
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, 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 you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. 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 ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Zhang et al. BMC Genomics          (2025) 26:195 
https://doi.org/10.1186/s12864-025-11383-6

BMC Genomics

†Xiaohong Zhang and Rui Hu contributed equally to this work.

*Correspondence:
Zhisheng Wang
zswangsicau@126.com
1Low Carbon Breeding Cattle and Safety Production University Key 
Laboratory of Sichuan Province, Sichuan Agriculture University,  
Chengdu 611130, China
2Key Laboratory of Animal Genetics, Breeding and Reproduction of 
Shanxi Province, College of Animal Science and Technology, Northwest 
A&F University, Yangling 712100, China

Abstract
Background  Glutamine (Gln) plays a pivotal role in maintaining the integrity of the rumen epithelial barrier in 
mammals. This study aimed to investigate the effects of Gln on histamine-induced barrier damage in yak rumen 
epithelial cells (YRECs).

Results  RT-qPCR analysis revealed a significant decrease in the mRNA expression of tight junction proteins (ZO-
1, JAM-A, Claudin-1, and Claudin-4) following 24-hour exposure to 20 µM histamine (HIS group) (P < 0.05). In the 
subsequent experiment, YRECs were first treated with 20 µM histamine for 24 h, followed by 8 mM glutamine for 12 h 
(HG group). Gln treatment reversed the histamine-induced downregulation of both mRNA and protein levels of tight 
junction proteins and restored the distribution of ZO-1 at the cell membrane. Transcriptome analysis revealed that 
co-regulated differentially expressed genes were primarily involved in the mitogen-activated protein kinase (MAPK) 
signaling pathway and apoptosis. These findings were further corroborated by RT-qPCR, Western blot, and flow 
cytometry analyses. To determine whether glutamine regulates cell barrier function through the p38 MAPK signaling 
pathway, 20 µM Skatole, a p38 MAPK agonist, was introduced (SK group). The results showed a significant increase in 
the p-p38/p38 ratio and a marked decrease in the mRNA and protein expression of tight junction proteins in the SK 
group compared to the HG group (P < 0.05).

Conclusions  Glutamine mitigates histamine-induced barrier damage in YRECs through the p38 MAPK signaling 
pathway and apoptosis regulation.
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Introduction
The unique characteristics of yaks suggest significant 
potential for the future development of yak-derived milk 
and meat products. To advance the yak industry, improv-
ing growth rates, production performance, and herd size 
is crucial. The breeding model has shifted toward large-
scale, centralized breeding with high-concentrate diets 
to enhance production performance. However, excessive 
intake of high concentrate diet often leads to numer-
ous illnesses issues. Subacute rumen acidosis (SARA), a 
common nutritional disorder characterized by a lowered 
rumen pH [1], induces microbial death and endotoxin 
release [2], resulting in increased rumen epithelial per-
meability and dysfunction [3, 4]. Consequently, harmful 
substances enter the bloodstream, triggering pathological 
responses [5]. The rumen epithelium plays a vital role not 
only in nutrient absorption but also in preventing harm-
ful materials from entering the bloodstream [6, 7]. There-
fore, maintaining the integrity of the rumen epithelium 
is essential for ruminants [8]. Studies have shown that 
SARA disrupts rumen epithelial barrier function, pos-
ing a threat to animal welfare and ultimately decreasing 
production efficiency [9, 10]. This highlights the need for 
research into the detrimental effects of SARA and the 
development of effective prevention strategies.

SARA induces several complex changes in the rumen, 
including ruminal hyperosmolarity, increased concen-
trations of short-chain fatty acids, elevated levels of 
lipopolysaccharides and histamine, and a reduced pH 
[11–15]. Recent studies have explored the regulation of 
the rumen at both the tissue and cellular levels, using 
single-factor or free-combination approaches [16–19]. 
However, most research on histamine has focused on 
macro-level effects, which lacks specificity and depth. 
Furthermore, limited micro-level research has been 
conducted in this area, underscoring the need for more 
detailed molecular level investigations.

At the tissue level, existing studies have demonstrated 
that histamine can disrupt the rumen barrier by altering 
barrier permeability (e.g., Isc, Gt, FITC apparent permea-
bility coefficient) and the expression of tight junction (TJ) 
genes and proteins [16, 20]. Steele et al. [5] further con-
firmed that during SARA, desmoglein gene expression 
in rumen tissue is significantly downregulated, impairing 
the structural integrity of the rumen epithelium. At the 
cellular level, Aschenbach et al. [21] found that histamine 
inhibits cell differentiation, and it has been suggested 
that histamine can activate the NF-kB pathway to medi-
ate inflammation [22]. Wang et al. [23] demonstrated that 
high histamine levels inhibit autophagy in cells. However, 
the exact effect of histamine on rumen epithelial cell bar-
rier function remains unclear, warranting further explo-
ration at the cellular level.

Glutamine promotes growth, enhances immune func-
tion, acts as an antioxidant, and is particularly effective in 
repairing the gastrointestinal tract [24–26]. Ma et al. [27] 
showed that glutamine supplementation reduces mark-
ers of intestinal permeability and increases rumen height 
and surface area in stunted yaks, suggesting that dietary 
glutamine can improve gastrointestinal barrier function. 
This study aims to investigate the impact of histamine on 
the rumen epithelial cell barrier and explore the mecha-
nisms through which glutamine mitigates histamine-
induced disruption of the rumen epithelial barrier in 
yaks.

Methods
Cell culture and treatments
YRECs were provided by the rumination research group 
at the Institute of Animal Nutrition, Sichuan Agricultural 
University, China, as reported by Wang et al. [28]. The 
animal study protocol was approved by the Animal Pol-
icy and Welfare Committee of the Agricultural Research 
Organization of Sichuan Province, China, and complied 
with the guidelines of the Animal Care and Ethical Com-
mittee of Sichuan Agricultural University (protocol code 
SCAUAC2021-36, approved on 29 August 2021). In vitro 
immortalized YRECs were successfully obtained and 
identified through Immunofluorescence Identification. 
The YRECs were cultured in DMEM medium containing 
10% fetal bovine serum (Cell-Box, Hong Kong, China) 
and 1% Pen-Strep Amphotericin B Solution (VivaCell, 
Shanghai, China).

Cells were incubated under three conditions: without 
histamine (CON), with 20 µM histamine for 24 h (HIS) 
based on our preliminary experiments, or with 20 µM 
histamine for 24 h followed by 8 mM glutamine for 12 h 
(HG). For pathway validation, cells were treated with 
20 µM histamine for 24 h, followed by 8 mM glutamine 
and 20 µM Skatole for 6 h, then 8 mM glutamine for an 
additional 6 h (SK). Skatole (MedChemExpress, USA), a 
p38 MAPK activator, modulates intestinal epithelial cell 
functions by stimulating aromatic hydrocarbon recep-
tors and p38 [29]. The Skatole concentration used in this 
study was confirmed to be non-cytotoxic in cell viability 
assays (Supplement diagram 1), without inducing adverse 
effects on the cells.

Cell viability test
For cell viability assays, YRECs were seeded in 96-well 
plates at a density of 1 × 103 cells per well. Five biological 
replicates were performed for each experimental treat-
ment. Cell viability was assessed using the Cell Counting 
Kit-8 (CCK-8; Oriscience, China) according to the manu-
facturer’s instructions. Briefly, 100 µL of culture medium 
was removed, and one-tenth of the volume of CCK-8 
reagent was added to the medium. After incubating at 
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37 °C for 1 h, absorbance was measured at 450 nm using 
a microplate reader (SpectraMax M2, USA).

Cell proliferation
EDU assays were performed in accordance with the 
manufacturer’s instructions using the EDU Cell Prolif-
eration Assay Kit. Briefly, EDU solution was added to 
cell culture plates and incubated at 37  °C with 5% CO2 
for 1  h. Following incubation, cells were fixed with 4% 

paraformaldehyde, permeabilized with 0.2% Triton 
X-100, and incubated with the click reaction mixture 
for 1.5 h at room temperature, shielded from light. After 
counterstaining with DAPI for 10  min, fluorescence 
images were acquired using a Leica fluorescence micro-
scope (Leica, Wetzlar, Germany). Each treatment group 
included three biological replicates.

Apoptosis detection by flow cytometry
Cells from each treatment group were stained with 
Annexin-V-FITC and PI using apoptosis kits (DOJINDO, 
AD10, Japan), adhering to the manufacturer’s protocol. 
Each treatment group consisted of six biological repli-
cates, with the cell concentration in each tube exceeding 
1 × 106 cells/ml. Annexin V specifically labels early apop-
totic cells by binding to externalized phosphatidylserine 
on the cell membrane, emitting green fluorescence. PI, 
which only enters cells with compromised membranes 
(indicative of late apoptosis or necrosis), emits red 
fluorescence. In late-stage apoptosis or necrosis, both 
Annexin V and PI penetrate the cell membrane, resulting 
in dual red and green fluorescence. After dark incubation 
for 15 min, cell staining was analyzed using a flow cytom-
eter. Detection was performed with an excitation wave-
length of 488 nm and an emission wavelength of 530 nm.

RNA extraction and quantitative real-time PCR (RT-qPCR)
Total RNA from YRECs in each treatment group was iso-
lated using AG RNAex Pro Reagent (AG, China) follow-
ing the manufacturer’s protocol. Reverse transcription 
was conducted to synthesize cDNA using ExonScript RT 
SuperMix with dsDNase (EXONGEN, Chengdu, China). 
Quantitative RT-PCR (RT-qPCR) was carried out using 
the 2x Universal Blue SYBR Green qPCR Master Mix kit 
(Servicebio, G3326, China) and analyzed with the Quant-
Studio™ 5 real-time PCR system (Applied Biosystems, 
Thermo Fisher Scientific). Primer sequences are provided 
in Table 1. The PCR cycling conditions included an initial 
30-second denaturation at 95  °C, followed by 40 cycles 
of 15-second denaturation at 95  °C, 10-second anneal-
ing at 60  °C, and 30-second extension at 72  °C. Each 
treatment group included six biological replicates. Rela-
tive mRNA expression levels were quantified using the 
2−ΔΔCT method and normalized to the geometric mean of 
GAPDH.

Western blot analysis
YREC protein lysates from each treatment group were 
harvested using the ExKine™ Pro Total Protein Extrac-
tion Kit for Animal Cultured Cells and Tissues (Abbkine), 
and protein concentration was quantified using the BCA 
assay kit (Abbkine). Equal amounts of protein lysates 
were separated by 7.5% SDS-PAGE (Epizyme, Shang-
hai, China). Each treatment group consisted of three 

Table 1  Primers used for quantitative real-time PCR (RT-qPCR)
Primers Primer sequences (5’-3’)1) Product sizes (bp)
ZO-1 F: CCGAATGAAACCGCACACAAACC 107

R: GTCTCCACGCCACTGTCAAACTC
Occludin F: GCCTGTGTTGCCTCCACTCTTG 143

R: CCATAGCCATAACCGTAGCCATAGC
JAM-A F: GTGCCTCCATCCAAGCCTACAATC 134

R: GGCATCTCTACTCCATCCTTGAACC
Cluadin-4 F: TCATCGGCAGCAACATCGTCAC 110

R: CAGCAGCGAGTCGTACACCTTG
Cluadin-1 F: CCCGTGCCTTGATGGTGATTGG 110

R: CATCTTCTGTGCCTCGTCGTCTTC
KITLG F: CCGTAGCATTGCCAGCATTC 56

R: AAAGGCCCCAAAAGCAAACC
FGF7 F: ATGTGAACTGTTCCAGCCCC 192

R: TTCCAACAGCCACTGTCCTG
HGF F: TTTGCCTTCGAGCTATCGGG 225

R: TGATCCCAGCGCTGACAAAT
PIK3CA F: CAATCGGTGACTGTGTGGGA 119

R: CTGATGGAGTGTGTGGCTGT
MAPK9 F: GCACCCTGAAGATCCTCGAC 126

R: TCTCTTTGTAGCCCATGCCC
BIRC3 F: CCAGCTTGGAAAACAGTGGC 199

R: GCTTTTGCCAGGTCTGTTGG
AKT3 F: TGTGGATTTACCTTATCCCCTCA 79

R: GTTTGGCTTTGGTCGTTCTGT
KRAS F: ACATTGGTGAGAGAGATCCGA 70

R: CACAGCCAGGAGTCTTTTCTTC
SOS1 F: CAAGTTCACCCTACTCTTGAGTC 172

R: CATCAGCTATTGCCCACTTATCA
FOS F: CGGGTTTCAACGCCGACTA 166

R: TTGGCACTAGAGACGGACAGA
XIAP F: CGAGCTGGGTTTCTTTATACCG 126

R: GCAATTTGGGGATATTCTCCTGT
Caspase-1 F: GGATGGGATCTGCGGGACTATG 96

R: CTGAGGCAATTACGGTTGTTGAATG
Caspase-9 F: CGAGACCCTGGACAGCATTT 116

R: AGCCCGGCATCTGTTTGTAA
BAX F: TGCTTCAGGGTTTCATCCAGGG 328

R: GTCCTGATCAACTCGGGCAC
Bcl2 F: ATGTGTGTGGAGAGCGTCAA 190

R: GTGCCTTCAGAGACAGCCAG
GAPDH F: CGGCACAGTCAAGGCAGAGAAC 116

R: CCACATACTCAGCACCAGCATCAC
1)F, forward primer; R, reverse primer
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biological replicates, with each well representing one 
replicate. After electrophoresis, gels were excised based 
on the protein size indicated by the Marker (LABLEAD, 
P10310, China) before proceeding to the transfer step. 
Proteins were transferred onto PVDF membranes (Bio-
RAD, USA). Blocking was performed with protein-free 
rapid blocking buffer (Servicebio, G2052, China) for 
10 min, followed by overnight incubation at 4 °C with pri-
mary antibodies: anti-ZO-1 (1:2000, Proteintech, USA), 
anti-JAM-A (1:1000, ABclonal, USA), anti-Claudin-1 
(1:1000, Proteintech, USA), anti-Claudin-4 (1:1000, Pro-
teintech, USA), anti-Occludin (1:1000, ABclonal, USA), 
anti-GAPDH (1:1000, ABclonal, USA), anti-p38 (1:1000, 
ABclonal, USA), anti-p-p38 (1:1000, ABclonal, USA), 
anti-ERK (1:1000, ABclonal, USA), anti-p-ERK (1:1000, 
ABclonal, USA), anti-JNK (1:1000, ABclonal, USA), and 
anti-p-JNK (1:2000, ABclonal, USA). GAPDH served as 
the internal control for total protein. Following this, sec-
ondary antibody incubation was performed for 1.5  h. 
Protein bands were visualized using an e-Blot Touch 
Imager (e-Blot, USA) with the Oriscience Supersensitive 
ECL Kit (Oriscience, China). As the gels were cropped 
prior to the transfer step, full-length blot images are not 
available.

Immunofluorescence detection of ZO-1
Cells from each group were washed three times with 
PBS for 5 min per wash. They were then fixed with 75% 
ethanol for 20  min and permeabilized with 0.2% Triton 
X-100 for 20  min. After blocking with goat serum for 
1  h, cells were incubated with primary antibody (ZO-1, 
1:150) overnight at 4  °C. Following secondary antibody 
incubation for 2 h, DAPI was added dropwise and incu-
bated for 5 min in the dark. The PBS was removed, and 
an anti-fluorescence quencher was added. Each treat-
ment group comprised five biological replicates. Fluores-
cence microscopy was used for imaging, and ImageJ was 
employed for analysis.

RNA-Seq assay and data analysis
Each experimental group included four independent 
biological replicates. Library construction was per-
formed using the Illumina HiSeq 2500 platform from 
Genedenovo Biotechnology Co., followed by sequencing. 
HISAT2 was employed to align the reads to the TAIR 10 
genome [30]. Differentially expressed genes (DEGs) were 
identified using DESeq2, with a threshold of an absolute 
fold change > 2 and a P-value < 0.05 [31]. Enriched meta-
bolic pathways were determined through Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) database annotations. Subsequently, DEGs were 
selected for protein-protein interaction (PPI) network 
analysis via the STRING database (v11.0), and Cytoscape 

3.9.1 software was used to visualize and analyze the intri-
cate gene networks.

Statistical analysis
Statistical analyses were conducted using SPSS version 
27.0. Data from yak rumen epithelial cells across differ-
ent groups were analyzed using Student’s t-test and one-
way ANOVA, with results expressed as means ± standard 
deviation (SD). Statistical significance was defined at a 
P-value < 0.05.

Results
Histamine effects on the tight junction of YRECs and 
Glutamine effects on YRECs viability and proliferation
To assess whether histamine regulates tight junctional 
mRNA expression, RT-qPCR was performed to measure 
the levels of TJ proteins. Figure  1A shows a significant 
reduction in the mRNA levels of TJ proteins (Claudin-1, 
Claudin-4, ZO-1, and JAM-A) in YRECs treated with 20 
µM histamine compared to the control group (P < 0.05). 
To determine the optimal concentration of glutamine for 
YRECs, it was added to the culture medium, and the cells 
were cultured for 12 h. The 12-hour treatment duration 
was based on the experimental design outlined by Li et 
al. [32]. CCK-8 assay results revealed an initial increase 
in cell viability, followed by a decrease. The highest cell 
viability was observed at a glutamine concentration of 8 
mM (Fig. 1B). Figure 1C illustrates that HIS significantly 
reduced YREC proliferation compared to the control 
(P < 0.05), while the glutamine repair group (HG) signifi-
cantly enhanced proliferation relative to the HIS group 
(P < 0.05), suggesting a potential reparative effect of gluta-
mine. Therefore, 8 mM glutamine treatment for 12 h was 
selected as the optimal condition for repairing cell barrier 
damage in subsequent experiments.

The expression levels of mRNA and protein of the tight 
junction proteins in different groups
Figure 2 shows an increase in the mRNA levels of TJ pro-
teins (Claudin-1, Claudin-4, ZO-1, and JAM-A) in 20 µM 
histamine-treated YRECs compared to the control group, 
while Occludin mRNA levels remained unchanged. In the 
HG group, the mRNA levels of Claudin-1, Claudin-4, 
ZO-1, JAM-A, and Occludin were significantly higher 
than in the HIS group, with some markers also showing 
significantly higher expression compared to the control 
group. The protein expression levels of Claudin-1, Clau-
din-4, ZO-1, and JAM-A aligned with the mRNA expres-
sion patterns, while Occludin protein expression did not 
exhibit significant differences across treatment groups.

Expression and distribution of ZO-1 in different groups
Immunofluorescence analysis revealed that hista-
mine treatment reduced ZO-1 protein abundance and 
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disrupted its cellular localization, leading to decreased 
distribution at the cell membrane and perimembrane 
regions. In contrast, glutamine treatment restored ZO-1 
expression, enhancing its membrane distribution and 
mitigating histamine-induced cell damage (Fig. 3).

RNA sequencing data
Samples were collected after YRECs were cultured with 
20 µM histamine for 24 h followed by 8 mM glutamine 
treatment for 12 h (HG), or with 20 µM histamine alone 
for 24  h (HIS), as well as the control group (CON) for 
RNA sequencing. RNA sequencing data were analyzed 
to evaluate gene expression levels. The statistical results 
of gene expression in the different sample groups are 
presented in the violin plot (Fig.  4A). Principal compo-
nent analysis (PCA) demonstrated clear clustering of the 
three sample groups, with relative dispersion shown in 
Fig.  4B. Correlation analysis indicated that the correla-
tion between samples was approximately 0.9, confirm-
ing the reliability of the sample selection (Fig.  4C). The 
uniformity within each group was satisfactory, meet-
ing the required standards for subsequent experiments. 
The volcano plot displayed the DEGs, revealing a total 
of 1861 DEGs in the HIS versus CON comparison, with 
249 upregulated and 1612 downregulated genes. In the 
HG versus HIS comparison, 6351 DEGs were identified, 

with 3649 upregulated and 2702 downregulated (Fig. 4D, 
E). A Venn diagram analysis identified 1444 DEGs com-
mon to both comparisons, which may play a critical role 
in the histamine-induced barrier damage in YRECs that 
is repaired by glutamine treatment (Fig. 4F).

Functional analysis of DEGs
The functional role of the DEGs was further investigated 
through functional enrichment analysis. Gene Ontology 
(GO) enrichment analysis revealed that 56 GO terms 
were significantly enriched (P < 0.05). These terms were 
categorized into three groups: molecular functions (13 
GO terms), cellular components (17 GO terms), and bio-
logical processes (26 GO terms). The co-regulated DEGs 
were predominantly enriched in biological processes 
such as cellular processes, single-organism processes, and 
metabolic processes. In terms of molecular functions, the 
DEGs were mainly enriched in binding, catalytic activ-
ity, and nucleic acid binding transcription factor activity. 
For cellular components, DEGs were primarily associated 
with cells, cell parts, organelles, and other cellular struc-
tures (Fig. 4G).

Additionally, KEGG pathway enrichment analysis 
identified 312 significantly enriched pathways, with the 
top 20 pathways shown in Fig. 4H. The DEGs were most 
significantly enriched in pathways such as the MAPK 

Fig. 1  Effect of histamine on the tight junction of yak rumen epithelial cells (YRECs) and the toxic effect of glutamine on YRECs in vitro. A, YRECs were 
treated either with 20 µM or without histamine (CON) for 24 h. The mRNA levels of the ZO-1, Occludin, JAM-A, Claudin-4, and Claudin-1 genes in the 
histamine-treated YRECs were measured by RT-qPCR. B, Cell viability of YRECs after glutamine treatment (4, 8, 16, 32, 64, 128 mM) for 12 h. C, Cell Prolifera-
tion of YRECs in different treatment groups. Each treatment group’s data were normalized using data from the control group. Different letters indicate 
significant differences (P < 0.05). An independent-sample t-test was used to calculate group-to-group comparisons
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Fig. 3  Effect of Gln on the expression and distribution of ZO-1 in histamine-damaged YRECs. DAPI labeled nucleus as blue, ZO-1 stained as green. Scale 
bars represent 25 μm. Mean ± SD data are presented. Different letters indicate significant differences (P < 0.05). Each treatment group’s data were normal-
ized using data from the control group

 

Fig. 2  The expression levels of mRNA and protein of the tight junction proteins in different groups. A, the relation mRNA expression levels of the Clau-
din-1, Claudin-4, ZO-1, JAM-A, Occludin genes in different treatment groups. B, the relation protein levels of the Claudin-1, Claudin-4, ZO-1, JAM-A, Oc-
cludin genes in different treatment groups. Band intensities were quantified by Image J and normalized to GAPDH. All results are shown as mean ± SD. 
Different letters indicate significant differences (P < 0.05)
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Fig. 4  The RNA-sequencing analysis of different treatment groups. A, sample expression violin plot. B, principal component analysis of a sample. C, 
sample correlation heatmap. D, statistical chart of differentially expressed genes (DEGs). E, volcano map of differentially expressed genes (DEGs). F, venn 
diagram of differentially expressed genes (DEGs). G, GO enrichment classification histogram. H, KEGG enrichment bubble plot. The data presented are 
from four independent experiments (n = 4)
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signaling pathway, cellular senescence, apoptosis, FoxO 
signaling pathway, lysine degradation, cell cycle, p53 
signaling pathway, TNF signaling pathway, and IL-17 
signaling pathway. The two most significant pathways 
associated with glutamine repair of histamine-induced 
barrier damage in YRECs were the MAPK signaling path-
way (P = 0.000136) and apoptosis (P = 0.000758).

Identification of DEGs
To further investigate the roles of DEGs in the MAPK 
and apoptosis signaling pathways, PPI networks were 
generated using the STRING database and visualized in 
Cytoscape (Fig.  5A). Eleven core genes (FGF7, KITLG, 
KRAS, PIK3CA, MAPK9, BIRC3, AKT3, HGF, XIAP, 
FOS, SOS1) were selected for RT-qPCR validation. The 
results from RT-qPCR showed consistent trends with the 
transcriptome sequencing data, further confirming the 
reliability of the RNA-seq results (Fig. 5B).

Further analysis of the apoptosis-related genes, based 
on RNA-seq and existing literature, revealed that the 
HIS group exhibited a significant increase in the mRNA 
expression of pro-apoptotic genes and a decrease in 
the expression of anti-apoptotic genes compared to the 
CON group. In contrast, the HG group showed a sig-
nificant reduction in pro-apoptotic gene expression and 
an increase in anti-apoptotic gene expression compared 
to the HIS group (Fig. 5C). Flow cytometry results sup-
ported these observations, with a marked increase in the 
percentage of apoptotic cells in the HIS group compared 
to the CON group, and a significant reduction in apopto-
sis in the HG group compared to the HIS group (Fig. 5D).

Western blot analysis of three key downstream signal-
ing molecules—p38, extracellular signal-regulated kinase 
(ERK), and c-Jun N-terminal kinase (JNK)—showed 
no significant changes in the ratios of p-ERK/ERK and 
p-JNK/JNK. However, the ratio of p-p38/p38 was signifi-
cantly elevated in the HIS group compared to the CON 
group. In contrast, the p-p38/p38 ratio was significantly 
reduced in the HG group compared to the HIS group 
(Fig. 5E).

Glutamine inhibits the p38 MAPK pathway to effect tight 
junction protein in YRECs
Compared to the HG group, the SK group showed a 
significant upregulation of the p-p38/p38 ratio and a 
marked reduction in the mRNA and protein expression 
levels of TJ proteins (JAM-A, ZO-1, Claudin-1, and Clau-
din-4), with no significant change in Occludin expression 
(Fig. 6).

Discussion
SARA leads to elevated levels of rumen histamine, which 
impairs the ruminal epithelium barrier function in rumi-
nants. This disruption compromises animal health and 

reduces production performance [33]. Recent studies 
have demonstrated the beneficial effects of glutamine as 
a dietary supplement for yaks, particularly in improv-
ing gastrointestinal function [27, 34]. As the most abun-
dant free amino acid, glutamine plays a pivotal role in 
strengthening the intestinal barrier and serves as the 
principal energy source for rapidly proliferating cells [35]. 
It is a non-essential amino acid with distinct pharmaco-
logical properties and lacks toxic side effects. Glutamine 
acts as a critical nitrogen donor for cellular metabolism, 
supporting the function of intestinal, immune, and mus-
cle cells [36]. Furthermore, glutamine and its dipeptides 
are essential nitrogen sources for gastrointestinal epi-
thelial cells, crucial for maintaining mucosal integrity 
and stability [37]. Previous studies have demonstrated 
that glutamine supplementation enhances intestinal bar-
rier integrity by promoting the proliferation of intestinal 
epithelial cells and stabilizing TJs [38]. In a prior study, 
glutamine supplementation reduced indicators of intesti-
nal permeability and increased rumen height and surface 
area in stunted yaks, suggesting that glutamine supple-
mentation can enhance gastrointestinal barrier function 
[27]. This experiment was designed to explore the poten-
tial of glutamine in repairing histamine-induced barrier 
damage in YRECs.

The ruminal epithelium consists of several layers: the 
basal layer, spinous layer, granular layer, and stratum 
corneum. These layers are interconnected by TJs, adhe-
sion junctions, gap junctions, and desmosomes [39]. TJs, 
located at the apex of cell-cell contacts, play a critical role 
in establishing and maintaining epithelial barrier func-
tion and polarity. TJs are membrane protein complexes 
that bind adjacent plasma membranes tightly together, 
creating a selectively permeable barrier to restrict the 
free diffusion of molecules between cells [40–42]. The TJ 
complex includes structural proteins like Occludin, Clau-
din-1, and Claudin-4, functional proteins like ZO-1, and 
adhesion molecules such as JAM-A [43]. These junctions 
are essential for maintaining the integrity of the gastroin-
testinal epithelial barrier [44]. Our experimental results 
show that histamine treatment led to a marked reduction 
in the mRNA expression of TJ proteins (Claudin-1, Clau-
din-4, ZO-1, JAM-A), which is consistent with the find-
ings of Gao et al. [16]. When glutamine (Gln) was added 
to the culture medium as a reparative treatment, the HG 
group showed a significant increase in the mRNA and 
protein expression levels of TJ proteins (Claudin-1, Clau-
din-4, ZO-1, JAM-A, and Occludin) compared to the HIS 
group. These results are consistent with earlier studies by 
Li et al. [45] and Shaghaghi et al. [46]. The increase in TJ 
protein expression suggests that glutamine plays a role in 
restoring cell barrier function.

Transcriptome analysis was conducted to elucidate 
the molecular mechanisms underlying the restoration 
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Fig. 5  Validation of the accuracy of RNA sequencing (RNA-Seq). A, protein–protein interaction (PPI) networks of the selected differentially expressed 
genes (DEGs). B, the mRNA expression levels of eleven core genes of DEGs. C, the mRNA expression levels of genes associated with apoptosis. D, cells 
were exposed to different treatments and were then stained and analyzed by flow cytometry. E, the protein expression levels of the MAPK signaling 
pathway. Different letters indicate significant differences (P < 0.05)
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of YREC barrier function by glutamine. The analysis 
revealed distinct gene expression profiles among the 
CON, HIS, and HG groups. KEGG pathway enrich-
ment identified that DEGs were predominantly associ-
ated with the MAPK and apoptosis signaling pathways. 
Transcriptomic data indicated that histamine treatment 
upregulated DEGs within both the MAPK and apopto-
sis pathways, while glutamine supplementation led to 
downregulation of these pathways in the HG group com-
pared to the HIS group. These observations suggest that 
glutamine may modulate the ruminal epithelial barrier 
function primarily via the MAPK signaling pathway and 
apoptosis regulation.

Apoptosis occurs through both extrinsic and intrinsic 
pathways, with the intrinsic pathway being regulated by 
the Bcl-2 family, particularly through the interactions 
between Bcl-2 and Bax. These proteins modulate mito-
chondrial membrane potential and permeability, facilitat-
ing the release of pro-apoptotic factors, which activate 
initiator caspases, culminating in the activation of exe-
cutioner caspase-3 [47]. Previous studies have demon-
strated that reactive oxygen species (ROS)-mediated 
epithelial cell apoptosis contributes to intestinal barrier 
dysfunction in mice [48]. Glutamine supplementation 
reversed heat stress-induced upregulation of HSP70 
expression, apoptosis, and cytosolic cytochrome c lev-
els, while enhancing mitochondrial membrane poten-
tial. These observations indicate that glutamine mitigates 
heat stress-induced TJ damage in porcine intestinal 

epithelium by inhibiting the HSP70-mediated mitochon-
drial apoptotic pathway [49]. In this study, RT-qPCR 
was performed to quantify the mRNA expression lev-
els of apoptosis-related genes (Caspase 1, Caspase 9, 
Bax, and Bcl-2), while flow cytometry was employed to 
assess apoptosis rates. Compared to the control group, 
the histamine-damage group exhibited a reduced mRNA 
expression of the anti-apoptotic gene Bcl-2, alongside an 
upregulation of pro-apoptotic genes (Caspase 1, Caspase 
9, and Bax) and an elevated apoptosis rate. Conversely, 
the glutamine-repair group demonstrated a decrease in 
the mRNA levels of pro-apoptotic genes, an increase in 
the expression of the anti-apoptotic gene Bcl-2, and a 
lower apoptosis rate. The results of RT-qPCR and flow 
cytometry were consistent with the findings from tran-
scriptome sequencing. These results suggest that glu-
tamine preserves the integrity of the tight junctions in 
YRECs via alleviating histamine-induced apoptosis.

The MAPK (Mitogen-Activated Protein Kinase) family 
consists of at least four subfamilies: Extracellular Signal-
Regulated Kinases (ERK1/2), ERK5, c-Jun N-terminal 
Kinases (JNK1-3), and p38 kinases (p38α, β, γ, and δ). 
All MAPK signaling pathways are structured around a 
central three-tier kinase module [50, 51]. The MAPK 
signaling pathway is typically in a state of dynamic equi-
librium under normal, unstimulated conditions. Upon 
stimulation by various external signals, the MAPK sig-
naling pathway is activated through the phosphoryla-
tion of upstream kinases, which subsequently trigger the 

Fig. 6  The expression levels of mRNA and protein of the tight junction and p38 MAPK proteins in different groups. A, the mRNA expression levels of the 
ZO-1, Occludin, JAM-A, Claudin-4, Claudin-1 genes in different treatment groups. B, the protein expression levels of the Claudin-1, Claudin-4, ZO-1, JAM-A, 
Occludin, p38, and p-p38 proteins in different treatment groups. Different letters indicate significant differences (P < 0.05)
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activation of MAPKs. This activation leads to the phos-
phorylation of downstream transcription factors, thereby 
modulating their biological activity and affecting cellular 
processes. The activation of this signaling cascade regu-
lates a variety of physiological and pathological processes, 
including angiogenesis, cell proliferation, differentiation, 
apoptosis, and tumor metastasis [52]. This study results 
showed that, compared to the control group, there were 
no significant changes in p-ERK/ERK and p-JNK/JNK. 
However, the p-p38/p38 ratio significantly increased after 
histamine treatment, which is consistent with the find-
ings of Adderley et al. [53]. This suggests that histamine 
may damage the tight junctions of yak rumen epithelial 
cells via the p38 MAPK signaling pathway. Moreover, the 
p-p38/p38 ratio in the HG group significantly decreased 
compared to the HIS group. Therefore, we hypothesize 
that glutamine primarily regulates tight junctions in 
cells through the p38 MAPK signaling pathway. To fur-
ther validate whether glutamine mediates the regulation 
of cell barrier function through the p38 MAPK signaling 
pathway, a p38 agonist was introduced in conjunction 
with glutamine treatment for 6 h, forming the SK group. 
The results revealed a significant elevation in the p-p38/
p38 ratio in the SK group compared to the HG group, 
confirming the effective activation of the p38 pathway by 
the agonist. Additionally, the mRNA and protein levels of 
TJ proteins (Claudin-1, Claudin-4, ZO-1, JAM-A) were 
significantly upregulated in the SK group, while Occlu-
din expression remained unchanged. Some TJ proteins 
in the SK group exhibited notably lower gene and protein 
expression levels compared to the CON group, suggest-
ing that glutamine regulates the p38 MAPK pathway to 
mediate cell barrier function.

A limitation of this study is the absence of a gluta-
mine-only treatment group and a p38 MAPK inhibi-
tor group, which could have provided further insights 
into the individual effects of glutamine and p38 inhibi-
tion. Nevertheless, this omission does not undermine 
the central findings and conclusions of the study, which 
are supported by consistent trends and robust statistical 
analyses. While the cell model used in this study offers 
valuable insights, it may not fully replicate the in vivo 
conditions. Future investigations for our research group 
should aim to validate these findings in animal mod-
els, considering factors such as immune responses and 
microbiota interactions. Moreover, transcriptomic data 
suggest other potential pathways, including FoxO, p53, 
TNF, and IL-17, which may also contribute to glutamine-
mediated repair. Exploring these pathways, along with 
further validation of DEGs, will provide a more compre-
hensive understanding of the underlying mechanisms. 
Additionally, the impact of varying glutamine concen-
trations on histamine-induced damage was not explored 
in this study. Proposed future research in our laboratory 

should investigate the effects of different glutamine con-
centrations at various time points to further elucidate its 
repair mechanisms. Despite these limitations, the find-
ings of this study offer valuable insights into glutamine-
mediated repair. The proposed future directions will 
enhance the depth and clinical relevance of this work.

Conclusion
In summary, the study demonstrates that histamine 
reduces the mRNA and protein levels of TJ proteins in 
YRECs, impairing barrier integrity. Glutamine treatment 
effectively repairs histamine-induced barrier damage by 
reducing apoptosis and modulating the p38 MAPK path-
way. These findings provide a theoretical basis for the 
use of glutamine as a nutritional intervention to allevi-
ate subacute ruminal acidosis caused by intensive feeding 
practices in yaks raised in high-altitude regions.
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