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Abstract. Butyrate is one of the most abundant short‑chain 
fatty acids produced by intestinal bacteria. In the present 
study, the action of butyrate on chronic gastric mucosa lesions 
was investigated, as well as its underlying mechanism in 
mice. Male mice from the Institute of Cancer Research were 
randomly divided into three groups: Sham, model and butyrate 
groups. Butyrate was administered intragastrically for 7 days 
to butyrate group mice following the establishment of a gastric 
ulcer model. Hematoxylin and eosin staining, immunohisto‑
chemical analysis, enzyme‑linked immunosorbent assay and 
quantitative polymerase chain reaction were used to determine 
the therapeutic effects and molecular mechanism of butyrate 
treatment. The findings demonstrated that butyrate induced 
a marked shift in superoxide dismutase and catalase activi‑
ties, along with a decrease in malondialdehyde levels, thereby 
attenuating oxidative stress. Furthermore, butyrate decreased 
the levels of pro‑inflammatory cytokines interleukin‑1β, 
tumour necrosis factor‑α and leukotriene B4, which helped 
combat inflammatory responses. Moreover, butyrate treat‑
ment exerted remarkable positive influences that mediate an 

increase in 6‑keto‑PGF‑1α (a degradation product of prostacy‑
clin), trefoil factor 2, MUC5AC and fibroblast growth factor‑7 
levels to promote gastric mucosal repair. The expression of 
specific receptor GPR109A for butyrate was upregulated, with 
no significant difference noted in the expression of GPR43 or 
GPR41. Overall, the present findings revealed that butyrate 
exerted therapeutic effects by upregulating mucosal repair 
factors and stimulating protective responses against oxida‑
tion and inflammation. GPR109A may be the key receptor for 
butyrate therapy.

Introduction

Gastric mucosal injury is considered a significant contributor to 
gastric cancer, with high incidence and recurrence rates (1,2). 
Gastric acid acts as a chemical barrier in the stomach that kills 
foreign bacteria and protects from potential infections caused 
by pathogenic bacteria, which helps maintain homeostasis 
in gut microbiota. However, excessive gastric acid is a major 
risk factor for gastric mucosal injury (3,4). Since proton pump 
inhibitors (PPIs) remarkably inhibit gastric acid secretion, 
their wide application is an important and plausible thera‑
peutic approach for gastric mucosa lesions (5‑7). However, the 
use of PPIs did not result in the expected fall in incidence rates 
of gastric cancer, and gastric cancer remains a great threat to 
humans worldwide (8‑10). A study reported that the damaged 
gastric mucosa did not fully recover during PPIs treatment and 
was prone to recurrent gastric mucosal injury, which could 
lead to gastric cancer (11). Therefore, new therapies for gastric 
mucosal repair need to be urgently identified.

Butyrate is one of the most abundant short‑chain fatty acids 
(SCFAs), produced by bacterial fermentation of dietary fibres 
in the colon, that are essential to maintain an intact digestive 
tract mucosa and prevent inflammatory bowel disease (IBD) 
development and carcinogenesis (12,13). Butyrate serves as 
a critical energy source and is estimated to provide 70% of 
the total energy supply to intestinal epithelial cells. Butyrate 
combines with GPR109A, GPR43 and GPR41 and activates 
signalling pathways (13,14). Butyrate reportedly attenuated 
inflammation in murine IBD models, and its effect could be 

Short‑chain fatty acid butyrate:  
A novel shield against chronic gastric ulcer

YAN ZHOU1*,  XIAWEI JI2*,  JIAJING CHEN2,  YAOYANG FU2,  JUEWEI HUANG2,  RUI GUO2,  JINHUI ZHOU2,  
JIANKE CEN2,  QIHAO ZHANG2,  ANNE CHU2,  YINGPENG HUANG3,  CHANGLONG XU4  and  FANGYAN WANG2

1Wenzhou Key Laboratory of Sanitary Microbiology, Key Laboratory of Laboratory Medicine, Ministry of Education, China, 
School of Laboratory Medicine and Life Sciences, Wenzhou Medical University; 2Department of Pathophysiology, 

School of Basic Medical Science, Wenzhou Medical University; Departments of 
 3General Surgery and 4Gastroenterology, The Second Affiliated Hospital and Yuying Children's Hospital of 

Wenzhou Medical University, Wenzhou, Zhejiang 325000, P.R. China

Received May 23, 2020;  Accepted December 14, 2020

DOI:  10.3892/etm.2021.9760

Correspondence to: Dr Fangyan Wang, Department of 
Pathophysiology, School of Basic Medical Science, Wenzhou 
Medical University, 1 Central North Road, Wenzhou, 
Zhejiang 325000, P.R. China
E‑mail: wzyxywfy@126.com

Dr Changlong Xu, Department of Gastroenterology, The Second 
Affiliated Hospital and Yuying Children's Hospital of Wenzhou 
Medical University, 109 Xueyuan West Road, Wenzhou, 
Zhejiang 325000, P.R. China
E‑mail: xchlong@163.com

*Contributed equally

Key words: butyrate, gastric mucosal injury, inflammation, 
apoptosis, oxidation, therapy



ZHOU et al:  THERAPEUTIC EFFECTS OF BUTYRATE ON CHRONIC GASTRIC ULCER2

dismissed in GPR109A−/− mice (15,16). GPR43−/− (17,18) and 
GPR41−/− animals (19,20) exhibited similar outcomes, showing 
that mucosal repairs were counteracted and inflammatory 
response was not decreased.

Most studies on butyrate were dedicated to its effects on 
the intestine, whereas few paid attention to its effects in the 
stomach. The response of gastric mucosa to butyrate is possibly 
similar to that of the intestine, considering the high embryonic 
homologies between the two organs. In previous experi‑
ments, mice that received butyrate administration beforehand 
were less likely to be afflicted with severe ethanol‑induced 
acute gastric mucosal lesions  (21). Nevertheless, whether 
butyrate has a healing effect on chronic gastric mucosal lesions 
and the precise pathways mediating this effect remain unclear.

In a previous study, gastric mucosal damage with ulcer 
formation induced by a local injection of acid was similar to 
human chronic gastric ulcer (GU) lesions in terms of morpho‑
logical, histological and clinical characteristics  (22). This 
classic chronic GU model (23) was used in the present study 
to determine the therapeutic effects of butyrate on chronic 
gastric mucosal injury and the mechanisms thus involved.

Materials and methods

Reagents. Butyrate sodium (cat. no. B5887) was obtained 
from Sigma‑Aldrich (Merck KGaA). Detection kits for hema‑
toxylin and eosin (HE; cat. no. D006‑1‑1) staining, superoxide 
dismutase (SOD; cat.  no.  A001‑3‑1) and catalase (CAT; 
cat. no. A007‑1‑1) were purchased from Nanjing Jiancheng 
Bioengineering Institute. Kits for malondialdehyde (MDA; 
cat. no. S0131S) and bicinchoninic acid (BCA; cat. no. P0011) 
protein assays were purchased from Beyotime Institute 
of Biotechnology. Enzyme‑linked immunosorbent assay 
(ELISA) kits for mouse cytokines including interleukin‑1β 
(IL‑1β; cat. no. F10770), tumour necrosis factor‑α (TNF‑α; 
cat.  no.  F11630), leukotriene B4 (LTB4; cat.  no.  F10961) 
and 6‑keto‑PGF‑1α (cat.  no.  F11422) were obtained from 
Westang Biotech Co., Ltd. Primary antibodies against BAX 
(cat.  no.  bs‑0127R) and GPR43 (cat.  no.  bs‑23785R) were 
purchased from Beijing Biosynthesis Biotechnology Co., 
Ltd., and those for GPR41 (cat. no. BS5750) and GPR109A 
(cat. no. BS72723) were purchased from Bioworld Technology, 
Inc. PrimeScript™ RT reagent kit (cat.  no.  RR047Q) for 
reverse transcription and TB Green® Premix Ex Taq™ 
(cat. no. SR4110) were purchased from Takara Bio, Inc.

Animals. Male ICR mice were obtained from the Experimental 
Animal Center of Wenzhou Medical University (Wenzhou, 
China) and housed in specific pathogen‑free animal quarters 
under a 12‑h light‑dark cycle. The mice were given free access 
to tap water and food. All animal procedures were performed 
in accordance with the guidelines of the Animal Ethics 
Committee of Wenzhou Medical University.

GU model and grouping. GU was induced experimentally in 
mice according to a method described by Mizuno et al (22), 
with modifications. The mice were placed supine on rat plates 
after overnight fasting and anesthetized by intraperitoneal 
injection of 50 mg/kg pentobarbital. The abdomen was ster‑
ilised with alcohol. A median incision of ~2‑3 cm was made 

along the midline. Diluted hydrochloric acid (pH=1; 10 µl) 
was then injected into the subserosa of the anterior wall at 
the lesser curvature of the stomach using a syringe. Later, the 
stomach was gently placed back into the abdomen, followed 
by suturing of the abdominal wall. The incision was sterilised 
again with alcohol, and the mice were placed back in cages 
after awakening. In control mice, the abdomen was opened 
and sutured without any injection.

Laparotomy was performed again 3 days after the operation, 
and mice with typical local ulcers were regarded as successful 
models. They were randomly divided into the sham, model 
and butyrate groups, with 10 mice in each group. The butyrate 
group mice were administered with 400 mg/kg butyrate intra‑
gastrically for 7 days. No mice was euthanized due to a 20‑% 
weight loss or debilitating signs, including reduced mobility, 
ruffled fur, hunched gait, inactivity or difficulty with eating 
and drinking. After 7 days, all mice were euthanized using 
sodium pentobarbital (150 mg/kg, intraperitoneal). Gastric 
tissues were subsequently obtained.

Histopathological observation of GU. Gastric tissues were 
collected, fixed in 10% buffered formalin at 4˚C for 48 h, 
dehydrated in an ascending ethanol followed by two xylene 
treatments. The samples were embedded in paraffin and the 
tissues were cut into 5‑µm thick sections. The sections were 
subsequently deparaffinized in xylene and rehydrated with a 
descending ethanol gradient. The sections were and stained 
with haematoxylin for 5 min at 37˚C and 1% eosin for 3 min 
at  37˚C. All gastric sections were observed under a light 
microscope (magnification, x200).

Immunohistochemical (IHC) analysis. From gastric tissue 
blocks, 5‑µm sections were deparaffinised, rehydrated and 
washed in distilled water three times. Antigen retrieval was 
achieved by using high pressure in citrate buffer (pH=6.0; 
cat. no. C1010‑2L; Beijing Solarbio Science & Technology 
Co., Ltd.) at 110˚C for 2 min. They were then blocked with 
5% goat serum (Zhongshan Jinqiao Biotechnology Co., Ltd., 
OriGene Technologies, Inc.) for 30 min at 37˚C. Primary 
antibodies against BAX, GPR109A, GPR43 and GPR41 were 
diluted with PBST to a dilution of 1:200. Sections were covered 
with primary antibodies at 4˚C overnight. The bound antibody 
was developed with diaminobenzidine using a Dako REAL 
Envision staining kit (cat. no. K5007; Agilent Technologies, 
Inc.) according to the manufacturer's instructions. The sections 
were soaked with haematoxylin for 5 min at room tempera‑
ture, hydrochloric alcohol for 5 sec, PBS (pH=7.4) for 10 sec. 
Stained sections were examined under a light microscope 
(magnification, x200) by ZY and JXW.

Determination of MDA levels, and SOD and CAT activities. 
MDA levels and total SOD and CAT activities in gastric 
tissues were determined using thiobarbituric acid, xanthine 
oxidase and ammonium molybdate, respectively. Absorbance 
was detected using a 722N spectrophotometer (Scientific 
Instrument Co., Ltd). Procedures were performed according to 
the instructions provided for each kit.

ELISA for cytokines. IL‑1β, TNF‑α, LTB4 and 6‑keto‑PGF‑1α 
levels in GU tissues were determined using commercially 
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available ELISA kits as per the corresponding manufacturer's 
protocol. Briefly, GU tissue homogenates were pipetted into 
96‑well plates coated with the primary antibodies and incu‑
bated for 3 h at 37˚C. Biotin conjugate was then added for 
incubation for 45 min at room temperature after washing. 
Streptavidin‑horseradish peroxidase was incubated for 45 min 
at 37˚C after washing nonspecific binding. Then, a chromogen 
was pipetted into each well for absorbance at 450 nm. IL‑1β, 
TNF‑α, LTB4 and 6‑keto‑PGF‑1α levels were calculated using 
standard curves according to the ELISA kit instructions.

Reverse transcription‑quantitative polymerase PCR analysis. 
Total RNA was isolated from cultured cells using TRIzon 
reagent (cat. no. CW0580S; Beijing ComWin Biotech Co., 
Ltd.) as per the manufacturer's protocols. Reverse transcrip‑
tion was performed using the PrimeScript™ RT reagent kit. 
The thermocycling condition was as follows: 37˚C for 15 min; 
followed by 85˚C for 5 sec and then 4˚C for storage. qPCRs 
were prepared using SYBR Green on a Prism 7500 Sequence 
Detector (Thermo Fisher Scientific, Inc.). The thermocycling 
condition was as follows: Initial denaturation at  95˚C for 
10 min; followed by 40 cycles of 95˚C for 15 sec, 60˚C for 
45 sec and then 95˚C for 15 sec. mRNA expression levels of 
BAX, Caspase‑3, trefoil factors (TFFs) 1‑3, MUC5AC, fibro‑
blast growth factor‑7 (FGF7), GPR109A, GPR43 and GPR41 
were normalised to levels of GAPDH. The 2‑∆∆Cq method was 
used for relative quantification  (24). Sequences for qPCR 
primers for all targeted genes are listed in Table I.

Statistical analysis. All experimental data are expressed as 
mean ± SD. Mean differences were compared with one‑way 
ANOVA followed by multiple comparison by Bonferroni test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Butyrate alleviates pathological damage to gastric mucosa 
in mice. Conventional HE staining was used to examine the 

pathological changes in different groups. Histological exami‑
nation in the sham group demonstrated that the epithelial 
lining was intact and glandular cavities were clear; further‑
more, there was no inflammatory cell infiltration in the gastric 
mucosa. Necrotic tissue was observed on the mucosal ulcer 
surface in the model group. There was granulation hyperplasia 
with inflammatory cell infiltration; furthermore, hyperaemia, 
oedema and neovascularisation were observed surrounding 
the ulcer. Butyrate treatment significantly attenuated the 
gastric mucosal damage induced by acid injection. The gastric 
mucosal structure appeared intact with regular hyperplastic 
glands, and inflammatory cells were occasionally found under 
the mucosa (Fig. 1A).

IHC results suggested that BAX was strongly and positively 
expressed in the GU group compared with that in control 
animals. Butyrate treatment significantly counteracted such 
changes (Fig. 1B). qPCR results suggested that butyrate treat‑
ment decreased BAX and caspase‑3 expression levels (Fig. 1C), 
and this finding was consistent with the IHC analysis results.

Butyrate ameliorated oxidative stress in GU. It is well estab‑
lished that oxidative stress plays an important role in GU 
formation. SOD and CAT activities, as well as MDA levels 
in GU tissues, were used to measure oxidative stress levels 
in the various groups (Fig. 2). SOD and CAT activities were 
significantly lower and MDA levels were significantly higher 
(P<0.01) in the model group compared with other groups. 
Butyrate treatment significantly attenuated these changes 
(Fig. 2; P<0.01), suggesting the mitigating effect of butyrate on 
oxidative stress in GU.

Butyrate attenuates inflammation in GU. Cytokine levels were 
measured to investigate the underlying mechanisms of the ther‑
apeutic effects of butyrate on gastric mucosal lesions because 
of the involvement of excessive inflammatory responses in GU 
pathogenesis. Changes in TNF‑α, IL‑1β and LTB4 levels in 
gastric tissues of the various groups are shown in Fig. 3; the 
levels of these cytokines were significantly higher in the model 
group compared with the other groups. Butyrate treatment 

Table I. Specific primers used for amplification of targeted genes.

Gene name	 Forward primer	 Reverse primer

BAX	 5'‑ACCAAGAAGCTGAGCGAGTG‑3'	 5'‑CCCAGTTGAAGTTGCCATCA‑3'
Caspase 3	 5'‑ATGGGAGCAAGTCAGTGGAC‑3'	 5'‑GTCCACATCCGTACCAGAGC‑3'
TFF1	 5'‑AAGGTGATCTGTGTCCTCGC‑3' 	 5'‑AAACAGCAACCTCTCTCCGT‑3'
TFF2	 5'‑CGGAGCAGTGTGTCATGGAA‑3'	 5'‑AAGAAACACCAGGGCACTTCA‑3'
TFF3	 5'‑GCCCTCTGGCTAATGCTGTT‑3'	 5'‑CGGTTGTTACACTGCTCCGA‑3'
MUC5AC	 5'‑GTTCACTCTACCACTCCCTGC‑3'	 5'‑CAATCCTGGCTACACATCGC‑3'
FGF7	 5'‑CGTGGCAGTTGGAATTGTGG‑3'	 5'‑AGGCAACGAACATTTCCCCT‑3'
GPR109A	 5'‑TACCACCCTTAGCTTTACCT‑3'	 5'‑CCTGGAATACTTCTGGTTGT‑3'
GPR43	 5'‑GGTGTGCTTTGGACCCTACA‑3'	 5'‑CTGTCTCTTTGGCTCCCCTG‑3'
GPR41	 5'‑TGAGCATCGAACGTTTTCTG‑3'	 5'‑CCAGGTAGCAGGTTCCATTG‑3'
GAPDH	 5'‑AGGTCGGTGTGAACGGATTTG‑3'	 5'‑GGGGTCGTTGATGGCAACA‑3'

TFF, trefoil factors; FGF, fibroblast growth factor; GPR, G protein‑coupled receptor.
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decreased the elevation in the levels of these pro‑inflammatory 
cytokines (P<0.01; Fig. 3). This suggests that butyrate attenuates 

the excessive inflammation involved in the development of 
gastric mucosal ulcers induced by erosion due to acid in mice.

Figure 1. Therapeutic effects of butyrate on chronic GU in mice. (A) Histological assessment. Gastric tissues from GU (n=4/group) were fixed with 4% 
paraformaldehyde and sectioned to prepare for hematoxylin and eosin staining (magnification, x200). (B) Immunohistochemical analysis for BAX. Gastric 
tissue samples were fixed and sectioned for staining using primary antibody against BAX. Brown granules in cells were considered to indicate positive results. 
(C) qPCR to determine the expression of genes encoding BAX and Caspase‑3 in the gastric tissues from GU location. The total RNA of gastric samples was 
extracted for detecting the mRNA levels of targeted genes via qPCR. Results indicate mean ± SD. *P<0.05; **P<0.01. GU, gastric ulcer; qPCR, quantitative 
polymerase chain reaction.

Figure 2. Changes in SOD and CAT activities and MDA levels in different groups (n=4‑6/group). The gastric tissues samples from GU location were homogenised 
for determining SOD and CAT activities and MDA levels. Proteins in the gastric samples were quantified via BCA assay, which was used to normalise the 
tested parameters in gastric tissue. Data are expressed as mean ± SD. **P<0.01. SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde.
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Butyrate promotes gastric mucosal repair. TFFs1‑3, 
MUC5AC and FGF7 are crucial for gastric mucosal 
repair. qPCR was performed to determine the changes in 
expression levels of these proteins in the various groups. 
Butyrate significantly increased the expression levels 
of genes encoding MUC5AC, FGF7 and TFF2 proteins 
(P<0.05), but not of those encoding TFF1 or TFF3 proteins, 
in gastric tissues (Fig. 4). Prostacyclin (PGI2) is important 

for maintaining gastric mucosal defences. The levels of 
6‑keto‑PGF‑1α (a PGI2 metabolite) were measured, which 
reflect gastric mucosal repair; were significantly higher in 
butyrate‑treated mice compared with those of the model 
mice (P<0.01; Fig. 4).

Butyrate upregulates GPR109A expression. Given that SCFA 
receptors, including GPR109A, GPR43 and GPR41, are 

Figure 3. Changes in the levels of pro‑inflammatory cytokines in different groups (n=4‑6/group). Gastric tissues were collected for enzyme‑linked immuno‑
sorbent assay after butyrate treatment. Proteins in the gastric samples were quantitated via BCA assay, which was used to normalise the tested parameters in 
gastric tissue. Results represent mean ± SD. **P<0.01. TNF, tumor necrosis factor; IL, interleukin; LTB4, leukotriene B4.

Figure 4. Changes in parameters reflecting gastric mucosal repair in different groups (n=4‑6/group). The total RNA was extracted for measuring mRNA levels 
of targeted genes encoding MUC5AC, TFFs1‑3 and FGF7 using quantitative PCR. Enzyme‑linked immunosorbent assay was used to measure 6‑keto‑PGF‑1α 
levels. Results represent mean ± SD. *P<0.05; **P<0.01; ***P<0.001. TFF, trefoil factors; FGF, fibroblast growth factor; PGF, prostaglandin F.
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important for the biological function of SCFAs, the expression 
levels of these receptors were tested to determine the signal‑
ling mechanisms underlying the therapeutic effects of butyrate. 
qPCR results showed that the expression of GPR109A, but not 
of GPR43 or GPR41, was upregulated by butyrate treatment 
(P<0.01; Fig. 5A). Consistent with these findings, IHC analysis 
showed that GPR109A was strongly positively expressed in the 
butyrate group compared with that in the GU mice. However, 
butyrate treatment did not change GPR43 or GPR41 expression 
levels (Fig. 5B).

Discussion

Nonsteroidal anti‑inflammatory drugs and Helicobacter pylori 
infection are the leading factors that impair gastric mucosa 
defences and give rise to GUs; however, the acid corrosive 
effect on gastric mucosa is the basic factor contributing to 
GU pathogenesis (1). For this reason, the chronic GU model is 

traditionally established using a local injection of 20% acetic 
acid under the mucosal lumen to imitate acid corrosion‑induced 
GU (22). Due to the protective effect of SCFA acetate on 
gastric mucosa observed in a previous study  (25), diluted 
hydrochloric acid (pH=1), the main component of gastric acid, 
was used instead of acetic acid, to build the GU model in the 
present study. The diameter of a GU usually ranges from 0.4 
to 0.8 cm, depending directly on the concentration and dosage 
of the acid used in this model. Based on a preliminary experi‑
ment, 10 µl hydrochloric acid (pH=1) was chosen as suitable 
for the chronic GU establishment.

It was difficult to maintain an accurate depth of acid 
injection for GU formation during the animal operation. 
Therefore, the abdomen was opened to select the mice 
with GU 3 days after the acid injection for the experiment. 
In the model group, pathological examination showed that 
acid injection induced a series of typical changes that occur 
during ulcer development, including local mucosal necrosis 

Figure 5. Expression levels of SCFA receptors GPR109A, GPR43 and GPR41 in the various groups (n=4‑6/group). (A) qPCR for determining the expression 
of genes encoding GPR109A, GPR43 and GPR41. The total RNA was extracted for detection of mRNA levels of targeted genes encoding GPR109A, GPR43 
and GPR41 via qPCR. Results indicate mean ± SD. **P<0.01. (B) Immunohistochemical analysis of GPR109A, GPR43 and GPR41. Gastric samples were fixed 
and sectioned for staining using primary antibody against GPR109A, GPR43 and GPR41. Brown granules in cells indicate positive results. qPCR, quantitative 
polymerase chain reaction. GPR, G protein‑coupled receptor; SCFA, short‑chain fatty acid.
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and submucosal granulation tissue formation, similar to 
human chronic ulcer. This suggests that the GU model was 
successfully constructed.

Since excessive gastric acid secretion contributes to mucosal 
injury, its proper inhibition lays a foundation on current GU 
treatment. However, despite the extensive PPIs usage (26,27), 
the recurrence of GU remains high. Therefore, experimental 
agents with mucosal repairing ability were investigated. 
Butyrate is an important metabolite from indigestive fibers 
fermented by gut microbiota. When orally administrated, 
butyrate is mainly absorbed by digestive mucosa and thereby 
elevates the expression of tight junction proteins MUC3, 
MUC5B, ZO‑1 and Occludin to protect the mucosa (28‑31). 
It is noteworthy that butyrate prompts the repair and recovery 
in intestinal mucosa (13,21,30), while its effect on gastric acid 
secretion has not been reported yet. Hence, corresponding 
experiments were conducted to uncover that butyrate pretreat‑
ment protected gastric mucosa from ethanol‑induced lesions. 
Therefore, it is postulated that butyrate prompts recovery in 
gastric mucosa similar to that in intestine on a distinct basis 
of its remarkable ability of mucosal repair, rather than that of 
acid secretion inhibition.

Butyrate is a preferable energy source for human intestinal 
epithelial cells, and has been widely used as a food addi‑
tive (32). Egorin et al (33) reported the maximum tolerated 
dose of sodium butyrate in mice as 1.25 g/kg in a study of 
sodium butyrate plasma pharmacokinetics, which was over 
triple times higher than 400 mg/kg used in the present study. 
Liang  et  al  (34) found that 400  mg/kg sodium butyrate, 
equivalent to 640  mg/kg for mice, could defend severe 
burn‑induced remote acute lung injury in rats. Therefore, the 
dose of butyrate used in the present study's experimental mice 
(400 mg/kg), equal to 44 mg/kg for human, was of easy access 
and less severe dose‑dependent side effects.

In the present study, it was found that oral butyrate signifi‑
cantly alleviated the pathological damage to gastric mucosa 
in mice. The butyrate group exhibited less necrotic tissues 
and more proliferative glands with regular arrangement. The 
physical condition of the mice improved following treat‑
ment with butyrate. The mice showed inactivity, food intake 

reduction, fluffy‑coat formation and decreased body weight 
and passed shapeless faeces after modelling; however, these 
symptoms were significantly alleviated following butyrate 
treatment. Mice feeding, activity levels and stool appearance 
were normal, and their weight also increased on the seventh 
day. Given that butyrate is produced by probiotic microbiota, 
most of the previous studies focused mainly on intestinal 
diseases  (35,36). The present study findings suggest that 
butyrate heals chronic gastric mucosal lesions.

Oxidative stress is one of the most important factors 
contributing to the pathological development of GU. The 
anti‑oxidants SOD and CAT attenuate oxidative stress. In 
the studies on GU, it was found that SOD and CAT activi‑
ties were significantly decreased after modelling  (25,37). 
Butyrate was shown to increase the anti‑oxidative capacity in 
rats (38) and HepG2 cells (39). The present data suggest that 
the levels of oxidative product MDA in gastric tissues were 
increased and activities of SOD and CAT were decreased 
in the model group, whereas butyrate treatment attenuated 
the changes in these parameters, thereby protecting against 
oxidative damage.

Excessive inflammation is a crucial factor in GU forma‑
tion. Levels of pro‑inflammatory factors IL‑1β, TNF‑α and 
LTB4 were elevated in the model mice, whereas this elevation 
in levels was substantially decreased by butyrate treatment. 
The anti‑inflammatory effect of butyrate has been extensively 
studied in various fields (16,17,36). Some studies reported 
that butyrate inhibited the nuclear factor κB signal pathway 
to prevent the intestinal epithelial injury caused by inflam‑
mation (40‑42). SCFA‑specific receptors GPR43, GPR41 and 
particularly GPR109A, mediate the anti‑inflammatory effects 
of SCFAs (15,18,20). The present data showed that the expres‑
sion of GPR109A, but not of GPR43 or GPR41, was significantly 
upregulated by butyrate treatment, suggesting GPR109A to be 
the key receptor of butyrate for mediating its gastric protective 
effect. Nevertheless, the underlying mechanisms remain to be 
investigated in future studies.

In the present study, TFFs1‑3, MUC5AC and FGF7 
levels were determined, which reflect gastric mucosal repair. 
Previously, TFFs1‑3 (43‑45) and FGF7 (46) were shown to 

Figure 6. Schematic diagram of the mechanism. Butyrate treatment heals chronic GU via its anti‑inflammatory and anti‑oxidative effects and via promoting 
mucosal repair. GPR109A may be the key receptor for the therapeutic effects of butyrate. HE, hematoxylin and eosin; IHC, Immunohistochemistry; GU gastric 
ulcer.



ZHOU et al:  THERAPEUTIC EFFECTS OF BUTYRATE ON CHRONIC GASTRIC ULCER8

promote gastric mucosal repair. It was found that butyrate 
treatment significantly upregulated TFF2, MUC5AC and 
FGF7 expression levels. Butyrate is necessary for the nutrition 
of the intestinal epithelium to maintain mucosal integrity (13). 
In the present study, the therapeutic effect of butyrate on GU 
was investigated. Combined with the analysis for the special 
receptors of SCFAs, the data suggest that butyrate regulates 
gene expression via the GPR109A signalling pathway. 
Nevertheless, it has been well documented that butyrate 
acts as a histone deacetylase inhibitor (HDACi) to regulate 
gene expression by increasing acetylation modification of 
histones (47‑49). It is noteworthy that because of the Warburg 
effect, butyrate concentration increased so that it acts as an 
HDACi in cancerous cells, but it entered the tricarboxylic acid 
cycle at physiological levels to act as a substrate for energy 
metabolism (50). In future experiments, the detailed mecha‑
nism underlying the therapeutic effects of butyrate will be 
validated.

It was reported that GPR109A mediates cyclooxygenase 
(COX) activation to increase prostanoid formation (51,52). 
COXs are important for maintaining the gastric mucosal 
barrier (53). The present results suggest that butyrate promotes 
PGI2 production, reflected by 6‑keto‑PGF‑1α levels, and 
significantly decreased LTB4 levels. Thus, butyrate may exert 
its therapeutic effects on GUs via arachidonic acid metabolic 
pathway regulation.

In conclusion, the therapeutic effect of butyrate on chronic 
GUs was identified via anti‑oxidation, anti‑inflammation and 
promotion of gastric mucosal repair; the effect may be medi‑
ated by the GPR109A receptor. The hypothesis regarding the 
therapeutic mechanism of butyrate is presented in Fig. 6.
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