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Background and Objective: Peptic ulcer is a high incidence gastrointestinal disease in China. Berberine (BBR) is a natural product
isolated from the Chinese herb Coptis chinensis Franch that has protective effects in digestive diseases. We aimed to evaluate the
ability of BBR to attenuate acute gastric ulcer induced by one-time administration of ethanol in the rat.

Methods: Tissue pathological morphology, macroscopic score, ulcer healing rate, and serum levels of the inflammatory cytokines
nitric oxide (NO), interleukin-6 (IL-6), and prostaglandin E2 (PGE2), and anti-inflammatory interleukin-10 (IL-10) were used to
determine the efficacy of BBR and evaluated to identify the optimal dosage. Subsequently, transcriptome and metabolome sequencing
were conducted in Control, Model, and optimal dosage groups to explore the pathogenesis of the disease and the mechanism of action
of the drug. The levels of malondialdehyde (MDA), myeloperoxidase (MPO), as well as those of superoxide dismutase (SOD) and
glutathione peroxidase (GSH-Px) were determined by enzyme-linked immunosorbent assay to verify the results of transcriptomics and
metabolomics analyses.

Results: BBR significantly improved the pathological morphology of gastric ulcers, increased the macroscopic score and healing rate,
decreased serum levels of NO, IL-6, and PGE2, and increased serum levels of IL-10, thus effectively alleviating gastric ulcer severity.
Transcriptome results showed that the therapeutic effect of BBR was mainly mediated by the arachidonic acid metabolism pathway at
the gene level, which is closely associated with inflammation and increased levels of reactive oxygen species (ROS). The differentially
accumulated metabolite prostaglandin E1, which is a negative regulator of ROS, was significantly up-regulated after BBR adminis-
tration. The validation results indicated that BBR pretreatment increased SOD and GSH-Px enzyme activities, while reducing levels of
the oxidative products MDA and MPO.

Conclusion: This study demonstrated that BBR exerts a protective effect on acute gastric ulcer by promoting tricarboxylic acid cycle-
mediated arachidonic acid metabolism.

Keywords: Berberine, acute gastric ulcer, transcriptome, untargeted metabolomics

Introduction

As one of the most common gastrointestinal diseases, peptic ulcer seriously affects quality of life and health with a long
duration and high recurrence rate. The incidence of peptic ulcer is reported to be 2.4% in Western countries and 6.1% in
China." The main causes of peptic ulcers include physical stress, poor dietary habits, smoking, alcohol or caffeine,

excessive use of non-steroidal anti-inflammatory drugs, and Helicobacter pylori infection. Long-term gastric ulcer leads
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to gastrointestinal perforation, gastrointestinal bleeding, pyloric obstruction, and even gastric cancer.”> At present, the
commonly used drugs for treatment of gastric ulcers include proton pump inhibitors, antibiotics, and gastric mucosal
protective drugs.>?

However, due to side effects, microbial resistance and other factors, the primary drugs used for management of gastric
ulcers, such as antacids and proton pump inhibitors, turned out to be ineffective.* Several studies have demonstrated that
sustained inflammatory cell infiltration and oxidative stress during H pylori infection are the main players in the
pathogenesis of stomach ulcers.>® In addition, research has indicated that H pylori infection results in persistent reactive
oxygen species (ROS) production. Excessive ROS levels can disrupt stomach glandular epithelial cell signal transduction
and other biological processes.” Thus, it is critical to identify anti-ulcer drugs that decrease the deleterious effects of
excessive ROS. It has been reported that many natural products derived from medicinal plants, with broad and varied
biological activities, as well as good efficacy and safety characteristics, have been used as anti-ulcer treatments to provide
more choice for patients.®

Berberine (BBR) is an alkaloid component of Scutellaria baicalensis Georgi, Phellodendron amurense Rupr, and
Coptis chinensis Franch, that has excellent anti-bacterial and anti-diarrheal effects with few side effects.”'® According to
the literature, BBR exerts anti-gastric ulcer activity by modulating H'/K"-ATPase activity and the dynamic balance of
pro-oxidant and antioxidant systems.''"'* However, the underlying mechanisms mediating BBR activity on peptic ulcers
remain to be elucidated, limiting its clinical application. Thus, this study thoroughly investigated the effect of BBR in
a rat model of acute gastric ulcers. Our results will enrich the mechanistic understanding and support the use of BBR as
a promising agent for treatment of acute gastric ulcers.
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Materials and Methods

Drugs and Reagents

BBR and omeprazole were provided by Shanghai Macklin Biochemical Technology Co, Ltd (Shanghai, China) (CAS No
2086-83-1, product code: B875003 and CAS No 73590-58-6, product code: O815322, respectively). Ethanol was
purchased from Innochem (Beijing) Technology Co, Ltd (Beijing, China) (CAS No. 64-17-5, product code: A60719).
Saline (0.9%) was provided by Shandong Kelun Pharmaceutical Co, Ltd (Shandong, China) (product code:
B22082402A).

Experimental Animals, Grouping and Administration

Thirty-six clean-grade male Sprague Dawley rats (10—12 weeks old), were obtained from Beijing Vital River Laboratory
Animal Technology Co, Ltd (Beijing, China), license number SCXK (Beijing) 2021-0011. The temperature of the
feeding room was 25 + 2 °C, the relative humidity was 50%—60%, and light and dark periods were alternated every 12
h. Animals had free access to food and water.

The rats were divided into six groups: Control, Model, Positive, BBR-Low, BBR-Mid, and BBR-High (n = 6 per
group). The rat model of acute gastric ulcer was prepared by intragastric administration of absolute ethanol (5 mL/kg).
Rats were given omeprazole (20 mg/kg) as a positive control, based on published data.'* Rats in the BBR-Low, Mid and
High groups (25, 50, or 100 mg/kg, respectively) and the omeprazole group were dosed by intragastric administration for
14 consecutive days. Absolute ethanol was then given orally 1 h before sacrifice to induce acute gastric ulcers. Rats were
anesthetized with isoflurane, blood samples were collected, and gastric tissues were immediately removed. After
centrifuging the blood samples, the supernatants were stored at —80 °C. The collected gastric tissues were cut into
three equal parts. A third of the tissues were kept in 4% paraformaldehyde for hematoxylin-eosin staining, while the
remaining tissues were stored at —80 °C for untargeted metabolomics and transcriptome analysis.

Ethics Statement

All animal experiments and procedures were approved by the Institutional Animal Care and Use Committee and Animal
Ethics Committee of the Institute of Chinese Materia Medica (approval #2023B018). All applied procedures followed the
Chinese guidelines for the welfare of laboratory animals (GB/T 35823-2018).

Macroscopic Assessment of Gastric Ulcers

The degree of gastric mucosal injury was determined according to a published procedure.'” In detail, gastric tissues were
cut along the arcus major ventriculi with the mucosa turned outside, and then washed with 0.9% saline. The tissues were
observed under a stereomicroscope at x10 magnification and the macroscopic score was counted according to the Guth
grade standard. The macroscopic score was reported as mean + standard deviation. The ulcer healing rate was calculated
by: [modelmacroscopicscore — pre — administrationmacroscopicscore] /modelmacroscopicscore x 100%.

Observation of Gastric Tissue Pathological Morphology by Hematoxylin-Eosin Staining
The gastric tissues were submerged in 4% paraformaldehyde at room temperature for 24 h, embedded in paraffin,
sectioned, and dewaxed for staining. The tissues were then examined under a microscope and scanned for specific
analysis.

Biochemical Analysis of Serum by Enzyme-Linked Immunosorbent Assay (ELISA)

The ELISA kits for inflammatory cytokines (nitric oxide (NO), interleukin-6 (IL-6), prostaglandin E2 (PGE2), and
interleukin-10 (IL-10)) and oxidative stress indicators (malondialdehyde (MDA), myeloperoxidase (MPO), superoxide
dismutase (SOD) and glutathione peroxidase (GSH-Px)) were obtained from Shanghai Enzyme-linked Biotechnology
Co, Ltd (product codes: m1102828, ml059000, ml077384, ml003036, ml077384, ml059387, ml003250, and ml097316,
respectively).

Journal of Inflammation Research 2024:17 hetps: 17
Dove


https://www.dovepress.com
https://www.dovepress.com

Guo et al Dove

RNA-Seq and Data Analysis

Total RNA collected from gastric tissues of rats in each group (n = 6 per group) was subjected to Illumina TruSeq RNA
library construction. The sequencing libraries were barcoded and the sequencing reaction was performed using Illumina
NovaSeq 6000. A cut-off of 2-fold change and p < 0.05 were used to define the threshold of significance, identifying
differentially expressed genes. The R programming language was used for Gene Ontology (GO) functional enrichment
analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis.

Untargeted Metabolome Data Analysis

The remaining gastric tissue samples (n = 6 per group) were prepared and evaluated using the metabolome
analysis protocol of Novogene Co, Ltd (Beijing, China). Principal component analysis (PCA) and partial least
squares discriminant analysis (PLS-DA) were used for data visualization. Variable importance (VIP) > 1, p < 0.05
and fold change > 1.2 were regarded as the conditions for determination of differential accumulated metabolites.
The human metabolome database (HMDB, https://hmdb.ca/) and mzCloud database were used to check the first-
order accurate molecular weight and the second-order mass spectrometry fragments after comparison to identify
the differential metabolites. Finally, the data were presented as heat maps and the relevant pathways were analyzed
by KEGG.

Statistical Analysis

All results are reported as the mean =+ standard deviation and processed using GraphPad Prism 9 (GraphPad Software,
USA). One-way analysis of variance (ANOVA) was used to examine the degree of data difference. Welch and Brown-
Forsythe tests were used to assess the normality but not the homogeneity of variance. Non-parameter tests were used if
normality was not met. Results were considered significant when p < 0.05.

Results
BBR Alleviated the Gastric Pathological Changes Induced by Absolute Ethanol

The surface of normal gastric tissue was bright, the structure was clear, and the gastric mucosa was pink without
thickening (Figure 1A). Gastric tissue from rats in the Model group exhibited punctate ulcers in the form of obvious
craters, part of the mucosal folds was eroded and thickened, and hyperemia was indicated by dark red coloration. After
dosing with omeprazole, the congestion and swelling of the gastric mucosa were reduced, but some mucosal folds were
still eroded. Compared to the Model group, BBR pretreatment decreased the severity of the gastric ulcers caused by
absolute ethanol, and significantly reduced mucosal congestion and swelling.

Hematoxylin-eosin staining showed that the structure of normal gastric mucosa was complete and the glands were
evenly arranged. In addition, the gastric layer was normal, without signs of deterioration. In the Model group, severe
congestion and inflammatory cell infiltration occurred in the submucosa and the ulcer surface of the gastric mucosa
(Figure 1B). Rats in the BBR pretreatment groups at different doses showed fewer signs of inflammation and the mucosa
was partially repaired. Moreover, BBR significantly decreased macroscopic scores and markedly increased ulcer healing
rates, as shown in Figures 1C and D. Similar results were obtained in the omeprazole-treated group with only mild signs
of inflammation and significant improvement in pathological severity. These results demonstrate the efficacy of BBR in
alleviating gastric ulcer injury.

BBR Significantly Inhibited Inflammation in the Rat Gastric Ulcer Model

In this study, the serum levels of inflammatory factors including NO, IL-6, and PGE2, as well as the anti-
inflammatory factor IL-10, were determined to evaluate the anti-inflammatory effect of BBR acting on gastric
ulcers. As shown in Figure 2A-C, the serum concentrations of NO, IL-6, and PGE2 were markedly increased in
rats with acute gastric ulcer (p < 0.001). Compared with the Model group, these levels in both the omeprazole and
BBR groups were significantly decreased (p < 0.001). Levels of IL-10 were significantly decreased in the Model
group compared with those in normal rats (p < 0.001) and were increased in both the omeprazole and BBR groups
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Figure | Effects of BBR on macromorphology and micromorphology in rats with acute gastric ulcer. (A) Gastric mucosa macroscopic morphology of gastric tissues from
rats in different groups. Scale bar = | cm. Ai-Avi show the Control, Model, Positive drug, and BBR-Low/Mid/High groups, respectively. (B) Hematoxylin—eosin staining of
gastric tissues from rats in different groups (Scale bar = 100 ym; magnification x100). Bi-Bvi show the Control, Model, Positive drug, and BBR-Low/Mid/High groups,
respectively. (C) Macroscopic scores in rats from each group. (D) Gastric ulcer healing rates in each group. All values are expressed as mean * standard deviation, n = 6.
### < 0.001 vs Control; ¥ < 0.001 vs Model.
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Figure 2 Effect of BBR on serum inflammatory factors in rats with acute gastric ulcer. (A—D) Serum concentrations of NO, IL-6, PGE2, and IL-10, respectively, in rats from
each group. All values are expressed as mean # standard deviation, n = 6. *#p < 0.001 vs Control; *p < 0.05, #*p < 0.001 vs Model.

(» < 0.001, Figure 2D). The highest dose of BBR gave the best results, so samples from the BBR-High group,
together with those from the Control and Model groups, were selected for transcriptome analysis and lipid
metabolomics.

BBR Markedly Regulated the Arachidonic Acid Metabolism Pathway

As displayed in the transcriptomics data (Figure 3A and B), there were differentially expressed genes (DEGs) among the
different groups. There were 12,685 genes common to the three groups. There were 3544 DEGs that were significantly
different between the Model and Control groups, including 1515 that were up-regulated and 2029 that were down-regulated.
There were 1611 DEGs that were markedly different between the BBR and Model groups, including 840 that were up-
regulated and 770 that were down-regulated. The DEGs from the BBR treatment group were mainly enriched in pathways
associated with biological processes such as inflammatory response, leukocyte cell-cell adhesion, and leukocyte migration
(Figure 3C). We then conducted KEGG enrichment analysis of the DEGs from the BBR vs Model groups, which indicated that
“arachidonic acid metabolism” was a significant signaling pathway (Figure 3D). As has been reported,'® '® macrophages and
neutrophils release large amounts of polyunsaturated fatty acids (PUFAs), such as arachidonic acid (AA), during the
inflammatory response. Arachidonic acid and its metabolites are susceptible to attack by reactive oxygen species, producing
lipid ROS. Lipid accumulation can lead to disturbances of pro-oxidant and antioxidant systems, and arachidonic acid
metabolism plays an important role in inflammation. It is likely, therefore, that BBR exerts its gastric protective effects by
inhibiting the inflammatory response via regulation of the arachidonic acid metabolism pathway.

Analysis of Differentially Accumulated Metabolites
As shown in Figure 4A, the R? correlation coefficients of the quality control (QC) samples were close to 1, indicating the
stability of the whole detection process. The differentially accumulated metabolites (DAMs) of Model vs Control and
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Figure 3 Transcriptomics profiling of gastric tissues from different groups. (A) Venn diagram showing co-expressed genes among the Control, Model and BBR groups. (B)
Bar chart showing DEGs of the compared groups. a. BBR vs Control; b. BBR vs Model; c. Model vs Control. (C and D) GO functional enrichment and KEGG pathway

enrichment results for DEGs in BBR vs Model.

BBR vs Model were analyzed by PCA and PLS-DA. Metabolites of Model vs Control as well as those of BBR vs Model
exhibited significant differences (Figure 4B and C). Model vs Control and BBR vs Model showed significantly different
distributions in the PLS-DA graphs (Figure 4D and E).

According to the standards, there were 91 significant DAMs from Model vs Control, including 39 that were up-
regulated and 52 that were down-regulated. There were 16 DAMs identified from BBR vs Model, including 7 that were
up-regulated and 9 that were down-regulated (Figure SA and B). KEGG enrichment analysis of DAMs from BBR vs
Model found that “tricarboxylic acid (TCA) cycle” was a significantly correlated metabolic pathway (Figure 5C). In
addition, we found that prostaglandin E1 (PGE1) was significantly up-regulated in the cluster heatmap of BBR vs Model

(Figure 5D). These findings indicated that BBR may regulate PGE1 and the TCA cycle.
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BBR Significantly Regulated Oxidative Stress Indicators in Serum

Considering both the transcriptomics and metabolomics data, we found that the genes or metabolites modulated by BBR
were enriched in the regulation of arachidonic acid or tricarboxylic acid cycle, pathways that are involved in oxidative
stress and maintaining the balance between pro-oxidant and antioxidant activity. To validate these results, we analyzed
serum oxidative stress indicators. Compared with the Control group, the serum levels of MPO and the oxidative
metabolite MDA in rats from the Model group were markedly increased (p < 0.001, Figure 6A and B), while the levels
of SOD and GSH-Px were reduced (p < 0.001, Figure 6C and D). To sum up, BBR pretreatment increased the level of
antioxidant enzymes and reduced the accumulation of oxidative metabolites.

Discussion

BBR has pharmacological activity that protects against digestive diseases. It has been reported to inhibit toxins,
Helicobacter pylori and other bacteria, to protect the intestinal epithelial barrier from damage, and to ameliorate gastric
injury.'” BBR has been found to protect gastric mucosa from ethanol, and its anti-ulcer activity may be due to modulation
of oxidant/antioxidant balance.'?*° However, the mechanism underlying the anti-ulcer effect of BBR remains unclear. In
this study, transcriptomics, metabolomics and experimental verification were used to analyze the protective effect of BBR
toward acute gastric ulcer induced by anhydrous alcohol in rats, and to explore potential mechanisms.

Absolute ethanol was used to establish a rat model of acute gastric ulcer, which mimics the human ulcerative condition. In
particular, absolute ethanol triggers typical pathological changes of alcohol injury such as linear hemorrhagic lesions and
inflammatory cell infiltration.?'** The reported effects of ethanol are consistent with those observed in our study, and BBR
pretreatment significantly reduced these changes. We first confirmed the therapeutic effect of BBR on ethanol-induced acute
gastric ulcer. The high dose was found to be optimal, so was selected for further mechanistic analysis.
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The inflammatory response of gastric ulcer is characterized by monocyte infiltration of the ulcer area and damage to
the gastric mucosa.*® During the inflammatory process, migrating macrophages release IL-6, PGE2, and NO, stimulating
neutrophil infiltration of the gastritis area, stimulating mucosal microcirculation of the gastric ulcer and delaying
recovery.”’ Therefore, we measured serum levels of the proinflammatory cytokines NO, IL-6, and PGE2, and the anti-
inflammatory cytokine IL-10, in rats. We discovered that absolute ethanol administration induced inflammatory responses
with evidence of significant increases in serum levels of IL-6, PGE2, and NO, together with a marked decrease of IL-10
serum concentration. Pretreatment with BBR significantly reversed the above phenomena.

Subsequently, based on the transcriptome sequencing results, we focused on the arachidonic acid metabolism
pathway, which is closely involved in inflammation.***> As one of the most abundant fatty acids released during
inflammation, arachidonic acid (AA) has proinflammatory and pro-oxidant effects. Oxidation products of AA react
with cyclooxygenases (COX), which can further increase ROS production.?®” Saeed et al stated that BBR, as a natural
modulator of inflammatory signaling pathways, plays an anti-inflammatory role through three major inflammatory
signaling pathways: NF-kB, JAK/STAT, and MAPK.?® Moreover, previous studies have shown that the gastroprotective
mechanism of BBR might involve antioxidant and anti-inflammatory activity.'*'*2° However, there are few reports on
the involvement of the arachidonic acid metabolism pathway in the BBR treatment of gastric ulcers. Our results provide
evidence for the first time that BBR regulates the arachidonic acid metabolism pathway under gastric ulcer conditions.

Furthermore, BBR vs Model differential metabolites were significantly enriched in TCA cycle pathways. It has been
reported that regulatory T cells and M2 macrophages, which inhibit inflammation, prioritize the use of fatty acid oxidation as
the main source of energy generation through the TCA cycle.*® Inflammatory signals increase ROS production and the
accumulation of TCA intermediates by influencing mitochondrial function. Treatment with anti-inflammatory cytokines such
as IL-4 could reverse this situation and switch to more oxidative metabolism.?' Interestingly, BBR has been reported to have
proinflammatory effects on Th17 cells, but anti-inflammatory effects on Treg cells.*® Transcriptome and metabolome analysis
data in this study were consistent with previous studies. BBR, as an anti-inflammatory molecule, regulates AA metabolism
through the TCA cycle pathway, thereby delaying progression of gastric ulcer. More interestingly, we noticed that prosta-
glandin E1 was significantly up-regulated in the BBR vs Model cluster heatmap. PGE1 is able to resist inflammation, regulate
vascular reactivity, and alleviate liver injury by reducing oxidative stress damage.>* > Gezginci et al demonstrated that the
protective effect of PGE1 on renal ischemia/reperfusion injury (IRI)-induced gastric damage was mediated by reducing ROS
and MDA levels.*® The above results are consistent with a mechanism involving increased production of PGE1 and decreased
production of ROS from the TCA cycle, which has a protective effect on acute gastric ulcers.

It has been reported that ROS generated by neutrophils during inflammation play a critical role in gastric mucosal
injury.®” The accumulation of ROS further causes oxidative damage. To verify the inhibitory effect of BBR on oxidative
damage, several indexes related to oxidative stress were assessed. Our study indicated that serum concentrations of MDA
and MPO were increased in rats with gastric ulcer, while levels of SOD and GSH-Px were decreased. BBR pretreatment
reversed these changes and maintained a state of oxidative balance. Our study is consistent with a previous study’®
demonstrating that the natural product BBR has a potential gastro-protective effect on ethanol-induced gastric ulcer
through suppression of oxidative stress and gastric inflammation.

Conclusions

This study demonstrates that BBR protects against ethanol-induced acute gastric ulcer in rats. The potential mechanism
underlying the protective effect of BBR on acute gastric ulcer is promotion of the tricarboxylic acid cycle-mediated
arachidonic acid metabolism pathway.
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