme-linked immunosorbent assay (ELISA) method
using BostonChem rat-compatible ELISA kits according to
the manufacturer’s protocol (Bolat et al. 2025b).

Real time PCR analyses

Total RNA was extracted from tissues using RNeasy Mini
Kit (Qiagen) according to the manufacturer's instructions.
Total mRNA was measured using a NanoDrop spectro-
photometer (EPOCH Take3 Plate, Biotek) at 260/280-nm
wavelength. Synthesis of cDNA from total RNA was per-
formed using the high capacity cDNA reverse transcription
kit (Applied Biosystems, Cat. No. 4368814). Each reaction
was performed using 10 pl of RNA. The amount of synthe-
sized cDNA was quantified with a NanoDrop spectropho-
tometer (EPOCH Take3 Plate, Biotek). The primers required
to measure the mRNA transcript levels of the relevant genes
by real time PCR were designed by Primer Design program
as indicated in Table 1. GRP78, CHOP, ATF6, p-IRE1,
sXBP1, Bax, Bcl-2, and caspase 12 mRNA expressions were
quantified using SYBR Green Gene Expression Master Mix
kit. Amplification and quantification were performed on Ste-
pOne Plus Real Time PCR System (Applied Biosystems). Ct
values were automatically calculated on the device using the
2 delta threshold cycle (2724€T) method (Bolat et al. 2025a).

Gen Primary orientation Nucleotide sequence Base length Catalogue number

GRP78 forward 5'-CATGCAGTTGTGACTGTACCAG-3' 22 NM_013083.2
reverse 5'- CTCTTATCCAGGCCATATGCAA-3' 22

ATF6 forward 5’- GTACTGAGGAGACAGCAGCG-3’ 20 XM_008769738.4
reverse 5’- GCCTCTGGTTCTCTGACACC-3’ 20

CHOP forward 5’- GAAGCCTGGTATGAGGATCT-3’ 20 NM_001109986.1
reverse 5’-GAACTCTGACTGGAATCTGG-3’ 20

XBP-1s forward 5’- CTGAGTCCGAATCAGGTGCAG-3’ 21 NM_0012271731.1
reverse 5’- ATCCATGGGGAGATGTTCTGG-3’ 21

p-IRE1 forward 5'-GCAGTTCCAGTACATTGCCATTG-3' 23 NM_001191926.1
reverse 5'-CAGGTCTCTGTGAACAATGTTGA-3' 23

BAX forward 5’- TTTCATCCAGGATCGAGCAG -3’ 20 NM_017059.2
reverse 5’- AATCATCCTCTGCAGCTCCA -3’ 20

f-actin forward 5’- CAGCCTTCCTTCTTGGGTATG -3’ 20 NM_031144.3
reverse 5’- AGCTCAGTAACAGTCCGCCT -3’ 20

Bcl-2 forward 5’- GACTTTGCAGAGATGTCCAG -3’ 20 NM_130422.2
reverse 5’- TCAGGTACTCAGTCATCCAC -3’ 20

Caspasel2 forward 5’- CTGATGATGAAGAGGATGAA -3’ 20 NM_130422.2
reverse 5’- CTGAGGAACTGTAAGCATTA -3’ 20
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Western blot analyses

Protein amounts in stomach tissues were determined
according to the protocol of Bolat et al. 200-mg stom-
ach tissue was homogenized in RIPA lysis buffer (sc-
24948). Protein measurement was performed with
Thermo Pierce™ BCA kit. The prepared gastric tissue
samples were loaded onto a gel (Thermo) ready for elec-
trophoresis, respectively. After electrophoresis, proteins
were transferred to PVDF membrane. Primary anti-
bodies p-actin (cat. no. E-AB-40338), NF-kB (cat. no.
E-AB-32232), caspase 3 (cat. no. sc-7272), ATF4 (cat.
no. sc-390063), and elF2a (cat. no. E-AB-31295) were
applied followed by secondary antibody (ab150113).
Samples were incubated with the iBind Automated West-
ern System (Thermo). Protein bands were recorded with
the iBright™ FL1500 Imaging System (Thermo). Densi-
tometric analysis of the bands was performed with iBright
Analysis Software. Each sample was measured at least
three times (Bolat et al. 2025b).

Histopathological and immunofluorescence
examination

Stomach tissue samples taken for histological examina-
tion were fixed in 10% buffered formaldehyde solution
and washed in tap water before tissue tracking was per-
formed. Tracked tissues were blocked in paraffin and
4-um-thick sections were taken on a microtome device.
Then, the sections were stained with hematoxylin—eosin
and examined under a light microscope (Olympus BX
51, Japan). Ulcers, edema, hyperemia, degeneration and
necrosis seen in the sections were classified as “absent”
(=), “mild” (+), “moderate” (+ +), and “severe” (+ ++).
In the study, the histopathological images were examined
by two pathologists, and the evaluation was done using
the blind pathology method (Danisman et al. 2023).

Then the sections were boiled in antigen retrieval (Tris
EDTA buffer pH + 6.1, 100 X) solution. Then protein
block was dropped onto the sections. Then primary anti-
body (Nrf2, Cat No: ab137550) was dropped onto the
sections and incubated. Then secondary antibody (FITC,
Cat No: ab6785) was dropped. Second primary anti-
body (HO-1, Cat No: ab13243) was applied, and then
immunofluorescence secondary antibody (Texas Red,
Cat No: ab6719) was dropped. After the staining process
was completed, DAPI (Cat No: D1306) with mounting
medium was dropped on the sections. The stained sec-
tions were examined using a fluorescence microscope
(Zeiss AXIO, GERMANY) (Bolat et al. 2024).

@ Springer

Effects of BCP on in vitro gastric wall muscle
contractions

A contraction-relaxation protocol was established in muscle
strips to reveal the role of BCP in the smooth muscles of the
stomach wall. The gastric tissues were dissolved in Tyrode’s
solution (Krebs solution: mM: sodium chloride (NaCl) 118,
potassium chloride (KCl) 4.8, magnesium sulfate (MgSO,)
1.2, potassium dihydrogen phosphate (KH,PO,) 1.14, diso-
dium hydrogen phosphate (Na,HPO,) 15.9, calcium chloride
(CaCl,) 0.65, and glucose 31.6, pH: 7.4).

Two or three muscle strips were prepared by taking 1-1.5
cm sections from the stomach tissue. The prepared mus-
cle strips were placed in an organ bath containing 20 ml of
Krebs solution containing 95% O,, and 5% CO, at approxi-
mately 37 °C. The muscle strips placed in the bath were
subjected to a 1-g tension and incubation period of 1 h. In
our study, two experimental groups, BCP + acetylcholine
(ACh) and BCP +KCl, were formed on the gastric muscle
wall (Atasever et al. 2016).

BCP+ACh group

1077, 107, 1075, and 10™* M doses of ACh were applied
to the bath, and the response curve was obtained. Control
values were determined by averaging the dose-response
curve. Then, 250 pug/ml dose of BCP was applied to the bath.
After the muscle mass was exposed to BCP for 6 min, 1077,
1074, 1073, and 10~* M doses of ACh were applied to the
bath. The responses were recorded and then the tissue was
washed three times and rested for 5 min. Using the same
protocol, the effect of 500 and 1000 pg/ml doses of BCP
was also evaluated, and the effect of different BCP doses
on ACh-induced gastric wall smooth muscle motility was
determined.

BCP + KCl group

Response curves were generated by applying 20, 40, 60,
80, and 100 mM doses of KCI to the bath. Control values
were determined by averaging the response curves. Then,
250-ug/ml dose of BCP was applied. At the end of 6-min
exposure to BCP, doses of KCI were applied to the bath. The
responses obtained were recorded. The tissue was washed
three times and rested for 5 min. BCP doses of 500 and 1000
pg/ml were studied with the same protocol and the effect
of increasing doses of BCP on KCI-induced gastric wall
smooth muscle contractions was determined.

Effects of BCP on gastric acid secretion in vitro

Stomach, take serosal solution in (mM: NaCI 118, KCI
4.8, MgSO, 1.2, KH,PO, 1.14, Na,HPO, 15.9, CaClI,
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0.65, glucose 31.6 pH:7.00) and the surrounding connec-
tive tissues were cleaned. The stomach was then washed
with mucosal solution (mM: NaClI 135, KCI 4.8, MgSO,
1.2, CaCl, 1.3, glucose 31.6 pH:5.00). Then, two plastic
cannulas with a diameter of 2 mm were inserted into the
pylorus and esophagus. The stomach was then placed in
a 20-ml organ bath containing a serosal solution. The
temperature of the organ bath was maintained at 37 °C.
The bath environment was ventilated with 95% O, and 5%
CO, gas. The tissue was incubated for 40-50 min to adapt
to the environment and to obtain basal acid secretion.
The effects of three different doses of BCP (250 pg/ml,
500 pg/ml, 1000 pg/ml) along with agents that stimulate
and inhibit gastric acid secretion by paracrine, hormo-
nal, and neuronal means were evaluated. The effects of
these doses on acidic pH were compared with basal pH
and changes in ApH were calculated. The chemicals used
during the experiment were added to the serosal side. His-
tamine (10™* M/ml) was used to stimulate acid secretion
via the paracrine pathway, pentagastrin (107® M/ml) to
stimulate it via the hormonal pathway, and acetylcholine
(107> M/ml) to stimulate it via the neuronal pathway. As
antagonists of these mechanisms, famotidine (107> M/
ml), proglumide (107> M/ml), and atropine (107¢ M/ml)
were added respectively. According to the setup shown in
Table 2, the pH value of the gastric fluid was measured
with different doses of BCP and agonist—antagonist com-
binations, and the ApH value was calculated according to
the formula below (Topal and Celebi 2011).

Table 2 BCP experimental groups used in in vivo isolated organ bath

Statistical analysis

The results of biochemical, immunofluorescence, RT-PCR,
western blot analyses, and in vitro studies were evaluated
using GraphPad Prism 8.0.2 statistics program. For statis-
tical analysis between more than two independent groups,
one-way ANOVA followed by Tukey test was applied;
p<0.05 was considered significant. In histopathologi-
cal examinations, Shapiro—Wilk test was used to examine
whether the histopathological data first showed normal dis-
tribution. After, non-parametric Kruskal-Wallis test was
used, and Mann—Whitney U test was used to determine the
differences between the groups.

Results
Macroscopic findings

No pathologic findings were observed in the gastric tissues
of rats in the control, OMP, and BCP200 groups. In the
INDO group, severe erosive-ulcerative foci and bleeding
areas were detected in the gastric mucosa. While mild ero-
sion, ulcerative foci and bleeding areas were observed in the
gastric mucosa in the OMP +INDO and BCP200 +INDO
groups, the analysis revealed a significant difference between
these groups and the INDO group (p < 0.05). In the BCP50
+INDO group, severe erosive-ulcerative foci and bleed-
ing areas were observed in the gastric mucosa. Moderate
erosion, ulceration and bleeding foci were detected in the
BCP100 +INDO group, and a significant difference (p <

Basal pH group BCP 250 pg/ml
BCP 500 pg/ml

BCP 1000 pg/ml

Histamine group A group

(In the presence of proglumide + atropine)

A: Histamine

B: Histamine +BCP 250 pg/ml
C: Histamine +BCP 500 pg/ml
D: Histamine +BCP 1000 pg/ml

Acetylcholine group A group

(In the presence of proglumide + famotidine)

A: Acetylcholine

B: Acetylcholine +BCP 250 pg/ml
C: Acetylcholine + BCP 500 pg/ml
D: Acetylcholine +BCP 1000 pg/ml

Pentagastrin group A group

(In the presence of atropine + famotidine)

A: Pentagastrin

B: Pentagastrin +BCP 250 ug/ml
C: Pentagastrin +BCP 500 pg/ml
D: Pentagastrin + BCP 1000 ug/ml

B group

(In the presence of proglumide + atropine + famotidine)
A: Histamine

B: Histamine +BCP 250 pg/ml

C: Histamine +BCP 500 pg/ml

D: Histamine +BCP 1000 pg/ml

B group

(In the presence of proglumide + famotidine + atropine)
A: Acetylcholine

B: Acetylcholine +BCP 250 pg/ml

C: Acetylcholine +BCP 500 pg/ml

D: Acetylcholine + BCP 1000 pg/ml

B group

(In the presence of atropine + famotidine + proglumide)
A: Pentagastrin

B: Pentagastrin + BCP 250 pg/ml

C: Pentagastrin +BCP 500 ug/ml

D: Pentagastrin + BCP 1000 ug/ml
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0.05) was found between this group and the INDO group
(Fig. 1). The ulcer score, ulcer index and the preventive
index of BCP calculated in gastric tissue are presented in
Table 3.

ELISA analysis findings
As a result of the evaluation of oxidative stress parameters

in gastric tissue, it was observed that MDA levels signifi-
cantly increased and SOD and GPx activities decreased in

Fig. 1 Macroscopic view of the mucosa layer of the gastric tis-
sue of the experimental groups. A Control, B INDO, C OMP, D
OMP +INDO, E BCP50 +INDO, F BCP100 +INDO, G BCP200
+INDO, F BCP200. Bleeding areas in the gastric mucosa are shown
with arrowheads

@ Springer

Table 3 Ulcer score, ulcer index, and preventive index of BCP

Ulcer score Ulcer index  Preventive index

Control - - -
INDO 29.44 +2.14° 2944 -
OMP - - -
OMP +INDO 2.18 £0.57° 218 %92.59
BCP50 +INDO  27.51 £1.98* 2751 %6.55
BCP100 +INDO  13.44 +1.13° 1344 %54.34
BCP200 +INDO 249 +0.81° 249 %91.54
BCP200 - - -

the INDO group compared to the other groups (p < 0.0001).
Although a decrease in MDA levels and an increase in SOD
and GPx activities were found in BCP50 +INDO and
BCP100 +INDO groups, these changes were not as effec-
tive as in BCP200 +INDO group (p < 0.05). The levels of
these three parameters were similar in the control, OMP and
BCP200 groups and showed favorable results compared to
the INDO group (p < 0.0001). In the OMP +INDO and
BCP200 +INDO groups, there was a decrease in MDA lev-
els and a significant increase in SOD and GPx activities (p <
0.05) (Fig. 2).

As a result of the evaluation of inflammatory mediators
in gastric tissues, it was found that TNF-a, IL-1p, and iNOS
levels were significantly increased in the INDO group com-
pared to the other groups, while COX-1 and PGE-2 activities
were decreased (p < 0.0001). TNF-a, IL-1p, iNOS, COX-
1, and PGE-2 levels in OMP and BCP200 groups were
similar to the control group. In OMP +INDO and BCP200
+INDO groups, TNF-a, IL-1p, and iNOS levels were sig-
nificantly lower and COX-1, and PGE-2 levels were higher
compared to the INDO group (p < 0.05). Some decreases
were observed in the levels of inflammatory mediators in
BCP50 +INDO and BCP100 +INDO groups compared to
the INDO group, but these changes were not sufficiently
effective compared to the control or other treatment groups
(Fig. 3).

RT-PCR analysis findings

When the expression levels of ER stress-induced chaperone
proteins were analyzed, GRP78, CHOP, ATF6, p-IRE1, and
sXBP1 expressions were significantly increased in the INDO
group compared to the other groups (p < 0.0001). There
was a decrease in the expression levels of these proteins in
BCP50 +INDO and BCP100 +INDO groups compared to
the INDO group; however, this decrease was not as effec-
tive as the decrease observed in OMP + INDO and BCP200
+INDO groups (p < 0.05). In addition, BCP50 +INDO
group was not found to be sufficiently effective compared
to the control group and other treatment groups. There was
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A B

150

100+

MDA (pg/g tissue)
SOD (ng/g tissue)

Fig.2 Evaluation of oxidative stress parameters of MDA (A), SOD
(B), and GPx (C) in stomach tissue and statistical analysis results.
One-way ANOVA and Tukey test (mean +SD). Different letters (a,

no statistically significant difference between the expres-
sion levels of OMP, OMP +INDO, BCP200 +INDO, and
BCP200 groups (p> 0.05).

When Bax, Bcl-2, and caspase 12 gene expression lev-
els, which are important indicators of apoptosis, were ana-
lyzed, it was observed that Bax and caspase 12 expressions
increased, while Bcl-2 expression decreased in the INDO
group compared to the other groups (p < 0.0001). BCP50
+INDO and BCP100 +INDO groups showed a decrease
in Bax and caspase 12 expressions compared to the INDO
group, but this decrease was not as effective as in OMP
+INDO and BCP200 +INDO groups (p < 0.05). Bax and
caspase 12 levels were also decreased in the BCP50 +INDO
group, but this decrease was not found to be effective enough
compared to the control group and other treatment groups.
Bcl-2 expression increased in BCP50 + INDO and BCP100
+INDO groups compared to the INDO group, but it was not
as effective as the increase in OMP +INDO and BCP200
+INDO groups (p <0.05). No statistically significant dif-
ference was observed between Bax, Bcl-2, and caspase 12
expression levels in control, OMP, OMP +INDO, BCP200
+INDO, and BCP200 groups (p > 0.05) (Fig. 4).

Western blot analysis findings

NF-xB, elF2-a, ATF4, and caspase 3 protein levels were
analyzed by Western blot analysis. As shown in Fig. 5, these
protein levels were significantly increased in the INDO
group compared to the other groups (p < 0.0001). BCP50
+INDO group showed a decrease in NF-xB, caspase 3 (p <
0.0001), elF2-a (p = 0.0013), and ATF4 (p = 0.6828) expres-
sion levels compared to the INDO group. There was a sig-
nificant decrease in NF-kB, elF2-a, ATF4, and caspase 3
protein levels in OMP200 +INDO, BCP100 +INDO, and
BCP200 +INDO groups compared to the INDO group (p <
0.0001) (Fig. 5).

250
200
150
100 b

50

GPx (pg/ gtissue)

b, ¢, d, ad, and ac) above the columns indicate statistically significant
differences between groups (p < 0.05)

Histopathological and immunofluorescence
findings

In the control, OMP, and BCP200 groups, normal histologic
structure was observed when the gastric tissues were exam-
ined histopathologically. In the INDO group, severe necrotic
mass was showed. There was severe erosion and ulceration
in the mucosal layer. Although these findings decreased in
the BCP50 +INDO group, this was not statistically signifi-
cant (p> 0.05). In the OMP +INDO, BCP100 +INDO, and
BCP200 +INDO groups, these findings were significantly
reduced compared to the INDO group (p < 0.05) (Fig. 6).
According to the immunofluorescence staining results,
moderate levels of Nrf2 and HO-1 expressions were detected
in the gastric tissue in the control group. In the INDO group,
mild levels of Nrf2 and HO-1 expressions were observed
in the cells around the necrotic areas in the mucosa layer.
Severe levels of Nrf2 and HO-1 expressions were found in
the OMP, OMP +INDO, BCP200 + INDO, and BCP200
groups, and a statistically significant difference was found
when compared to the INDO group (p < 0.0001). Mild levels
of Nrf2 and HO-1 expressions were detected in the BCP50
+INDO group, and no significant difference was observed
when compared to the INDO group (p > 0.05) (Fig. 7).

Findings on the contractile and relaxant effects
of BCP on the stomach wall smooth muscles

In the BCP+ ACh (n=5) group

1077, 1078, 107>, and 10~* M doses of ACh were cumula-
tively added to the bath, and the dose-response curve of
ACh was analyzed (Fig. 8A). Then, after administration
of ACh doses, the effects of 250-, 500-, and 1000-ug/ml
BCP doses on contraction and relaxation were recorded
(Fig. 8B). In the presence of a 250-pg/ml dose of BCP, no
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«Fig.3 Evaluation of inflammatory parameters of TNF-a (A), IL-1p
(B), iNOS (C), COX-1 (D) and PGE-2 (E) in stomach tissue and
statistical analysis results. One-way ANOVA and Tukey test (mean
+SD). Different letters (a, b, ¢, and d) above the columns indicate
statistically significant differences between groups (p < 0.05)

significant change in the ACh-induced contractile response
was observed, whereas 500- and 1000-pg/ml BCP doses sig-
nificantly reduced the contractile response to ACh (Fig. 8).

In the BCP+ KCI (n=5) group

KCl1 concentrations of 20, 40, 60, 80, and 100 mM
were added cumulatively to the bath medium, and the
dose-response curve of these concentrations was analyzed
(Fig. 9A). Then, changes in contraction and relaxation
caused by 250-, 500-, and 1000-pug/ml BCP doses were
recorded in response to KCI doses (Fig. 9B). While no sig-
nificant change was observed in the contraction response
caused by KCl in the presence of 250-ug/ml BCP dose, 500
and 1000 pg/ml BCP doses significantly reduced the con-
traction response to KClI (Fig. 9).

Effect of BCP on histamine-induced gastric acid
secretion in i1solated rat stomach tissue

The effects of 250-ug/ml, 500-pg/ml, and 1000-pg/ml doses
of BCP on histamine-induced gastric acid secretion were
investigated. When 10~* M dose of histamine was adminis-
tered with proglumide and atropine, a significant increase in
gastric acid secretion was observed. As shown in Fig. 10, no
statistically significant difference was observed in His + BCP
250 pg/ml, His +BCP 500 pg/ml, and His +BCP 1000 pg/
ml groups in histamine-induced gastric acid secretion (p >
0.05). Furthermore, when the effect of BCP on histamine-
induced gastric acid secretion in the presence of proglumide,
atropine, and famotidine was evaluated, no difference was
observed between the groups (p > 0.05) (Fig. 10).

Effect of BCP on acetylcholine-induced gastric acid
secretion in 1solated rat stomach tissue

The effects of 250-pg/ml, 500-pg/ml, and 1000-pg/ml doses
of BCP on ACh-induced gastric acid secretion were exam-
ined. It was observed that 10~ M dose of ACh caused an
increase in gastric acid secretion in the presence of proglu-
mide and atropine. As shown in Fig. 11, while there was no
difference in ACh +BCP 250 pg/ml group (p> 0.05), gastric
acid secretion was significantly decreased in ACh +BCP
500 pg/ml and ACh +BCP 1000 pg/ml groups (p < 0.05).
Furthermore, when the effect of BCP on ACh-induced gas-
tric acid secretion in the presence of proglumide, famotidine,
and atropine was evaluated, it was found that gastric acid

secretion was significantly decreased in ACh +BCP 500 pg/
ml and ACh +BCP 1000 pg/ml groups (p < 0.05) (Fig. 11).

Effect of BCP on pentagastrin-induced gastric acid
secretion in i1solated rat stomach tissue

The effect of 250-pg/ml, 500-pg/ml, and 1000-pg/ml doses
of BCP on pentagastrin-induced gastric acid secretion was
investigated. It was observed that 10™* M dose of penta-
gastrin increased gastric acid secretion in the presence of
proglumide and atropine. As shown in Fig. 12, no dose of
BCP altered pentagastrin-induced acid secretion, and no sta-
tistically significant difference was found (p > 0.05). Fur-
thermore, when the effect of BCP on pentagastrin-induced
gastric acid secretion in the presence of proglumide, famo-
tidine, and atropine was evaluated, no significant difference
was observed between the groups (p > 0.05) (Fig. 12).

Discussion

Ulcers are open wounds or lesions characterized by tis-
sue loss, which can occur on any mucosal surface. Gastric
ulcers, in particular, may progress to deeper layers under
the influence of digestive fluids such as gastric acid and
pepsin (Beiranvand 2022). They typically form when the
gastric mucosa’s defense mechanisms are insufficient against
aggressive factors like acid, pepsin, NSAID overuse, H.
pylori infections, stress, alcohol, and smoking (Zaghlool
et al. 2015; Al-Sayed and El-Naga 2015). Among NSAIDs,
INDO has a high potential to cause gastric ulcers by inhib-
iting enzymes that reduce prostaglandin synthesis, leading
to both its anti-inflammatory and harmful effects (Hilario
et al. 2006).

Reactive oxygen species (ROS) are natural by-products
of metabolism, and their excess causes oxidative stress.
Antioxidant enzymes like superoxide dismutase (SOD),
glutathione peroxidase (GPx), and catalase neutralize ROS
to maintain cellular balance. However, when ROS produc-
tion surpasses antioxidant capacity, cellular damage occurs
(Sies et al. 2022). Lipid peroxidation damages cell mem-
branes, and NSAIDs increase oxidative stress by promoting
lipid peroxidation, protein oxidation, and hydroxyl radical
production (Naito and Yoshikawa 2006). Studies show that
INDO raises MDA levels in gastric tissue and induces ulcers
(Kiictikler et al. 2022; LIU et al. 2015). INDO also decreases
SOD activity (Pineda-Pefia et al. 2018; Boyacioglu et al.
2016) and inhibits GPx activity, worsening oxidative stress
(Ighodaro and Akinloye 2018). BCP, a natural antioxidant,
suppresses oxidative stress and restores SOD and GPx activ-
ities (Gushiken et al. 2022). This study found that BCP alle-
viated oxidative stress caused by INDO, normalizing MDA,
SOD, and GPx levels.
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GRP78 (A), CHOP (B), ATF6 (C), p-IRE1 (D), and sXBP1 (E) and
apoptosis parameters Bax (F), Bcl-2 (G), and caspase 12 (H) in stom-

The NRF2/HO-1 signaling pathway protects against oxi-
dative stress by increasing antioxidant enzymes like SOD
and GPx (Yanaka 2018). NRF2, a key transcription factor,
is normally bound to KEAPI1 in the cytoplasm and degraded
via the proteasome (El Asar et al. 2019). During oxidative
stress, ROS modify KEAPI, releasing NRF2, which then
translocates to the nucleus, binds to AREs, and promotes
antioxidant enzyme expression, including HO-1 (Seok
et al. 2022). These enzymes neutralize ROS and reduce
MDA, thus enhancing antioxidant defenses and protecting
cells (Chowdhury et al. 2022). In INDO-induced gastric

@ Springer

Caspase 12
relative mRNA transcript levels

ach tissue. One-way ANOVA and Tukey test (mean + SD). Different
letters (a—d) above the columns indicate statistically significant differ-
ences between groups (p < 0.05)

ulcer studies, decreased expression of NRF2 and HO-1 has
been shown to contribute to increased oxidative stress and
mucosal damage (Jia et al. 2023). BCP has been shown to
counteract this by activating NRF2/HO-1 signaling and
inhibiting ferroptosis (Hu et al. 2022). In this study, INDO
suppressed NRF2/HO-1 activity, but BCP treatment restored
this activity in a dose-dependent manner, reversing the inhi-
bition seen in the INDO group.

Inflammation is a natural immune response, and cytokines
play a crucial role in initiating and regulating this process
(Opal and DePalo 2000). Inflammatory cytokines such as
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Fig.5 NF-kB, elF2-a, ATF4, and caspase 3 protein levels in stomach
tissue Western blot analysis results. Protein bands obtained as a result
of blotting (A), NF-xB analysis results (B), elF2-a analysis results

TNF-a, IL-1p, and IL-6 have important roles in the inflam-
mation process (Ng et al. 2018). INDO promotes gastric
ulcers by increasing ROS and proinflammatory cytokines
in gastric tissue (Shim and Kim 2016; Hermenean et al.
2017). In addition, it has been reported that NF-xB levels
increase with the increase in TNF-a (Khodir et al. 2024).
Conversely, BCP has shown anti-inflammatory effects, sup-
pressing cytokines like NF-xB, TNF-a, and IL-1p (Bara-
daran Rahimi and Askari 2022; Yeom et al. 2022). In this
study, BCP dose-dependently reduced these cytokine levels
compared to the INDO group, indicating its protective role
in the gastric mucosa via inflammation suppression.

Nitric oxide (NO) plays a vital role in protecting and
repairing the gastric mucosa by regulating blood flow,
balancing acid—base secretion, and supporting mucus pro-
duction (Ismail Suhaimy et al. 2017). In a gastric mucosal
injury model induced by INDO, it has been reported that
iNOS levels significantly increase in INDO groups (Zheng
et al. 2016). Prostaglandin E2 (PGE2) is another key media-
tor in maintaining gastric mucosal integrity. Its synthesis
begins with the conversion of arachidonic acid to PGH2 via
COX-1 and COX-2, and then to PGE2 through prostaglan-
din E synthases (Kloska et al. 2020). A decrease in PGE2 is

(C), ATF4 analysis results (D), and caspase 3 analysis results (E).
One-way ANOVA and Tukey test (mean + SD)

associated with mucosal injury and ulcer progression (Adhi-
kary et al. 2012). COX-1 is constitutively expressed and sup-
ports normal gastric function, whereas COX-2 is inducible
during inflammation (Laine et al. 2008). INDO, a nonse-
lective COX inhibitor, suppresses both COX-1 and COX-2,
leading to reduced PGE2 levels and compromised mucosal
defense (Zhang et al. 2021). In this study, INDO signifi-
cantly reduced PGE2 and COX-1 activity, while increasing
NOS. However, BCP treatment reversed these effects in a
dose-dependent manner, increasing PGE2 and COX-1 and
decreasing NOS. These findings suggest that BCP may pro-
tect the gastric mucosa by modulating the PGE2/COX-1/
NOS pathway, mitigating inflammation and ulcer formation.

The endoplasmic reticulum performs N-linked glyco-
sylation, an example of post-translational modifications,
and functions as an important hub in cellular signaling
processes. However, disruption of these functions of the
ER under pathological conditions can lead to a condition
defined as “ER stress” (Chaudhari et al. 2014). To counter-
act this, cells activate the unfolded protein response (UPR),
primarily regulated by three transmembrane proteins: PERK,
ATF6, and IRE1. These proteins are normally inactivated
by GRP78, which dissociates under stress to initiate UPR
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Fig.6 Gastric mucosal tissue,
A control, B INDO, C OMP,

D OMP +INDO, E BCP50
+INDO, F BCP100 +INDO, G
BCP200 +INDO, H BCP200.
Necrotic areas in the gas-

tric mucosa are shown with
arrowheads. H&E, Bar: 100 um.
Scoring of histopathological
findings and statistical analysis
data. (**: p< 0.05, ns: no stand-
ard deviation). Kruskal-Wal-
lis and Mann—Whitney U test
(mean +SD)

signaling (Bertolotti et al. 2000). Studies show that INDO
increases GRP78 expression, indicating ER stress in gas-
tric tissues (Boonyong et al. 2020). Activation of PERK

@ Springer

Histopathological Score

leads to eIF2a phosphorylation, which suppresses general
protein synthesis but promotes translation of stress-related
genes such as ATF4. ATF4 regulates genes involved in
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Fig. 7 Gastric tissue, Nrf2
(FITC) and HO-1 expressions in
mucosal epithelial cells (Texas
Red), DAPI; nuclear stain,
Merged; FITC, DAPI and Texas
Red combination. IF, Bar: 100
um. (¥***: p < 0.0001, ns: no
standard deviation). One-way
ANOVA and Tukey test (mean
+SD)
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Fig.8 Results of statistical analysis of data obtained from the con-
traction response of muscle strips to ACh after BCP was applied to
the in vitro organ bath at the determined doses. Only ACh application
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Fig.9 Results of statistical analysis of data obtained from the con-
traction response of muscle strips to KCI after BCP was applied to
the in vitro organ bath at the determined doses. Only KCI application

redox balance, amino acid metabolism, and stress adapta-
tion. However, it also induces CHOP, a pro-apoptotic factor
that mediates ER stress-induced apoptosis during prolonged
stress (Vattem and Wek 2004; Brewer 2014; Alshammari
et al. 2021). Wongsakul et al. (2022) confirmed that INDO
increases elF2a, ATF4, and CHOP expression. In contrast,
BCP has been shown to suppress GRP78, ATF4, and CHOP,
alleviating ER stress (Wongsakul et al. 2022).

Similarly, ATF6, upon dissociation from GRP78, trans-
locates to the nucleus and upregulates ER stress—related
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genes such as CHOP, GRP78, GRPY94, p-IRE1, and XBP1,
enhancing the UPR and promoting cell survival (Ibrahim
et al. 2019; Chuan et al. 2021). INDO was shown to upregu-
late ATF6, p-IRE1, and XBP1 (Ainiwaer et al. 2023), while
BCP downregulated ATF6 expression (Proshkina et al.
2020). Consistent with these findings, this study showed that
INDO significantly increased GRP78, ATF4, CHOP, elF2a,
ATF6, p-IRE1, and XBP1 expression, while BCP treatment
reversed these effects in a dose-dependent manner, suggest-
ing its protective role against ER stress-mediated damage.
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Fig. 10 Effect of BCP on histamine-induced gastric acid secretion
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Fig. 11 Effect of BCP on ACh-induced gastric acid secretion (A: in
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pH
His+Fam+Prg+Atr+BCP1000pg/mi+ i l ‘E]

His+Fam+Prg+Atr+BCP500pug/mi~ ; ,E]
His+Fam+Prg+Atr+BCP250pg/ml= l‘ E]

His+Fam+Prg+Atr= nl[ﬂ

Basal pH= l ] .B
T T T T 1
4.0 42 44 46 48 5.0

ANOVA and Tukey test, mean +SD). Different letters (a, b) above
the columns indicate statistically significant differences between
groups (p < 0.05)

B

ACh+Atr+Prg+Fam+BCP1000pg/mi+

pH

-4
14l
EH[)|
—n, lEI

ACh+Atr+Prg+Fam+BCP500pg/mi~

ACh+Atr+Prg+Fam+BCP250pg/mi+

ACh+Atr+Prg+Fam+

Basal pH =

EH

48

44 45 4.6 47 49

ANOVA and Tukey test, mean +SD). Different letters (a—c) above
the columns indicate statistically significant differences between
groups (p < 0.05)

A

PentAtr+ Fam+BCP1000pug/ml=
Pent+Atr+ Fam+BCP500pg/ml=

Pent+Atr+ Fam+BCP250pg/ml =

pH
— {0

— =
—

B

Pen+ Pro+Atr+ Fam+BCP1000pg/mi-
Pen+ Pro+Atr+ Fam+BCP500png/ml

Pent Pro+Atr+ Fam+BCP250pg/ml =

pH

T
— i3 (0

PentAtr+ Fam=

— |

EH [

1
5.0

Basal pH=

42 44 4.6 48

Fig. 12 Effect of BCP on pentagastrin-induced gastric acid secre-
tion. A: in the presence of atropine (Atr) and famotidine (Fam), B: in
the presence of proglumide (Prg), famotidine, and atropine (one-way

Apoptosis involves a decrease in anti-apoptotic Bcl-2
and an increase in pro-apoptotic Bax, leading to enhanced
mitochondrial permeability and cytochrome c release, which
subsequently activates caspase-3. This enzyme drives the
degradation of cellular components in the final stages of cell
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ANOVA and Tukey test, mean +SD). Different letters (a, b) above
the columns indicate statistically significant differences between
groups (p < 0.05)

death. Under ER stress, apoptosis becomes more complex
with the activation of caspase-12, triggered by misfolded
protein accumulation in the ER. Caspase-12 promotes ER-
specific apoptosis and supports caspase-3 activation via
mitochondrial pathways (Ouyang et al. 2021; Tosun et al.
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2021). Studies report that INDO-induced ER stress in gastric
tissue decreases Bcl-2 while increasing Bax and caspase-3
levels, promoting apoptosis (Bank et al. 2008). Conversely,
BCP has been shown to inhibit apoptosis by increasing Bcl-2
and reducing Bax expression (Zhang et al. 2017). In this
study, INDO-induced gastric ulceration resulted in exces-
sive caspase-3 activation, elevated Bax, reduced Bcl-2,
and increased caspase-12, indicating ER stress—mediated
apoptosis. BCP treatment reversed these effects in a dose-
dependent manner, highlighting its protective role against
ER stress—induced apoptosis.

Most of the effects of BCP in gastric tissue are related to
its antioxidant, anti-inflammatory and antiapoptotic activi-
ties (Tambe et al. 1996). This study investigated the impact
of BCP on KCl-induced smooth muscle contractions of
rat gastric wall in vitro. At 250 pg/ml, BCP had no signifi-
cant effect on contractions, while 500 pg/ml and 1000 pg/
ml doses significantly suppressed muscle contractions in a
dose-dependent manner. These inhibitory effects are likely
mediated via voltage-sensitive L-type Ca2* channels, as
KCl-induced depolarization increases Ca>* influx through
these channels, leading to contraction (Petkova et al. 2000).
BCP’s suppression of this mechanism suggests it may inhibit
K*-induced depolarization and calcium entry, thereby reduc-
ing smooth muscle contractility.

In this study, cumulative doses of acetylcholine (ACh)
(1077 to 107 M) were applied to gastric tissue to gener-
ate a dose—response curve. While 250-ug/ml BCP had no
significant effect on ACh-induced smooth muscle contrac-
tions, 500-ug/ml and 1000-pg/ml doses significantly sup-
pressed contractions in a dose-dependent manner. The ACh-
induced contraction of gastric smooth muscle is primarily
mediated via M3 receptors, activating both phospholipase
C (PLC)/IP3 signaling and voltage-sensitive L-type Ca*
channels (Ishii and Kurachi 2006). Binding of ACh to M3
receptors triggers IP3-mediated Ca®* release from the ER
and promotes Ca** influx through L-type channels, leading
to muscle contraction (Stengel et al. 2002). The inhibitory
effects observed suggest that BCP at higher concentrations
attenuates smooth muscle contractions by blocking both
IP3-mediated intracellular Ca* release and L-type Ca>*
channel-dependent influx, thereby reducing intracellular
calcium levels.

HCI secretion in the stomach occurs via three pathways.
These pathways are paracrine stimulation with histamine,
neuronal stimulation with acetylcholine, and hormonal stim-
ulation with gastrin (Schubert and Peura 2008; Bitziou et al.
2008). In this study, histamine (H2 receptor agonist), ace-
tylcholine (M3 receptor agonist), and pentagastrin (CCK2
receptor agonist) pathways were examined in isolated rat
stomach.

Histamine, released by ECL cells, binds to H2 receptors
on parietal cells, activating adenylate cyclase, increasing

@ Springer

cAMP, and stimulating H*,K*-ATPase, resulting in HCI
secretion (Chew et al. 1980). In this study, histamine sig-
nificantly decreased gastric pH, indicating increased acid
secretion. However, BCP had no inhibitory effect on hista-
mine-induced acid secretion, suggesting it does not interfere
with this paracrine pathway.

Acetylcholine stimulates acid secretion by binding to
M3 receptors on both parietal and ECL cells, leading to
IP3-Ca2* signaling, PLC activation, and ultimately H*,K*-
ATPase stimulation (Stengel et al. 2002; Ishii and Kurachi
2006). The study found that BCP significantly reduced ACh-
induced acid secretion, implying a possible interaction with
M3 receptors, potentially affecting both neurogenic and
paracrine pathways. This suggests BCP may regulate gas-
tric acid production by modulating acetylcholine-mediated
signaling.

Pentagastrin, a CCK2 receptor agonist, stimulates acid
secretion by acting on parietal and ECL cells (Schubert and
Peura 2008). However, BCP had no significant effect on
pentagastrin-induced secretion, suggesting it does not affect
CCK?2 receptors.

These findings are supported by Ybafiez-Julca et al.
(2023), who reported that Valeriana pilosa essential oil,
which contains pB-caryophyllene (BCP), exerted antispas-
modic effects by inhibiting muscarinic receptors and calcium
channels. It was suggested that BCP binds strongly to M2/
M3 muscarinic receptors and voltage-gated calcium chan-
nels, aligning with our results showing selective inhibition
of ACh-stimulated acid secretion.

Conclusion

In this study, the protective efficacy of BCP against INDO-
induced gastric ulcer in rats was demonstrated by in vitro
and in vivo methods. In this study, the protective effects
of BCP against oxidative stress, ER stress, inflammation,
and apoptosis in the stomach tissue induced by INDO were
determined in vivo. Again, as a result of in vitro studies,
BCP has been proven to show protective effects both by sup-
pressing gastric acid secretion and muscle contraction and
by cellular mechanisms in gastric ulcer model. Therefore,
it is predicted that BCP can be used as a powerful gastric
protector in daily life.

Acknowledgements We would like to thank the BAP unit of Atatiirk
University as this study was financed by the relevant unit (Project num-
ber: TDK-2022-11208). This study was based on Merve BOLAT's doc-
toral thesis (Thesis No: 10487419).

Authors contributions F.C.,M.B.,E. S.,S. Y., 1. C. and I. B.: concep-
tualization, methodology, investigation. i Bolat and M Bolat,: drafted
the manuscript. F Celebi: supervision, project administration. The



Naunyn-Schmiedeberg's Archives of Pharmacology (2025) 398:15885-15903

15901

authors declare that all data were generated in-house and that no paper
mill was used.

Funding Open access funding provided by the Scientific and Tech-
nological Research Council of Tiirkiye (TUBITAK). This project
was supported by the Atatiirk University BAP unit (Project no:
TDK-2022-11208).

Data availability All source data for this work (or generated in this
study) are available upon reasonable request.

Declarations

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Adhikary S, Kocieda VP, Yen J-H et al (2012) Signaling through
cannabinoid receptor 2 suppresses murine dendritic cell migra-
tion by inhibiting matrix metalloproteinase 9 expression. Blood
120:3741-3749. https://doi.org/10.1182/blood-2012-06-435362

Ainiwaer P, Li Z, Zang D et al (2023) Ruta graveolens: boost melano-
genic effects and protection against oxidative damage in melano-
cytes. Antioxidants 12:1580. https://doi.org/10.3390/antiox 1208
1580

Al-Sayed E, El-Naga RN (2015) Protective role of ellagitannins from
Eucalyptus citriodora against ethanol-induced gastric ulcer in
rats: impact on oxidative stress, inflammation and calcitonin-gene
related peptide. Phytomedicine 22:5-15. https://doi.org/10.1016/].
phymed.2014.10.002

Alshammari GM, Al-Qahtani WH, AlFaris NA et al (2021) Querce-
tin alleviates cadmium chloride-induced renal damage in rats by
suppressing endoplasmic reticulum stress through SIRT1-depend-
ent deacetylation of Xbp-1s and eIF2a. Biomed Pharmacother
141:111862. https://doi.org/10.1016/j.biopha.2021.111862

Atasever A, Cinar A, Gelen V, Sengiil E, Celebi F (2016) Investigation
the effects of lichen’s total extract produced from Usnea longis-
sima Ach. on motility of rat ileum in vitro. Van Vet J 27:129-133

Bank A, Yu J, Zhang L (2008) NSAIDs downregulate Bcl-X L and
dissociate BAX and Bcl-X L to induce apoptosis in colon can-
cer cells. Nutr Cancer 60:98-103. https://doi.org/10.1080/01635
580802381261

Baradaran Rahimi V, Askari VR (2022) A mechanistic review on
immunomodulatory effects of selective type two cannabinoid
receptor p-caryophyllene. BioFactors 48:857-882. https://doi.
org/10.1002/biof.1869

Beiranvand M (2022) A review of the most common in vivo models of
stomach ulcers and natural and synthetic anti-ulcer compounds:

a comparative systematic study. Phytomedicine plus 2:100264.
https://doi.org/10.1016/j.phyplu.2022.100264

Bertolotti A, Zhang Y, Hendershot LM et al (2000) Dynamic inter-
action of BiP and ER stress transducers in the unfolded-protein
response. Nat Cell Biol 2:326-332. https://doi.org/10.1038/35014
014

Bi W-P (2014) Efficacy and safety of herbal medicines in treating gas-
tric ulcer: a review. World J Gastroenterol 20:17020. https://doi.
org/10.3748/wjg.v20.i145.17020

Bitziou E, O’Hare D, Patel BA (2008) Simultaneous detection of pH
changes and histamine release from oxyntic glands in isolated
stomach. Anal Chem 80:8733-8740. https://doi.org/10.1021/
ac801413b

Bolat 1, Bolat M, Kiliclioglu M et al (2025a) Differential TLR2 and
TLR4 mediated inflammatory and apoptotic responses in asymp-
tomatic and symptomatic Leptospira interrogans infections in
canine uterine tissue. Microb Pathog 198:107186. https://doi.org/
10.1016/j.micpath.2024.107186

Bolat I, Bolat M, Kiliglioglu M et al (2025b) Cellular pathophysiology
of Leptospira interrogans infection in canine testicular tissue: role
of the TLR4/NF-kB/INK pathway. J Comp Pathol 216:10-19.
https://doi.org/10.1016/j.jcpa.2024.11.001

Bolat I, Yildirim S, Saglam YS et al (2024) Investigation of the effects
of pulmonary adenomatosis on oxidative dna damage, inflamma-
tion, apoptosis, and autophagy in lung tissues in sheep. Small
Rumin Res 230:107171. https://doi.org/10.1016/j.smallrumres.
2023.107171

Bolat M, Tekin S, Bolat I, Atasever A, Cinar B, Dag Y, Celebi F (2025)
Gallic acid’s protective mechanisms against acrylamide-induced
pulmonary injury: in vivo and in silico insights into the Nrf-2/
HO-1/NF«B pathway modulation. Naunyn-Schmiedeberg's Arch
Pharmacol 1-17

Boonyong C, Vardhanabhuti N, Jianmongkol S (2020) Modulation of
non-steroidal anti-inflammatory drug-induced, ER stress-medi-
ated apoptosis in Caco-2 cells by different polyphenolic antioxi-
dants: a mechanistic study. J Pharm Pharmacol 72:1574-1584.
https://doi.org/10.1111/jphp.13343

Boyacioglu M, Kum C, Sekkin S et al (2016) The effects of lycopene
on DNA damage and oxidative stress on indomethacin-induced
gastric ulcer in rats. Clin Nutr 35:428-435. https://doi.org/10.
1016/j.cInu.2015.03.006

Brewer JW (2014) Regulatory crosstalk within the mammalian
unfolded protein response. Cell Mol Life Sci 71:1067-1079.
https://doi.org/10.1007/s00018-013-1490-2

Chaudhari N, Talwar P, Parimisetty A et al. (2014) A molecular web:
endoplasmic reticulum stress, inflammation, and oxidative stress.
Front Cell Neurosci 8. https://doi.org/10.3389/fncel.2014.00213

Chew CS, Hersey SJ, Sachs G, Berglindh T (1980) Histamine respon-
siveness of isolated gastric glands. Am J Physiol Liver Physiol
238:G312-G320. https://doi.org/10.1152/ajpgi.1980.238.4.G312

Chowdhury A, Balogh E, Ababneh H et al (2022) Activation of Nrf2/
HO-1 antioxidant pathway by heme attenuates calcification of
human lens epithelial cells. Pharmaceuticals 15:493. https://doi.
org/10.3390/ph15050493

Chuan L, Huang X, Fan C et al (2021) Metformin ameliorates brain
damage caused by cardiopulmonary resuscitation via targeting
endoplasmic reticulum stress-related proteins GRP78 and XBP1.
Eur J Pharmacol 891:173716. https://doi.org/10.1016/j.ejphar.
2020.173716

Danisman B, Cicek B, Yildirim S, et al. (2023) Carnosic acid amelio-
rates indomethacin-induced gastric ulceration in rats by alleviating
oxidative stress and inflammation. Biomedicines 11. https://doi.
org/10.3390/biomedicines 11030829

El-Ashmawy NE, Khedr EG, El-Bahrawy HA, Selim HM (2016) Gas-
troprotective effect of garlic in indomethacin induced gastric ulcer

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1182/blood-2012-06-435362
https://doi.org/10.3390/antiox12081580
https://doi.org/10.3390/antiox12081580
https://doi.org/10.1016/j.phymed.2014.10.002
https://doi.org/10.1016/j.phymed.2014.10.002
https://doi.org/10.1016/j.biopha.2021.111862
https://doi.org/10.1080/01635580802381261
https://doi.org/10.1080/01635580802381261
https://doi.org/10.1002/biof.1869
https://doi.org/10.1002/biof.1869
https://doi.org/10.1016/j.phyplu.2022.100264
https://doi.org/10.1038/35014014
https://doi.org/10.1038/35014014
https://doi.org/10.3748/wjg.v20.i45.17020
https://doi.org/10.3748/wjg.v20.i45.17020
https://doi.org/10.1021/ac801413b
https://doi.org/10.1021/ac801413b
https://doi.org/10.1016/j.micpath.2024.107186
https://doi.org/10.1016/j.micpath.2024.107186
https://doi.org/10.1016/j.jcpa.2024.11.001
https://doi.org/10.1016/j.smallrumres.2023.107171
https://doi.org/10.1016/j.smallrumres.2023.107171
https://doi.org/10.1111/jphp.13343
https://doi.org/10.1016/j.clnu.2015.03.006
https://doi.org/10.1016/j.clnu.2015.03.006
https://doi.org/10.1007/s00018-013-1490-2
https://doi.org/10.3389/fncel.2014.00213
https://doi.org/10.1152/ajpgi.1980.238.4.G312
https://doi.org/10.3390/ph15050493
https://doi.org/10.3390/ph15050493
https://doi.org/10.1016/j.ejphar.2020.173716
https://doi.org/10.1016/j.ejphar.2020.173716
https://doi.org/10.3390/biomedicines11030829
https://doi.org/10.3390/biomedicines11030829

15902

Naunyn-Schmiedeberg's Archives of Pharmacology (2025) 398:15885-15903

in rats. Nutrition 32:849-854. https://doi.org/10.1016/j.nut.2016.
01.010

El Asar HM, Mohammed EA, Aboulhoda BE et al (2019) Selenium
protection against mercury neurotoxicity: modulation of apopto-
sis and autophagy in the anterior pituitary. Life Sci 231:116578.
https://doi.org/10.1016/j.1f5.2019.116578

Francomano F, Caruso A, Barbarossa A, Fazio A, La Torre C, Cera-
mella J, Sinicropi MS (2019) B-Caryophyllene: a sesquiterpene
with countless biological properties. Appl Sci 9:5420. https://doi.
org/10.3390/app9245420

Goldstein J, Cryer B (2015) Gastrointestinal injury associated with
NSAID use: a case study and review of risk factors and preventa-
tive strategies. Drug Healthc Patient Saf 31. https://doi.org/10.
2147/DHPS.S71976

Graham DY (2014) History of Helicobacter pylori, duodenal ulcer,
gastric ulcer and gastric cancer. World J Gastroenterol 20:5191.
https://doi.org/10.3748/wjg.v20.i118.5191

Groenen MAM, Wahlberg P, Foglio M et al (2009) A high-density
SNP-based linkage map of the chicken genome reveals sequence
features correlated with recombination rate. Genome Res 19:510—
519. https://doi.org/10.1101/gr.086538.108

Gushiken LFS, Beserra FP, Hussni MF et al (2022) Beta-caryophyllene
as an antioxidant, anti-inflammatory and re-epithelialization activ-
ities in a rat skin wound excision model. Oxid Med Cell Longev
2022:1-21. https://doi.org/10.1155/2022/9004014

Hammad FT, Ojha S, Azimullah S, Lubbad L (2018) Does
B-caryophyllene protect against renal dysfunction following
ischemia-reperfusion injury in the rat? Int J Physiol Pathophysiol
Pharmacol 10:163-171

He XH, Galaj E, Bi GH, He Y, Hempel B, Wang YL, Xi ZX (2021)
B-caryophyllene, an FDA-approved food additive, inhibits meth-
amphetamine-taking and methamphetamine-seeking behaviors
possibly via CB2 and non-CB2 receptor mechanisms. Front
Pharmacol 12:722476. https://doi.org/10.3389/fphar.2021.722476

Hermenean A, Mariasiu T, Navarro-Gonzalez I et al (2017) Hepatopro-
tective activity of chrysin is mediated through TNF-a in chemi-
cally-induced acute liver damage: an in vivo study and molecular
modeling. Exp Ther Med 13:1671-1680. https://doi.org/10.3892/
etm.2017.4181

Hilario MOE, Terreri MT, Len CA (2006) Antiinflamatérios nao-hor-
monais: inibidores da ciclooxigenase 2. J Pediatr (Rio j) 82:S206—
S212. https://doi.org/10.1590/S0021-75572006000700011

Hu Q, Zuo T, Deng L et al (2022) B-Caryophyllene suppresses ferropto-
sis induced by cerebral ischemia reperfusion via activation of the
NRF2/HO-1 signaling pathway in MCAO/R rats. Phytomedicine
102:154112. https://doi.org/10.1016/j.phymed.2022.154112

Ibrahim IM, Abdelmalek DH, Elfiky AA (2019) GRP78: a cell’s
response to stress. Life Sci 226:156-163. https://doi.org/10.
1016/j.1£s.2019.04.022

Ighodaro OM, Akinloye OA (2018) First line defence antioxidants-
superoxide dismutase (SOD), catalase (CAT) and glutathione per-
oxidase (GPX): their fundamental role in the entire antioxidant
defence grid. Alexandria J] Med 54:287-293. https://doi.org/10.
1016/j.ajme.2017.09.001

Ishii M, Kurachi Y (2006) Muscarinic acetylcholine receptors. Curr
Pharm des 12:3573-3581. https://doi.org/10.2174/1381612067
78522056

Ismail Suhaimy NW, Noor Azmi AK, Mohtarrudin N, et al. (2017)
Semipurified ethyl acetate partition of methanolic extract of
Melastoma malabathricum leaves exerts gastroprotective activity
partly via its antioxidant-antisecretory-anti-inflammatory action
and synergistic action of several flavonoid-based compounds.
Oxid Med Cell Longev 2017:. https://doi.org/10.1155/2017/
6542631

Jeppesen R, Christensen RHB, Pedersen EMJ et al (2020) Efficacy
and safety of anti-inflammatory agents in treatment of psychotic

@ Springer

disorders — a comprehensive systematic review and meta-analysis.
Brain Behav Immun 90:364-380. https://doi.org/10.1016/].bbi.
2020.08.028

Jia R, Quan D, Min X et al (2023) Glutathione S-transferase gene diver-
sity and their regulation by Nrf2 in Chinese mitten crab (Eriocheir
sinensis) during nitrite stress. Gene 864:147324. https://doi.org/
10.1016/j.gene.2023.147324

Khodir SA, Abd-Elhafiz HI, Sweed EM et al (2024) Luteolin ame-
liorates indomethacin-induced gastric ulcer in rats via activation
of Nrf2/HO-1 pathway. Menoufia Med J 37. https://doi.org/10.
59204/2314-6788.1129

Kloska A, Malinowska M, Gabig-Cimiriska M, Jakébkiewicz-Banecka
J (2020) Lipids and lipid mediators associated with the risk and
pathology of ischemic stroke. Int J Mol Sci 21:3618. https://doi.
org/10.3390/ijms21103618

Kowada A, Asaka M (2022) Economic and health impacts of Helico-
bacter pylori eradication strategy for the treatment of peptic ulcer
disease: a cost-effectiveness analysis. Helicobacter 27. https://doi.
org/10.1111/hel.12886

Kiiciikler S, Kandemir FM, Yildirim S (2022) Protective effect of chry-
sin on indomethacin induced gastric ulcer in rats: role of multi-
pathway regulation. Biotech Histochem 97:490-503. https://doi.
org/10.1080/10520295.2021.2014569

Kumar L, Harjai K, Chhibber S (2014) Recent update on multiple phar-
macological benefits of zingerone: a quick review. Am J Phytomed
Clin Ther 2:693-704

Laine L, Takeuchi K, Tarnawski A (2008) Gastric mucosal defense and
cytoprotection: bench to bedside. Gastroenterology 135:41-60.
https://doi.org/10.1053/j.gastro.2008.05.030

Liu Y, Wu B-Q, Geng H et al (2015) Association of chemokine and
chemokine receptor expression with the invasion and metastasis
of lung carcinoma. Oncol Lett 10:1315-1322. https://doi.org/10.
3892/01.2015.3402

Morsy MA, El-Moselhy MA (2013) Mechanisms of the protective
effects of curcumin against indomethacin-induced gastric ulcer
in rats. Pharmacology 91:267-274. https://doi.org/10.1159/00035
0190

Naito Y, Yoshikawa T (2006) Oxidative stress involvement and gene
expression in indomethacin-induced gastropathy. Redox Rep
11:243-253. https://doi.org/10.1179/135100006X 155021

Ng A, Tam WW, Zhang MW et al (2018) IL-1p, IL-6, TNF- o and
CRP in elderly patients with depression or Alzheimer’s disease:
systematic review and meta-analysis. Sci Rep 8:12050. https://doi.
org/10.1038/s41598-018-30487-6

Opal SM, DePalo VA (2000) Anti-inflammatory cytokines. Chest
117:1162—1172. https://doi.org/10.1378/chest.117.4.1162

Ouyang Z, Yang B, YiJ et al (2021) Exposure to fluoride induces apop-
tosis in liver of ducks by regulating Cyt-C/caspase 3/9 signaling
pathway. Ecotoxicol Environ Saf 224:112662. https://doi.org/10.
1016/j.ecoenv.2021.112662

Panchal NK, Prince Sabina E (2023) Non-steroidal anti-inflammatory
drugs (NSAIDs): a current insight into its molecular mechanism
eliciting organ toxicities. Food Chem Toxicol 172:113598. https://
doi.org/10.1016/j.fct.2022.113598

Petkova K, Gagov HS DDB (2000) Urocortin hyperpolarizes stomach
smooth muscle via activation of Ca2+-sensitive K+ currents. J
Muscle Res Cell Motil 21:639-645. https://doi.org/10.1023/A:
1005653218639

Pineda-Pefia EA, Martinez-Pérez Y, Galicia-Moreno M et al (2018)
Participation of the anti-inflammatory and antioxidative activity
of docosahexaenoic acid on indomethacin-induced gastric injury
model. Eur J Pharmacol 818:585-592. https://doi.org/10.1016/j.
ejphar.2017.11.015

Proshkina E, Plyusnin S, Babak T et al (2020) Terpenoids as Potential
Geroprotectors. Antioxidants 9:529. https://doi.org/10.3390/antio
x9060529


https://doi.org/10.1016/j.nut.2016.01.010
https://doi.org/10.1016/j.nut.2016.01.010
https://doi.org/10.1016/j.lfs.2019.116578
https://doi.org/10.3390/app9245420
https://doi.org/10.3390/app9245420
https://doi.org/10.2147/DHPS.S71976
https://doi.org/10.2147/DHPS.S71976
https://doi.org/10.3748/wjg.v20.i18.5191
https://doi.org/10.1101/gr.086538.108
https://doi.org/10.1155/2022/9004014
https://doi.org/10.3389/fphar.2021.722476
https://doi.org/10.3892/etm.2017.4181
https://doi.org/10.3892/etm.2017.4181
https://doi.org/10.1590/S0021-75572006000700011
https://doi.org/10.1016/j.phymed.2022.154112
https://doi.org/10.1016/j.lfs.2019.04.022
https://doi.org/10.1016/j.lfs.2019.04.022
https://doi.org/10.1016/j.ajme.2017.09.001
https://doi.org/10.1016/j.ajme.2017.09.001
https://doi.org/10.2174/138161206778522056
https://doi.org/10.2174/138161206778522056
https://doi.org/10.1155/2017/6542631
https://doi.org/10.1155/2017/6542631
https://doi.org/10.1016/j.bbi.2020.08.028
https://doi.org/10.1016/j.bbi.2020.08.028
https://doi.org/10.1016/j.gene.2023.147324
https://doi.org/10.1016/j.gene.2023.147324
https://doi.org/10.59204/2314-6788.1129
https://doi.org/10.59204/2314-6788.1129
https://doi.org/10.3390/ijms21103618
https://doi.org/10.3390/ijms21103618
https://doi.org/10.1111/hel.12886
https://doi.org/10.1111/hel.12886
https://doi.org/10.1080/10520295.2021.2014569
https://doi.org/10.1080/10520295.2021.2014569
https://doi.org/10.1053/j.gastro.2008.05.030
https://doi.org/10.3892/ol.2015.3402
https://doi.org/10.3892/ol.2015.3402
https://doi.org/10.1159/000350190
https://doi.org/10.1159/000350190
https://doi.org/10.1179/135100006X155021
https://doi.org/10.1038/s41598-018-30487-6
https://doi.org/10.1038/s41598-018-30487-6
https://doi.org/10.1378/chest.117.4.1162
https://doi.org/10.1016/j.ecoenv.2021.112662
https://doi.org/10.1016/j.ecoenv.2021.112662
https://doi.org/10.1016/j.fct.2022.113598
https://doi.org/10.1016/j.fct.2022.113598
https://doi.org/10.1023/A:1005653218639
https://doi.org/10.1023/A:1005653218639
https://doi.org/10.1016/j.ejphar.2017.11.015
https://doi.org/10.1016/j.ejphar.2017.11.015
https://doi.org/10.3390/antiox9060529
https://doi.org/10.3390/antiox9060529

Naunyn-Schmiedeberg's Archives of Pharmacology (2025) 398:15885-15903

15903

Schubert ML, Peura DA (2008) Control of gastric acid secretion in
health and disease. Gastroenterology 134:1842-1860. https://doi.
org/10.1053/j.gastro.2008.05.021

Sengul E, Gelen V (2019) Protective effects of naringin in indometha-
cin-induced gastric ulcer in rats. GSC Biol Pharm Sci 8:006-014.
https://doi.org/10.30574/gscbps.2019.8.2.0132

Seok JH, Kim DH, Kim HJ et al (2022) Epigallocatechin-3-gallate
suppresses hemin-aggravated colon carcinogenesis through Nrf2-
inhibited mitochondrial reactive oxygen species accumulation. J
Vet Sci 23:e74. https://doi.org/10.4142/jvs.22097

Shim YK, Kim N (2016) Nonsteroidal Anti-inflammatory drug and
aspirin-induced peptic ulcer disease. Korean J Gastroenterol
67:300. https://doi.org/10.4166/kjg.2016.67.6.300

Sies H, Belousov VV, Chandel NS et al (2022) Defining roles of spe-
cific reactive oxygen species (ROS) in cell biology and physiol-
ogy. Nat Rev Mol Cell Biol 23:499-515. https://doi.org/10.1038/
541580-022-00456-z

Sohail R, Mathew M, Patel KK et al (2023) Effects of non-steroidal
anti-inflammatory drugs (NSAIDs) and gastroprotective NSAIDs
on the gastrointestinal tract: a narrative review. Cureus. https://doi.
org/10.7759/cureus.37080

Stengel PW, Yamada M, Wess J, Cohen ML (2002) M 3 -receptor
knockout mice: muscarinic receptor function in atria, stomach
fundus, urinary bladder, and trachea. Am J Physiol Integr Comp
Physiol 282:R1443-R1449. https://doi.org/10.1152/ajpregu.
00486.2001

Tambe Y, Tsujiuchi H, Honda G et al (1996) Gastric cytoprotec-
tion of the non-steroidal anti-inflammatory sesquiterpene,
B-caryophyllene. Planta Med 62:469-470. https://doi.org/10.
1055/5-2006-957942

Teichert M, Griens F, Buijs E et al (2014) Effectiveness of interven-
tions by community pharmacists to reduce risk of gastrointestinal
side effects in nonselective nonsteroidal anti-inflammatory drug
users. Pharmacoepidemiol Drug Saf 23:382-389. https://doi.org/
10.1002/pds.3587

Topal A, Celebi F (2011) Hiperisin’in Izole Edilmis Sican Midesinde
Mide Asit Sekresyonu Uzerine Etkisi. Atatiirk Universitesi Vet-
eriner Bilimleri Dergisi 6(3):201-208

Tosun NG, Kaplan O, Ozgiir A (2021) Apoptosis induced by Taran-
tula cubensis crude venom (Theranekron® D6) in cancer cells.
Rev Bras Farmacogn 31:824-831. https://doi.org/10.1007/
$43450-021-00221-x

Vattem KM, Wek RC (2004) Reinitiation involving upstream ORFs
regulates ATF4 mRNA translation in mammalian cells. Proc Natl
Acad Sci 101:11269-11274. https://doi.org/10.1073/pnas.04005
41101

Wongsakul A, Lertnitikul N, Suttisri R, Jianmongkol S (2022) N-Trans-
p- coumaroyltyramine enhances indomethacin- and diclofenac-
induced apoptosis through endoplasmic reticulum stress-depend-
ent mechanism in MCF-7 cells. Anticancer Res 42:1833-1844.
https://doi.org/10.21873/anticanres.15659

Xu X, Yan J (2021) p-Caryophyllene may attenuate hyperoxaluria-
induced kidney dysfunction in rats by regulating stress marker
KIM-1/MCP-1 and NF-xB signaling pathway. J] Biochem Mol
Toxicol 35:. https://doi.org/10.1002/jbt.22891

Yanaka A (2018) Role of NRF2 in protection of the gastrointestinal
tract against oxidative stress. J Clin Biochem Nutr 63:18-25.
https://doi.org/10.3164/jcbn.17-139

Ybaiiez-Julca R, Pino-Rios R, Quispe-Diaz I et al (2023) Antispas-
modic effect of Valeriana pilosa root essential oil and potential
mechanisms of action: ex vivo and in silico studies. Pharmaceutics
15:2072. https://doi.org/10.3390/pharmaceutics 15082072

Yeom JE, Kim S-K, Park S-Y (2022) Regulation of the gut microbiota
and inflammation by f-caryophyllene extracted from cloves in a
dextran sulfate sodium-induced colitis mouse model. Molecules
27:7782. https://doi.org/10.3390/molecules27227782

Zaghlool S, Shehata B, Abo-Seif A, Abd El-Latif H (2015) Protective
effects of ginger and marshmallow extracts on indomethacin-
induced peptic ulcer in rats. J Nat Sci Biol Med 6:421. https://
doi.org/10.4103/0976-9668.160026

Zhang J, Cai X, Zhang Q et al (2021) Hydrogen sulfide restores sevo-
flurane postconditioning mediated cardioprotection in diabetic
rats: Role of SIRT1/Nrf2 signaling-modulated mitochondrial
dysfunction and oxidative stress. J Cell Physiol 236:5052-5068.
https://doi.org/10.1002/jcp.30214

Zhang Q, An R, Tian X et al (2017) p-caryophyllene pretreatment
alleviates focal cerebral ischemia-reperfusion injury by activat-
ing PI3K/Akt signaling pathway. Neurochem Res 42:1459-1469.
https://doi.org/10.1007/s11064-017-2202-3

Zheng H-M, Choi M-J, Kim JM et al (2016) Centella asiatica leaf
extract protects against indomethacin-induced gastric mucosal
injury in rats. ] Med Food 19:38—46. https://doi.org/10.1089/jmf.
2015.3464

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1053/j.gastro.2008.05.021
https://doi.org/10.1053/j.gastro.2008.05.021
https://doi.org/10.30574/gscbps.2019.8.2.0132
https://doi.org/10.4142/jvs.22097
https://doi.org/10.4166/kjg.2016.67.6.300
https://doi.org/10.1038/s41580-022-00456-z
https://doi.org/10.1038/s41580-022-00456-z
https://doi.org/10.7759/cureus.37080
https://doi.org/10.7759/cureus.37080
https://doi.org/10.1152/ajpregu.00486.2001
https://doi.org/10.1152/ajpregu.00486.2001
https://doi.org/10.1055/s-2006-957942
https://doi.org/10.1055/s-2006-957942
https://doi.org/10.1002/pds.3587
https://doi.org/10.1002/pds.3587
https://doi.org/10.1007/s43450-021-00221-x
https://doi.org/10.1007/s43450-021-00221-x
https://doi.org/10.1073/pnas.0400541101
https://doi.org/10.1073/pnas.0400541101
https://doi.org/10.21873/anticanres.15659
https://doi.org/10.1002/jbt.22891
https://doi.org/10.3164/jcbn.17-139
https://doi.org/10.3390/pharmaceutics15082072
https://doi.org/10.3390/molecules27227782
https://doi.org/10.4103/0976-9668.160026
https://doi.org/10.4103/0976-9668.160026
https://doi.org/10.1002/jcp.30214
https://doi.org/10.1007/s11064-017-2202-3
https://doi.org/10.1089/jmf.2015.3464
https://doi.org/10.1089/jmf.2015.3464

	Investigation of the protective effect of beta caryophyllene against indomethacin-induced gastric ulcer in rats: in vivo and in vitro study
	Abstract
	Introduction
	Material and methods
	Chemicals
	Experimental animals and experimental protocols
	Macroscopic evaluation of gastric ulcer
	ELISA analyses
	Real time PCR analyses
	Western blot analyses
	Histopathological and immunofluorescence examination
	Effects of BCP on in vitro gastric wall muscle contractions
	BCP + ACh group
	BCP + KCI group

	Effects of BCP on gastric acid secretion in vitro
	Statistical analysis

	Results
	Macroscopic findings
	ELISA analysis findings
	RT-PCR analysis findings
	Western blot analysis findings
	Histopathological and immunofluorescence findings
	Findings on the contractile and relaxant effects of BCP on the stomach wall smooth muscles
	In the BCP + ACh (n = 5) group
	In the BCP + KCI (n = 5) group

	Effect of BCP on histamine-ınduced gastric acid secretion in ısolated rat stomach tissue
	Effect of BCP on acetylcholine-ınduced gastric acid secretion in ısolated rat stomach tissue
	Effect of BCP on pentagastrin-ınduced gastric acid secretion in ısolated rat stomach tissue

	Discussion
	Conclusion
	Acknowledgements 
	References


