
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, 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/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Wang et al. BMC Genomics          (2024) 25:394 
https://doi.org/10.1186/s12864-024-10242-0

BMC Genomics

*Correspondence:
Zhisheng Wang
zswangsicau@126.com

Full list of author information is available at the end of the article

Abstract
Background Untargeted metabolomics and proteomics were employed to investigate the intracellular response 
of yak rumen epithelial cells (YRECs) to conditions mimicking subacute rumen acidosis (SARA) etiology, including 
exposure to short-chain fatty acids (SCFA), low pH5.5 (Acid), and lipopolysaccharide (LPS) exposure for 24 h.

Results These treatments significantly altered the cellular morphology of YRECs. Metabolomic analysis identified 
significant perturbations with SCFA, Acid and LPS treatment affecting 259, 245 and 196 metabolites (VIP > 1, P < 0.05, 
and fold change (FC) ≥ 1.5 or FC ≤ 0.667). Proteomic analysis revealed that treatment with SCFA, Acid, and LPS 
resulted in differential expression of 1251, 1396, and 242 proteins, respectively (FC ≥ 1.2 or ≤ 0.83, P < 0.05, FDR < 1%). 
Treatment with SCFA induced elevated levels of metabolites involved in purine metabolism, glutathione metabolism, 
and arginine biosynthesis, and dysregulated proteins associated with actin cytoskeleton organization and ribosome 
pathways. Furthermore, SCFA reduced the number, morphology, and functionality of mitochondria, leading to 
oxidative damage and inhibition of cell survival. Gene expression analysis revealed a decrease the genes expression 
of the cytoskeleton and cell cycle, while the genes expression associated with inflammation and autophagy 
increased (P < 0.05). Acid exposure altered metabolites related to purine metabolism, and affected proteins associated 
with complement and coagulation cascades and RNA degradation. Acid also leads to mitochondrial dysfunction, 
alterations in mitochondrial integrity, and reduced ATP generation. It also causes actin filaments to change from 
filamentous to punctate, affecting cellular cytoskeletal function, and increases inflammation-related molecules, 
indicating the promotion of inflammatory responses and cellular damage (P < 0.05). LPS treatment induced 
differential expression of proteins involved in the TNF signaling pathway and cytokine-cytokine receptor interaction, 
accompanied by alterations in metabolites associated with arachidonic acid metabolism and MAPK signaling 
(P < 0.05). The inflammatory response and activation of signaling pathways induced by LPS treatment were also 
confirmed through protein interaction network analysis. The integrated analysis reveals co-enrichment of proteins 
and metabolites in cellular signaling and metabolic pathways.
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Introduction
There is increasing evidence of the crucial role the rumi-
nal epithelium plays in.

nutrient absorption, metabolism, intracellular pH regu-
lation, immunity, and the maintenance of the ruminal-
host barrier, which are vital for ruminant health and 
productivity [1]. In ruminants, short-chain fatty acids 
(SCFA) are produced mainly by the rumen microbiome 
fermentation of cellulose, fibers, starch, and sugars [2, 3]. 
The use of high-concentrate diets to enhance short-term 
growth and fattening, results in excessive fermentation 
and elevated SCFA production [4–6]. Higher concentra-
tion of SCFA in the rumen fluid are associated with lower 
ruminal pH and the increased acid load causes SARA 
and damage or inflammation to rumen epithelium [7, 
8]. Moreover, the concentration of lipopolysaccharide 
(LPS) in ruminal fluid rises due to the lysis of gram-neg-
ative bacteria during SARA, and LPS was discovered to 
translocate more readily across the ruminal wall, caus-
ing the pH decompensation-induced ruminal imbalance 
to worsen [9, 10]. Domestic and international research-
ers utilize pH values of 5.5, 5.6, or 5.8 as critical thresh-
olds to assess SARA, with SARA occurrence and severity 
determined by the duration (310 min per day) and area 
under the curve of rumen pH persistently below these 
thresholds [11]. There are various opinions regarding the 
mechanisms of SARA, which primarily involve endo-
toxins (LPS), histamine, lactic acid, and organic acidosis 
theory [12, 13].

Yak is a distinctive breed of cattle that has evolved to 
survive in the harsh environment of the Qinghai-Tibet 
Plateau, which is located at elevations between 3000 and 
5000 m above sea level [14]. Compared with other rumi-
nants, yaks exhibit notable differences in gut function, 
characterized by a higher density of ruminal papillae and 
more pleats in the mucosa surface of their abomasum, as 
reported [15]. These adaptations increase the surface area 
of gastrointestinal tract and enhance absorptive capac-
ity, enabling yaks to absorb energy more efficiently by 
up-regulating nutrient transporters and exhibit higher 
energy utilization and metabolic efficiency [16]. Due to 
the growing yak population and the extensive degrada-
tion of grasslands in recent years, cold-season supple-
mental feed or modern intensive feeding models have 
been implemented to enhance yak productivity [17–20]. 
Similarly, the practice of supplementary feeding or short-
term housing for fattening yaks, with high-concentrate 
diets primarily based on grain starch as the main energy 

source, often leads to an accumulation of excessive SCFA 
in the rumen [21, 22]. Studies have also demonstrated 
that yaks exhibit higher SCFA production during ruminal 
fermentation compared to cattle at the same diet level or 
with the same substrate [23, 24]. These findings suggest a 
higher susceptibility of yaks to SARA.

Previous studies have demonstrated that the strati-
fied squamous epithelium that makes up the ruminal 
epithelium encompasses the stratum corneum, stratum 
granulosum, stratum spinosum, and stratum basale [25, 
26]. The intricate regulatory mechanisms involved in 
metabolic, physiological, and developmental processes 
across the various layers of epithelial cells are reflected 
in the unique structure of the ruminal epithelium. The 
stratum basale is enriched with mitochondria that gen-
erate adenosine triphosphate (ATP), providing energy 
for nutrient transport (VFAs, ketones, lactate, urea, min-
erals, etc.), tissue morphogenesis, pH regulation, and 
other systemic metabolic functions such as hormone 
and immune-related metabolism [27, 28]. However, 
the research on SARA etiology in YRECs remains lim-
ited, particularly regarding the molecular mechanisms 
involved. Proteomics and metabolomics comprehensively 
analyze changes in intracellular proteins and metabolites, 
enhancing data coverage and resolution to provide com-
prehensive information, aiding in the discovery of poten-
tial biomarkers and key pathways, thereby facilitating a 
deeper understanding of the complexity of injury mecha-
nisms [29]. Therefore, this study employed metabolomics 
and proteomics techniques to elucidate the cellular-level 
toxic impact of high concentration of SCFA, low pH, and 
LPS on YRECs, shedding light on the pathogenesis of aci-
dosis and providing novel insights for the future regula-
tion of ruminal epithelial cell proliferation and health in 
yaks.

Materials and methods
Cell culture and treatment
We successfully established the yak rumen epithelial 
cell line (SV40T-YREC-hTERT) in our laboratory, which 
was then cultured within Roswell Park Memorial Insti-
tute-1640 (RPMI 1640, Gibco, USA) containing 10% fetal 
bovine serum (FBS, Gibco, USA), 100 U/mL streptomy-
cin, and 100 U/mL penicillin at 37  °C in an incubator 
with 5% CO2 [30]. This cell line was established by iso-
lating and culturing primary cells from rumen epithe-
lial tissue obtained from adult yaks after electric shock, 
exsanguination and slaughter, and skinning according 

Conclusions In summary, this study contributes to a comprehensive understanding of the detrimental effects of 
SARA-associated factors on YRECs, elucidating their molecular mechanisms and providing potential therapeutic 
targets for mitigating SARA.
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to standard commercial procedures. The yaks slaugh-
tered in this study were not used anesthesia/euthana-
sia. The cell line was identified in the China Center for 
Type Culture Collection (CCTCC No. C2021245), and 
the cell line was free from species cross-contamination 
and mycoplasma contamination. To initiate subculture, 
the cells were exposed to a mixture comprising 0.25% 
trypsin and 0.02% EDTA for digestion, seeded into a 
150  mm culture dish (Corning, NY, USA) overnight to 
100% confluency for the following experiments. The cells 
were respectively treated with SCFA, low pH, and LPS 
with an equivalent volume of culture media for 24  h. 
The control group cells were treated with the same vol-
ume of RPMI-1640 medium instead (CONT). Notably, 
the concentration selection of the SCFA treatment group 
was based on our previous investigation of the cytotox-
icity of SCFA on YRECs for 24  h. The concentration of 
120 mM SCFA (6 mM sodium butyrate, 30 mM sodium 
propionate, and 84 mM sodium acetate; Sigma-Aldrich, 
MO, USA) inhibited cell viability by approximately 50% 
for 24  h as SCFA group (SCFA) [30]. We have adjusted 
medium pH 5.5 was acidified with HCl and treated cells 
for 24 h as acidic environment group (Aci) [31].The cyto-
toxic concentrations of LPS (From Escherichia coli 055: 
B5; Sigma-Aldrich, MO, USA) were determined by treat-
ing cells with different concentrations of LPS (5, 10, 20, 
40, 80, 100, 120, 140 µg/mL) for 24 h. The concentration 
of 100  µg/mL LPS inhibited cell viability by approxi-
mately 10% for 24 h as LPS group (LPS).The cell viability 
was determined in accordance with the guidelines stipu-
lated by the manufacturer of the cell counting kit-8 assay 
(CCK‐8; AbMole, Shanghai, China). In brief, the wells 
received 10 µL of the CCK-8 reaction solution, and 100 
µL of the culture medium was retained. The absorbance 
was measured at 450 nm using a microplate reader after 
2 h of incubation at 37 °C. The cell growth curve was pro-
duced, with the incubation period serving as the x-axis 
and the average optical density (OD) value as the y-axis.

UHPLC-MS/MS-based investigations of non-targeted 
metabolomics
After the cells had been treated for 24 h, an 80% cooled 
methanol aqueous solution was introduced for 5 min to 
quench enzymatic reaction processes. Following cell har-
vest, a centrifugation step was performed at 5,000  rpm, 
4  °C for 1  min. The freeze-drying process was applied 
to the supernatant, which was then dissolved with 10% 
methanol. The LC-MS/MS system analysis was then 
injected with the solution [32, 33]. The metabolic pro-
filing was conducted on a Vanquish UHPLC system 
(Thermo Fisher, Germany) equipped with an Orbitrap 
Q ExactiveTM HF mass spectrometer (Thermo Fisher, 
Germany) in Novogene Co., Ltd. (Beijing, China) as pre-
viously reported [34]. Thereafter, peak alignment, peak 

selection, and quantification for each metabolite were 
performed using the UHPLC-MS/MS raw data loaded 
into the Compound Discoverer 3.1 (CD3.1, Thermo-
Fisher) [35].

Proteomic analysis
After 24  h of cell treatment with three biological repli-
cates per treatment group, they were lysed in the cell-cul-
ture dish using a radioimmunoprecipitation assay (RIPA) 
lysis buffer (Beyotime, Shanghai, China) containing pro-
tease inhibitor (Beyotime, Shanghai, China) and 1 mM 
phenylmethanesulfonyl fluoride (PMSF). Subsequently, 
the Bradford protein quantification reagent (Beyotime, 
Shanghai, China) was used to determine the protein con-
centration. After 12% SDS-Page gel electrophoresis, the 
protein bands were stained with Coomassie bright blue 
R-250, and the protein quality was detected after decol-
orization until the bands were clear. The trypsin-digested 
peptides were tagged with Tandem Mass Tagging (TMT) 
Kits and Reagents (Thermo Fisher Scientific, Bremen, 
Germany) according to previous studies [36]. Briefly, 
protein samples were combined with DB protein disso-
lution solution (8  M urea, 100 mM TEAB, pH = 8.5) to 
a final volume of 100 µL. After adding trypsin and 100 
mM TEAB buffer, the mixture was incubated at 37  °C 
for 4 h. Subsequently, additional trypsin and CaCl2 were 
introduced for overnight digestion. pH adjustment to less 
than 3 was performed using formic acid, followed by cen-
trifugation at room temperature for 5 min at 12,000 g to 
obtain the supernatant. The TMT-labeled peptide mix-
ture was fractionated on a Rigol L3000 HPLC using a C18 
column (Waters BEH C18 4.6 × 250  mm, 5  μm). Subse-
quently, the EASY-nLC™ 1200 nanoliter UHPLC system 
and the homemade analytical column (25  cm×150  μm, 
1.9  μm) were used for liquid chromatographic elution 
after the injection of 1 µg of supernatant of each fraction. 
The Orbitrap Exploris 480 was used in conjunction with 
a plus FAIMS mass spectrometer (Thermo Fisher Scien-
tific, Bremen, Germany) to generate raw mass spectrom-
etry data using a data-dependent acquisition mode [37].

Quantitative real-time reverse transcription polymerase 
chain reaction analysis (qRT-PCR)
By following the guidelines of the manufacturer, the cells 
were processed using a Trizol reagent to extract the total 
ribonucleic acid (RNA) (Yeasen Biotechnology, China). 
1 µg of total RNA was used to synthesize complementary 
DNA (cDNA) utilizing the Hifair™ II 1st Strand cDNA 
Synthesis Super Mix for qPCR kit (Yeasen Biotechnol-
ogy, China), and PCR amplification was conducted 
using the Hieff UNICON® Universal Blue qPCR SYBR 
Green Master Mix kit (Yeasen Biotechnology, China). 
The relative amounts of the mRNAs were normalized 
with the housekeeping gene GAPDH for each sample. 
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The 2(− ΔΔCt) method was adopted to determine the fold 
change of mRNA expression [38]. Table S1 contains a 
list of the gene-specific primers utilized in the current 
investigation.

Measurement of cell cycle
The cell suspensions of the samples were collected, fixed 
with ethanol at a 70% concentration on ice, and subse-
quently resuspended in 500 µL of a solution consisting 
of propidium iodide (Beyotime Biotechnology, China) 
and RNAase for staining [39]. Afterward, flow cytometry 
(BDVerse, BD, Germany) was used to analyze the cell 
suspensions. ModFit (Topsham, ME, USA) was used to 
evaluate the data.

The content of filamentous actin (F-actin) was determined 
using rhodamine phalloidin
In brief, a PBS solution that contained 3.75% formalde-
hyde was used to fix the cell samples before being per-
meabilized at room temperature for 10  min with PBS 
solution with 0.5% Triton X-100. After incubating the 
samples with 5% bovine serum albumin (BSA), they were 
stained with 2U/mL rhodamine-labeled phalloidin bind-
ing to F-actin (Solarbio, China) [40]. The images were 
observed and collected under a fluorescence microscope 
(DMI 4000 B, Leica Microsystems Ltd).

Specific fluorescent staining of mitochondria in living cells
When the cells were treated, each well received 500 
nmol/L MitoTracker Green or Red (Beyotime Biotech-
nology, China) before incubation at 37  °C for half an 
hour. MitoTracker stain is preferentially absorbed by 
mitochondria with intact outer membrane potential and 
becomes green or red fluorescent reflecting viable mito-
chondria [41]. The images were observed and collected 
under a fluorescence microscope (DMI 4000 B, Leica 
Microsystems Ltd) and quantified by ImageJ analysis of 
the mean fluorescence intensity.

Glutathione metabolism, oxidative stress-related enzyme 
activities, and inflammation-related cytokines were 
detected by kits
After cell samples were processed, cell deposition was 
collected and resuspended with 1 mL PBS in 1.5 mL cen-
trifuge tubes, and then lysed in an ice bath using a probe 
sonicator for 20% power or 200  W, 3s ultrasonic, 10s 
intervals, repeated 30 times. After centrifuging the sam-
ples at 4 °C (12,000 rpm, 5 min), the resulting supernatant 
was obtained and utilized for enzyme-linked immuno-
sorbent assay (ELISA, Sinobestbio, China) analysis and 
kits detection. Subsequently, ELISA was employed to 
determine the levels of tumor necrosis factor-α (TNF-α), 
matrix metalloproteinase-9 (MMP-9), and interleukin-1β 
(IL-1β), and intracellular cyclooxygenase 2 (COX-2) 

content. The detection of nicotinamide adenine dinu-
cleotide phosphate oxidase (NADPH-OX), glutathione 
peroxidase (GSH-Px), hydrogen peroxide (H2O2), glu-
tathione-s-transferase (GST), reactive oxygen species 
(ROS) and ATP were meticulously performed as per kit 
instructions (Bonoheng Biotechnology, China).

Data processing and statistical analysis
For metabolomics data analysis in the metaX software, 
the widely used multivariate statistical techniques include 
principal component analysis (PCA) and orthogonal par-
tial least-squares discriminant analysis (OPLS-DA) [42]. 
Selection of the possible differential metabolites was 
done using the criteria of VIP > 1, P-value < 0.05, and fold 
change (FC) ≥ 1.5 or FC ≤ 0.667. The identified metabo-
lites were subjected to pathway analysis with Metabo-
Analyst (http://mirror.metaboanalyst.ca/) and mapped 
into pathways as illustrated in the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) (http://mirror.metaboana-
lyst.ca/). An enrichment was interpreted as statistically 
significant when P < 0.05.

Screening of raw data, quality control, and protein 
function annotation were the key components of pro-
teomics data analyses. Each run-yielded spectra were 
searched separately against 1,062,060-UniProt-bos 
mutus-filtered-organism__Bos mutus (wild yak) [72,004] 
_. Fasta (38,178 sequences) database by the search 
engines: Proteome Discoverer 2.4 (PD 2.4, Thermo). Dif-
ferentially expressed proteins (DEPs) were pairwise com-
parisons between two compared sample with FC ≥ 1.2 
or ≤ 0.83 and a significance threshold of unadjusted 
with t-test for P < 0.05. The InterProScan program was 
employed to execute Gene Ontology (GO) and InterPro 
(IPR) functional analyses, against the non-redundant 
protein database, which includes PANTHER, ProSite, 
SMART, ProDom, PRINTS, and Pfam [43]. The differen-
tially significant expression proteins of each comparison 
pair were annotated with subcellular localization infor-
mation using the Cell-mPLOC 2.0 website (http://www.
csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/), and protein trans-
membrane domain prediction was conducted using the 
TMHMM 2.0 online software. For the analysis of the DEP 
family and pathway, the Clusters of Orthologous Groups 
(COG) and KEGG databases were employed [44]. The 
Search Tool for retrieving the Interacting Genes/Proteins 
database(http://STRING.embl.de/) was employed as pre-
viously described [45] for the analysis of protein-protein 
interaction (PPI). Cytoscape was used to map the protein 
interaction network, employing the Degree topological 
analysis method from cytoHubba to analyze significantly 
different proteins, rank them based on scores, and filter 
key proteins based on high Degree scores.

The format of mean ± standard error (SEM) was uti-
lized to display the data, and the data were analyzed using 

http://mirror.metaboanalyst.ca/
http://mirror.metaboanalyst.ca/
http://mirror.metaboanalyst.ca/
http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/
http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/
http://STRING.embl.de/
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one-way analysis of variance (ANOVA), followed by sub-
sequent Tukey’s multiple comparison test. The graphs 
were performed using Graph Pad Prism (v. 9.2.0). P < 0.05 
was indicated as a statistical significance difference.

Results
The morphology of YRECs exposure by SCFA, low pH, and 
LPS
The cellular morphology was significantly altered after 
treatment with different factors associated with SARA 
etiology for 24  h. Notably, Low pH acidic environment 
significantly inhibited cell viability (P < 0.001; Fig. 1a). The 
impact of LPS on cell viability exhibited a concentration-
dependent effect (P < 0.001; Fig.  1b). We selected LPS 
with low pH5.5, which inhibited cell viability by about 
30%, and LPS inhibited cell viability by about 10% to 
further study the effects of acidic environment and LPS 
on cell proteins and metabolites. As shown in Fig.  1c, 
the control cells were tightly adhered to the cell culture 
bottle, displaying irregular morphology, well-defined 
stereoscopic features, and favorable refractive proper-
ties under the ordinary light microscope. In contrast, the 
SCFA-treated group displayed floating dead cells with 
reduced cell refractivity, diminished stereoscopic appear-
ance, cell shrinkage, widened intercellular gaps, and a 
notable decrease in cell numbers (Fig. 1d). With low pH 
the morphology of the epithelium cells was destroyed, 
the number of cell deaths higher and the gap between 
cells appeared larger (Fig.  1e). Although the cells look 
confluent like the control cells, intercellular gap width 
and cytoplasmic enlargement significantly increased in 
the LPS-treated group at a concentration of 100  µg/mL 
(Fig. 1f ).

Differential metabolite analysis
After data quality control of metabolomics was quali-
fied (Fig. S1a-d), A satisfactory separation between the 
CONT and treatments could be seen in the PCA and 
OPLS-DA score plots (Fig. S2a, b). Under the condition 
of FC > 1.5 or FC < 0.667, P < 0.05 and VIP > 1, metabolites 
were sorted from highest to lowest according to the VIP 
score, high concentrations of SCFA significantly affected 
259 metabolites (Table S2), 6beta-Hydroxytestosterone, 
(+/-)12(13)-DiHOME, 4-butylresorcinol, gamma-glu-
tamyltyrosine and 5-oxoETE were among the metabolites 
with elevated levels, and glutathione, sedoheptulose1,7-
bisphosphate, L-glutathione(reduced), L-ornithine and 
L-arginine had reduced levels (P < 0.001) (Table S3.1). 
Various metabolites were used to study metabolic path-
ways (Impact > 0.1, P < 0.01). As shown by the KEGG 
pathway enrichment, six functional pathways were signif-
icantly enriched in high-concentration SCFA, including 
purine metabolism, glutathione metabolism and arginine 
biosynthesis (Fig. 2a).

A high concentration of SCFA will reduce pH value 
in rumen fluid, and further test the effect of acidic envi-
ronment on rumen epithelial cells. Under the condition 
of FC > 1.5 or FC < 0.667, P < 0.05 and VIP > 1, metabo-
lites were sorted from highest to lowest according to the 
VIP score, the acidic environment significantly affected 
245 metabolites (Table S2). 5-oxoproline, α -Lapachone, 
Hexadecanedioic acid, Deoxyinosine and 4-Oxoproline 
in the elevated metabolites and Pyridoxal 5-phosphate 
monohydrate, Hypotaurine, (+)-alpha-lipoic acid and 
deoxyadenosine in the metabolites with reduced lev-
els (P < 0.001) (Table S4.1). Purine metabolism pathway 
affected by the acidic environment were significantly 
enriched (Impact > 0.1, P < 0.01) (Fig. 2b).

Addition of LPS to the culture medium significantly 
affected 196 metabolites (FC > 1.5 or FC < 0.667, P < 0.05 
and VIP > 1) (Table S2), and (5-L-Glutamyl)-L-Amino 
Acid, Gamma-Glu-Leu, Ala-Leu, (2R)-2,3-dihydroxypro-
panoic acid and 8-iso-15-keto Prostaglandin E2 in the 
elevated metabolites and 2’- deoxyadenosine 5’-mono-
phosphate (dAMP), dCMP, Thymidine 5’-monophos-
phate, L-Pipecolate.

,4-Guanidinobutyric acid, dTMP in the metabo-
lites with reduced levels (P < 0.001) (Table S5.1). Purine 
metabolism pathway affected by LPS were significantly 
enriched (Impact > 0.1, P < 0.01) (Fig. 2c).

Detection of DEPs by TMT-based proteome profiling of 
YRECs response to high concentration of SCFA
After data quality control (Fig. S1e-h), quantitative pro-
tein PCA scatter plots and the cumulative plot curves 
of coefficient of variance (CV) values of all proteins 
indicated significant differences between treatment 
groups identified by proteomics, and the samples have 
small CVs and good reproducibility (Fig. S2c, d). The 
SCFA-treated group expressed 1251 proteins differen-
tially as compared to the CONT, including 698 proteins 
had higher abundance (FC > 1.2; P < 0.05), 553 proteins 
had lower abundance (FC < 0.83; P < 0.05) (Table S3.2). 
To further examine the functional features of the dif-
ferently expressed proteins, the protein GO database 
annotated and enriched the selected differentially abun-
dant proteins. Differentially expressed abundant pro-
teins were classified and displayed into three ontological 
categories of biological process (BP), cellular compo-
nent (CC), and molecular function (MF). SCFA-treated 
groups significantly enriched in 28 terms in BP, which 
are actin cytoskeleton organization, cytoskeleton orga-
nization, cytoskeleton organization, electron transport 
chain. The 8 terms were significantly enriched in CC, 
such as ribosome, intracellular non-membrane-bounded 
organelle, intracellular ribonucleoprotein complex. Sev-
enteen terms were significantly enriched during MF and 
extracellular matrix structural constituent, structural 
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molecule activity, structural constituent of ribosome 
(P < 0.05; Fig.  3a). A bubble plot of the KEGG path-
way enriched for differential proteins was shown in 
Fig. 3b. The SCFA-treated group significantly affected 10 

signal transduction pathways in contrast to the CONT 
(P < 0.05). Differential protein enrichment was high-
est in the vitamin B6 metabolism pathway, and upregu-
lated proteins were primarily enriched in the ribosome 

Fig. 1 Effects of short-chain fatty acids (SCFA), low pH acidic environment (Aci), and lipopolysaccharides (LPS) on cell morphology and cell viability of 
YRECs for 24 h. The effect of different pH levels (pH5.5 and pH5.0) on cell viability for 24 h. Cells were treated with the indicated concentrations (5, 10, 20, 
40, 80, 100, 120, 140 µg/mL) of LPS for 24 h. The results were presented as the percent cell viability compared with the untreated control group (b). Data 
are the means ± SEM, n = 3; ***, P < 0.001 compared with the control group. Morphological characterization of damage to YRECs after exposure to SCFA 
(d), Aci (e), and LPS (f) respectively (100x)
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pathway. High concentration of SCFA increased abun-
dance of proteins involved in alanine, aspartate, gluta-
mate metabolism, galactose metabolism, proteasome, 
arginine biosynthesis, RNA polymerase, and RNA trans-
port (Fig. S3a). Lower abundance of proteins enriched for 
protein digestion and absorption pathway was statisti-
cally significant. High concentration of SCFA also inhib-
ited proteins in pathways of oxidative phosphorylation, 
ECM-receptor interaction, regulation of actin cytoskel-
eton, focal adhesion, protein digestion, and absorption, 
Wnt signaling pathway, tight junction, and cell cycle 
(Fig. S3b). The findings of the differential protein-related 
structural domain enrichment indicated that the effects 
of integrin beta, vps5 C-terminal, EGF (epidermal growth 
factor; extracellular), and diaphanous GTPase-binding 
were significant (P < 0.05; Fig. 3c). Additionally, the sub-
cellular localization data showed that nuclear proteins 
constituted 38.05% of the SCFA treatment group, while 
cytoplasmic proteins constituted 17.70%, mitochon-
drion protein constituted 9.29% and plasma membrane 
proteins constituted 9.18% (Fig.  3d). The proportion of 
transmembrane proteins with the predicted transmem-
brane helical structure with at least one transmembrane 
domain (TMHMM) in the differentially expressed pro-
teins of SCFA-treated YRECs was 16.3% (Table S3.2). The 
StringDB protein interaction database (http://string-db.
org/) was searched to identify differentially enriched pro-
teins by PPI network interaction analysis. The interaction 
information between target proteins was obtained. To 
further understand the protein interactions between bio-
logical processes involved in the toxic injury of high con-
centration of SCFA to YRECs. In the PPI network, 542 
proteins were found to interact with one or more proteins 
after removing undefined proteins in the SCFA treatment 
group (Fig. S4a). The top five interacting proteins were 
40 S ribosomal protein S27a, glyceraldehyde-3-phosphate 
dehydrogenase, 60  S ribosomal protein L40, heat shock 
70 kDa protein 1B, and 78 kDa glucose-regulated protein.

Integrated analysis of metabolomics and proteomics of 
high concentration of SCFA on YRECs
KEGG pathway analysis was performed on the combined 
metabolomic and proteomic data to gain a comprehen-
sive understanding of the mechanisms underlying the 
injury damage at high concentration of SCFA cause in 
YRECs. The findings illustrated the co-enrichment of the 
DEPs and differentially expressed metabolomics (DEMs) 
in 26 pathways (Fig. 3e; Table S3.3). The altered proteins 
and metabolites were mainly involved in the metabo-
lism of nucleotides, glutathione, glutamate, aspartate, 
arachidonic acid, alanine, nicotinamide, and nicotin-
ate as well as the biosynthesis of amino acids and argi-
nine, RNA transport, and oxidative phosphorylation. 
Strong relationships between the differential proteins and 

Fig. 2 Differential metabolites of SCFA, Aci, LPS, and CONT with six repli-
cate samples per group in YRECs. As per the detected differential metabo-
lites, MetaboAnalyst 5.0 was utilized to examine the probable metabolic 
pathways. (a) SCFA vs. CONT. (b) Aci vs. CONT. (c) LPS vs. CONT
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metabolites were found by correlation analysis. Among 
them, the D-galactosamine interact with the protein 
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex 
assembly factor 3 was highly positive correlated respec-
tively (r = 0.99, P < 0.001) (Table S3.4).

Functional damage of YRECs induced by the high 
concentration of SCFA
In this experiment, the real-time qPCR was used to ver-
ify the relevant cytotoxic damage at the transcriptional 
level. It was found that the expression of cytoskeleton 
and cell cycle-related genes (Filamin, ITGA5, ARPC5, 
ACTR3, ACTN4, PCNA, and CCNB1) were decreased. 
The expression of inflammation and autophagy-related 
genes (NFKB2, TRAF2, CHUK, PTGS2, TNF-α, and 

Fig. 3 Differentially abundant proteins of SCFA and CONT by TMT-based quantitative proteome analysis in YRECs(n = 3). (a) Differentially abundant pro-
teins in two comparison groups were classified according to molecular functions (MF), cellular components (CC), and biological processes (BP) using the 
enriched GO terms. The graphic displays the enrichment outcomes in three categories with a maximum of 20 in each (P-value ≤ 0.05). (b) KEGG pathway 
enrichment of differentially abundant proteins. The hypergeometric test’s P-value is indicated by the dot color. The differential protein count in the cor-
responding pathway is denoted by the size of the dots. (c) Structural domain enrichment bubble diagram of differentially abundant proteins. (d) The 
evaluation of differentially abundant proteins’ subcellular location. Integrative multi-omic data analysis revealed metabolites and proteins that could be 
linked to high concentration of SCFA-induced injury in YRECs. (e) The bubble map shows the enrichment of DEMs and DEPs in the same KEGG pathways. 
The horizontal coordinate is the ratio of differential metabolites or proteins improved in the pathway to the number of metabolites or proteins annotated 
in the pathway (Ratio). The metabolome-proteome co-enriched to the KEGG pathway is represented along the vertical coordinate
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ATG3) was increased in YRECs exposed to high concen-
tration of SCFA (P < 0.001; Fig. 4a). We used Mitotracker 
RedCMXRos to assess the alterations in mitochondrial 
morphology/distribution by fluorescence microscope. 
In contrast to the CONT, high concentration of SCFA 
reduced the number, morphology, and fluorescence 
intensity of mitochondria in YRECs, representing mito-
chondrial dysfunction (P < 0.001; Fig. 4b). In addition, we 
also detected cell cycle changes by flow cytometry, which 
showed G2 phase arrest, and the expression of G2-related 
proteins was inhibited by omics assay (P < 0.05; Fig.  4c). 
These results again indicated that high concentration of 
SCFA inhibited cell survival. Mitochondria are also the 
leading site of intracellular ROS generation. A high con-
centration of SCFA induced a high content of ROS in 
cells, resulting in oxidative damage (P < 0.01; Fig. 4d).

TMT-based proteome analysis of the impact of low pH 
acidic environment on YRECs to identify DEPs
Compared with the CONT, the low pH acidic environ-
ment-treated group differentially expressed 1396 pro-
teins, including 675 proteins had higher abundance 
(FC > 1.2; P < 0.05), 721 proteins had lower abundance 
(FC < 0.83; P < 0.05) (Table S4.2). Low pH acidic envi-
ronment treated group differentially expressed proteins 
significantly enriched in 15 terms during BP, including 
exocytosis, actin cytoskeleton organization, cell adhesion. 
The 15 terms were significantly enriched in CC, such as 
extracellular region, eukaryotic translation initiation fac-
tor 3 complex, chromatin. The 17 terms were significantly 
enriched in MF, and comprised endopeptidase inhibitor 

activity, copper ion binding, GTPase activity (P < 0.05; 
Fig.  5a). A bubble plot of the KEGG pathway enriched 
for differential proteins was shown in Fig.  5b. The low 
pH acidic environment-treated group significantly 
affected 12 signal transduction pathways as opposed to 
the CONT (P < 0.05). Differential protein enrichment 
was highest in the intestinal immune network for the IgA 
production pathway. The upregulated expression of pro-
teins enriched to differential protein in the complement 
and coagulation cascades pathway was the most reliable 
and statistically significant (P < 0.001; Fig. S3c). Low pH 
acidic environment also activated galactose, nucleotide 
sugar, and amino sugar metabolism, as well as RNA deg-
radation, and ECM-receptor interaction were enriched 
for these pathways. Low pH acidic environment also 
inhibited protein abundance of the actin cytoskeleton, 
oxidative phosphorylation, mTOR signaling pathway, Fc 
gamma R-mediated phagocytosis, and Toll-like receptor 
signaling pathway (Fig. S3d).

Low-pH treatment significantly increased the effects 
of terpenoid cyclases/protein prenyltransferase alpha-
alpha toroid, tissue inhibitor of metalloproteinases-like 
(OB-fold), a-macroglobulin complement component, 
and proteasome component (PCI) domain, according 
to the structural domain enrichment findings of the dif-
ferential proteins (P < 0.05; Fig.  5c). Furthermore, the 
subcellular localization data revealed that nuclear pro-
teins accounted for 34.39% of the differentially abundant 
proteins in the low pH acidic environment treatment 
group, with cytoplasm、extracell and plasma mem-
brane proteins accounting for 19.2%、8.93% and 8.32%, 

Fig. 4 Cytotoxic damage induced by high concentration of SCFA exposure to YRECs. (a) Effects of high concentration SCFA exposure YRECs on the mRNA 
expression levels of filamin, ITGA5, ARPC5, ACTR3, ACTN4, PCNA, CCNB1, NFKB2, TRAF2, CHUK, PTGS2, ATG3, and TNF-α for 24 h. (b) The morphology and 
fluorescence intensity of mitochondrial staining in SCFA exposure YRECs. (Magnification 100×; red: Mitochondria). (c) Detection of cell cycle process in 
cells by flow cytometry and proportion of cells in the G0/G1, G2/M, and S phases. (d) Detection of ROS levels in cells. The format of mean ± SEM (n = 3) was 
used to present the data. *, ** and *** demonstrate significant deviations from the control at P < 0.05, P < 0.01 and P < 0.001 respectively
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respectively (Fig. 5d). The proportion of transmembrane 
proteins with the predicted transmembrane helical 
structure with at least one TMHMM in the differentially 
expressed proteins of low pH -treated YRECs was 15% 
(Table S4.2). The 741 proteins were found to interact with 
one or more proteins in the low-pH treatment group 
(Fig. S4b). The top five interacting proteins were UV exci-
sion repair protein RAD23, glyceraldehyde-3-phosphate 

dehydrogenase, 78  kDa glucose-regulated protein, heat 
shock protein HSP 90-beta, and cell division protein 
kinase 1.

Integrated analysis of metabolomics and proteomics of 
low pH acidic environment on YRECs
KEGG pathway analysis revealed co-enrichments for 
26 pathways between DEMs and DEPs (Fig.  5e). The 
altered proteins and metabolites were mainly involved 

Fig. 5 Differentially abundant proteins of Aci and CONT by TMT-based quantitative proteome analysis in YRECs(n = 3). (a) Differentially abundant proteins 
in two comparison groups were classified according to molecular functions (MF), cellular components (CC), and biological processes (BP) using the 
enriched GO terms. The figure shows the enrichment results in three categories, up to 20 of each (P-value ≤ 0.05), and the percentage of the vertical coor-
dinate represents x/n in the table. (b) Proteins with differential levels of abundance are enriched in KEGG pathways. The P-value from the hypergeometric 
test is depicted through the color variation of each dot in the graph. Each dot’s size corresponds to the number of differential proteins identified within 
the corresponding pathway. (c) Structural domain enrichment bubble diagram of differentially abundant proteins. (d) Subcellular localization analysis 
of differentially abundant proteins. Integrative multi-omic data analysis revealed metabolites and proteins that may be associated with low pH acidic 
environment-induced injury in YRECs. (e) The bubble map shows the enrichment of DEMs and DEPs in the same KEGG pathways. The ratio of differential 
metabolites or proteins to the total number of metabolites or proteins in the pathway is depicted on the horizontal axis (Ratio). On the vertical axis, the 
value reflects the extent of co-enrichment between the metabolome and proteome within the KEGG pathway
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in methionine and cysteine metabolism, beta-alanine 
metabolism, vitamin digestion and absorption, histidine 
metabolism, ferroptosis, glutamate, aspartate, and ala-
nine metabolism, as well as nicotinamide and nicotinate 
metabolism (Table S4.3). The results of correlation analy-
sis revealed strong correlations between the differential 
proteins and metabolites. Among them, the metabolite 
(±)11(12)-EET interact with Ankyrin_rpt-contain_dom 
domain-containing protein was highly negative corre-
lated (r=-0.99, P < 0.001) (Table S4.4).

Functional damage of YRECs induced by low pH acidic 
environment
The impact of an acidic environment on the cell cycle of 
YRECs was determined via flow cytometry. The findings 
demonstrated that the cell cycle was disordered and the 
G2 phase was arrested, both of which inhibited cell pro-
liferation (P < 0.01; Fig. 6a). The YRECs were exposed to 
a low pH acidic environment before being stained with 
MitoTracker Green to evaluate mitochondrial integ-
rity. The results showed that the fluorescence intensity 
and the mitochondrial activity decreased, and altered 
mitochondrial function and integrity (P < 0.05; Fig.  6b). 
Filamentous actin was visualized using phalloidin stain-
ing, thereby demonstrating the distribution of filamen-
tous actin in the cells (Fig.  6c). The control group cells 
had an extensive cortical actin network. However, the 
low pH acidic environment changed the actin filaments 
from filamentous to punctate, which led to the rear-
rangement of actin filaments and the destruction of the 
cytoskeletal function of epithelial cells. The disruption 

of mitochondrial function was followed by a rise in the 
content of hydrogen peroxide and a reduction in intracel-
lular ATP generation (P < 0.001; Fig. 6d, e), again demon-
strating disruption of intracellular energy metabolism. At 
the same time, low pH inhibited the activities of meta-
bolic enzymes related to glutathione metabolism (GSTs, 
GSH-Px, and NADPH-OX), thereby destroying the redox 
state in cells and inducing oxidative damage (P < 0.01, 
P < 0.01, P < 0.001; Fig. 6f-h). Furthermore, we examined 
the inflammation-related expressions of IL-1β, COX-2, 
MMP-9, and TNF-α. We found that low pH acidic envi-
ronment significantly increased the inflammation-related 
molecules which suggests an increase in inflammatory 
response in the YRECs, leading to cell damage (P < 0.01, 
P < 0.05, P < 0.01, P < 0.05; Fig. 6i-l).

TMT-based proteomic analysis of the impact of LPS on 
YRECs to identify DEPs
In contrast to the CONT, the LPS-treated group differen-
tially expressed 242 proteins, including 117 proteins had 
higher abundance (FC > 1.2; P < 0.05), 125 proteins had 
lower abundance (FC < 0.83; P < 0.05) (Table S5.2). LPS-
treated group significantly enriched in 17 terms in BP, 
which was barbed-end actin filament capping, regulation 
of biological quality and plasma membrane organization 
on differentially expressed proteins. The 8 terms were 
significantly enriched in CC, such as extracellular region, 
F-actin capping protein complex, extracellular matrix. 
The 24 terms were significantly enriched in MF and con-
sisted of the extracellular matrix structural constitute, 
cytokine receptor binding, receptor binding (P < 0.05; 

Fig. 6 Cytotoxic damage induced by Aci exposure to YRECs. (a) The proportion of cells in the G0/G1, G2/M, and S phases as determined by flow cytom-
etry. (b) The morphology and fluorescence intensity of mitochondrial staining in cells. (Magnification 100×; green: Mitochondria). (c) Phalloidin staining 
was used to determine the structure of F-actin (magnification 200×; red: F-actin). Effect of Aci exposure YRECs on intracellular ATP (d), H2O2 (e), GSTs (f), 
GSH-Px (g), NADPH-OX (h), COX-2 (i), MMP-9 (j), IL-1β (k) and TNF-α(l) expression levels. The format of mean ± SEM (n = 3) was used to present the data. *, 
** and *** demonstrate significant variations from the control at p < 0.05, p < 0.01 and p < 0.001 respectively
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Fig. 7a). A bubble plot of the KEGG pathway enriched for 
differential proteins was shown in Fig. 7b. The 39 signal 
transduction pathways were significantly affected by the 
LPS treatment relative to the CONT (P < 0.05). The lin-
oleic acid metabolism pathway was highest enriched in 
DEPs. The upregulated expression of proteins enriched to 
DEPs in the TNF signaling pathway was the most reliable 

of the test and statistically significant (P < 0.001). LPS also 
activated the intestinal immune network for IgA produc-
tion, IL-17 signaling pathway, cytokine-cytokine receptor 
interaction, and NF-kappa B signaling pathway (Fig. S3e). 
LPS also inhibited protein enriched for protein digestion 
and absorption, gap junction, phagosome, and endocyto-
sis (Fig. S3f ).

Fig. 7 Differentially abundant proteins of LPS and CONT by TMT-based quantitative proteome analysis in YRECs(n = 3). (a) Differentially abundant pro-
teins in two comparison groups were classified according to molecular functions (MF), cellular components (CC), and biological processes (BP) using the 
enriched GO terms. The figure shows the enrichment results in three categories, up to 20 of each (P-value ≤ 0.05). (b) Differentially abundant proteins 
enriched in KEGG pathways. On the horizontal axis, the value represents the proportion of differential proteins in a specific pathway relative to the total 
count of proteins detected in that pathway. The P-value from the hypergeometric test is depicted through the color variation of each dot in the graph. 
Each dot’s size corresponds to the number of differential proteins identified within the specific pathway. (c) Structural domain enrichment bubble dia-
gram of proteins with differential abundance. (d) Subcellular localization analysis of differentially abundant proteins. Integrative multi-omic data analysis 
revealed metabolites and proteins that may be associated with LPS induced injury in YRECs. (e) The bubble map shows the enrichment of DEMs and DEPs 
in the same KEGG pathways. The ratio of differential metabolites or proteins to the total number of metabolites or proteins in the pathway is depicted on 
the horizontal axis (Ratio). On the vertical axis, the value reflects the extent of co-enrichment between the metabolome and proteome within the KEGG 
pathway
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The structural domain enrichment results of the DEPs 
indicated that the effects of collagen triple helix repeat, 
fibrillar collagen (C-terminal), tubulin/FtsZ (2-layer 
sandwich domain), and MAGE protein were signifi-
cant (Fig.  7c). Additionally, the subcellular localization 
data showed that nuclear proteins accounted for 25.00% 
of the differentially abundant proteins in the LPS treat-
ment group, with cytoplasmic、extracell and plasma 
membrane proteins accounting for 15.76% 、15.22% and 
13.04%, respectively (Fig.  7d). The proportion of trans-
membrane proteins with the predicted transmembrane 
helical structure with at least one TMHMM in the dif-
ferentially expressed proteins of LPS-treated YRECs was 
15% (Table S5.2). The top five differentially expressed 
proteins with the most interacting proteins in the LPS-
treated group were tyrosine-protein kinase, cadherin-1, 
fibroblast growth factor receptor, nuclear factor NF-
kappa-B p105 subunit, 72 kDa gelatinase (Fig. S4c).

Integrated analysis of metabolomics and proteomics of 
LPS on YRECs
The co-enrichment of DEMs and DEPs was found in 34 
pathways as demonstrated by the KEGG pathway analy-
sis (Fig.  7e). The altered proteins and metabolites were 
primarily involved in multiple pathways, which include 
the cAMP signaling pathway, arachidonic acid metabo-
lism, endocrine resistance, steroid hormone biosynthe-
sis, serotonergic synapse, longevity regulating pathway, 
MAPK signaling pathway, gap junction (Table S5.3). The 
results of correlation analysis revealed strong correla-
tions between the differential proteins and metabolites. 
Among them, the metabolite GDP interact with the pro-
tein YTH domain family protein 1, was highly positive 
correlated (r2 = 0.99, P < 0.001) (Table S5.4).

Discussion
Maintaining a stable intraruminal environment is cru-
cial for optimal gastrointestinal function and productiv-
ity in ruminants. Numerous factors have been reported 
to influence ruminal epithelial function, encompassing 
ruminal microecological factors and the physiological 
conditions of the host. Ruminal pH, molar concentra-
tions of SCFA, and LPS serve as crucial indicators of a 
stable ruminal environment, reflecting the health status 
of ruminal fermentation [46–48]. SCFA plays a vital role 
in shaping the internal rumen environment, maintain-
ing electrolyte balance, and serving as an energy source 
for host cells [49–51]. The concentration of SCFA in 
the rumen fluid ranges from around 60 mmol/L under 
normal diets to over 70 mmol/L in high-concentrate 
diets [22, 52]. Moreover, our previous experiment in 
vitro showed that the concentrations of SCFA above 60 
mmol/L gradually and dosage-dependently suppressed 
the proliferation of YRECs, with an inhibition rate 

reaching approximately 50% at 120 mmol/L SCFA [30]. 
Ruminal pH is a crucial determinant of nutrient avail-
ability for absorption [53]. Nevertheless, previous studies 
have shown that luminal factor pH regulates cell prolif-
eration and increases senescence, sloughing, or both in 
the rumen of goats [54]. Low ruminal pH, along with an 
elevated concentration of SCFA in the ruminal fluid and 
increased osmolality, has been reported to disrupt epithe-
lial barrier function, thereby increasing the permeability 
of the ruminal epithelium, and result in the translocation 
of ruminal LPS, bacteria, or other microbe-associated 
molecular patterns (MAMP) molecules into peripheral 
tissue, inducing a systemic inflammatory response [55]. 
Additionally, previous findings indirectly indicate that 
different cell types exhibit varying tolerances to LPS [56, 
57]. The damage caused by these factors that disturb the 
internal rumen environment should not be overlooked 
in YRECs. In the present study, morphological observa-
tions demonstrated hindered proliferation of YRECs and 
impaired cell morphology.

Metabolites are involved in enzyme-catalyzed chemical 
reactions that underlie cellular function, playing a crucial 
role in maintaining cellular homeostasis [58]. Metabolo-
mics can detect multiple metabolites in critical metabolic 
pathways, which can help to deepen the understanding 
of the mechanisms behind metabolic disorders [59, 60]. 
In this study, metabolomics analysis revealed that exces-
sive concentrations of SCFA, low pH acidic environment, 
and LPS significantly affected purine metabolic path-
ways. Purine metabolites, including adenine and guanine, 
are essential components of DNA, RNA, ATP, and GTP, 
providing energy and cofactors for cell proliferation and 
survival [61]. Previous research has demonstrated that 
purine metabolites may serve as biomarkers for regulat-
ing epithelial cell regeneration and influencing cellular 
energy status [62, 63]. In this experiment, SARA-related 
factors damage YRECs by altering purine nucleotide 
content and significantly affecting enzymes involved in 
purine metabolism. Additionally, pyrimidine metabo-
lism, another aspect of nucleotide metabolism, was found 
to be associated with the biological effects of acidosis. 
Additionally, purines serve as structural components of 
coenzymes and regulate signal transduction and energy 
metabolism [64]. Under normal physiologic conditions, 
the activity of purine metabolism-related enzymes is 
tightly controlled, maintaining a balanced ratio between 
purine synthesis and purine degradation in the cell [65]. 
Research examining the global gene expression profiles of 
sodium butyrate-regulated bovine kidney epithelial cells 
found that abnormal nucleotide metabolism causes cell 
cycle arrest, which affects cell proliferation and growth 
[66]. Furthermore, nucleotides not only serve as sub-
strates for absorption but also influence epithelial cell 
differentiation, as the proliferation of gastrointestinal 
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epithelial cells relies on nucleotide uptake and metabo-
lism [67].

The main amino acid metabolic pathways affected 
by the etiology of SARA-related treatments were argi-
nine biosynthesis and glutathione, proline and arginine 
metabolism, glutamate, aspartate, and alanine metabo-
lism, aminoacyl-tRNA biosynthesis, and beta-alanine 
metabolism. The semi-essential amino acid arginine is 
implicated in multiple host cell functions, such as the 
regulation of cell proliferation, immune response, oxida-
tive stress, and apoptosis [68, 69]. The tight regulation 
of arginine metabolism is modulated by factors such as 
diet, cytokines, and hormones [70]. At the same time, 
studies have discovered an association between aberrant 
arginine metabolism and the onset and progression of a 
variety of diseases, such as cancer and infections [71, 72]. 
In this study, amino acids such as L-arginine, L-ornithine, 
spermidine, and L-lysine showed lower concentrations 
compared to the control group, indicating the ability of 
high-concentration SCFA to inhibit cell growth. Gluta-
thione, an essential component of the cellular oxidative 
defense system, can increase intracellular NADPH levels 
to protect cells from peroxide and free radical damage 
[73, 74]. Numerous studies have demonstrated glutathi-
one depletion triggers autophagy, ferroptosis, and prema-
ture cellular senescence in epithelial cells [73, 75, 76]. The 
approximately 5-fold increase in oxidized l-glutathione 
concentration at high SCFA concentrations indicated 
oxidative damage to the cells. Similarly, low pH also 
induced oxidative damage to YRECs. Early studies have 
confirmed that SCFA can regulate metabolic, inflamma-
tory, and neural pathways, affecting host metabolism and 
maintaining energy homeostasis through various com-
plementary mechanisms [77]. In general, cellular meta-
bolic disorders further lead to toxic damage, in which 
purine metabolism abnormalities may play a key role. 
Purine nucleotides synthesized and degraded in purine 
metabolism play a key role in DNA and RNA synthesis 
and repair within the cell nucleus, essential for maintain-
ing the functionality and stability of the nucleus [78]. In 
our experimental results, many of the identified proteins 
that exhibited quantitative differences are located within 
the nucleus. The disturbances in amino acid metabolism 
contribute to oxidative stress in cells, decreased energy, 
and the suppression of RNA and DNA synthesis [79].

The rumen epithelium is characterized by high energy 
demand and a high concentration of mitochondria [25]. 
Mitochondrial energy metabolism is crucial for provid-
ing the energy required for cellular processes such as 
proliferation, transport, contraction, and protection. 
Mitochondria generate approximately 90% of the energy 
needed for cellular activities via oxidative phosphory-
lation (OXPHOS) which oxidizes substrates from the 
TCA to produce ATP [80]. In the present study, high 

concentration of SCFA and low pH acidic environment 
significantly inhibited the OXPHOS pathway, causing 
mitochondrial dysfunction and impairing cellular pro-
cesses. Key components involved in oxidative phosphor-
ylation, including NADH ubiquinone oxidoreductase 
(complex I, III), ATP synthase, cytochrome c oxidase, and 
cytochrome b also were inhibited. Previous studies have 
shown that a high-starch diet increases oxidative stress 
and phosphorylation, as SCFA is catabolized within 
ruminal epithelial cells via oxidative pathways, generat-
ing ROS in the ruminal epithelium [81, 82]. Therefore, 
these findings suggest that the accumulation of SCFA and 
the low pH acidic environment, exceeding the absorp-
tion capacity of YRECs, induce cell damage by disrupt-
ing mitochondrial oxidative phosphorylation. Apart from 
its role in energy metabolism, mitochondria are involved 
in calcium homeostasis, fatty acid β-oxidation, control 
of the cell cycle signaling, regulation of cell death, and 
cellular differentiation [83]. Many studies have linked 
mitochondrial dysfunction to various diseases, including 
inflammatory bowel disease, aging, and neurodegenera-
tive disorders [84, 85].

Extensive genetic and pharmacological investigations 
have illustrated the critical regulatory function of the 
actin cytoskeleton in the assembly of epithelial barrier 
AJs/TJs and the remodeling of cell junctions under dif-
ferent stress conditions [86]. Among them, the status of 
epithelial cell-cell junctions is determined by the dynam-
ics of actin-binding proteins, actin motors, and actin 
filaments. Dynamic rearrangements of the actin cytoskel-
eton are essential for eukaryotic cell migration, mechani-
cal integrity, cell structure, polarity, and transcriptional 
modulation [87].

In this experiment, high concentration of SCFA dis-
rupted the filament proteins, integrins, actin-related 
protein complexes, and myosin in the focal adhesion, 
modulation of the actin cytoskeleton, and tight junction 
pathways of epithelial cells, leading to increased epithe-
lial barrier dysfunction. Disruption of the cytoskeleton 
and various cell junctions also results in increased para-
cellular permeability, which facilitates the invasion of 
harmful substances and their rapid systemic dissemina-
tion. Accumulating evidence suggests that actin cyto-
skeleton-related dynamic rearrangement and assembly/
disassembly are required for many cellular processes, and 
approximately 50% of ATP produced by cellular energy 
metabolism is necessary to support actin cytoskeleton 
rearrangement, strengthening cell-cell junctions and 
forming epithelial barriers [88, 89]. Therefore, The integ-
rity of epithelial barriers is easily disrupted by ATP deple-
tion, which also causes the disassembly of peri junctional 
actin filaments [90]. Our experimental evidence sug-
gests that the disruption of mitochondrial metabolism 
caused by high concentration of SCFA, low pH acidic 
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environment, and LPS indirectly affects cytoskeletal 
exacerbating impairment of nutrient absorption through 
both transcellular and paracellular pathways.

In the signal pathway regulating cytotoxic damage, high 
concentration of SCFA mainly affect the Wnt signaling 
pathway, p53 signaling pathway, PI3K-Akt signaling path-
way, and AMPK signaling pathway. In recent decades, an 
increasing number of studies have identified and charac-
terized various cellular processes regulated by the Wnt 
signaling pathway, including cell survival and differentia-
tion, tumorigenesis, immune microenvironment regula-
tion, and stem cell proliferation [91]. Specifically, active 
Wnt signaling is necessary to ensure epithelial homeo-
stasis in the intestines, and pathway suppression causes 
crypt loss and tissue degradation [92]. In this experiment, 
the Wnt signaling pathway was significantly inhibited 
during the epithelial cell homeostasis destruction pro-
cess, which indirectly indicated that this signaling path-
way performed a vital part in the toxic damage of SCFA 
on YRECs. The PI3K-Akt signaling pathway significantly 
affects the signal pathway of low pH acidic environment 
regulating epithelial cell function. Most studies show that 
PI3K/AKT/mTOR signal pathway was the main target 
of cytoskeleton-dependent control, which significantly 
affects cytoskeleton changes and mediates many key cell 
functions (cell growth, survival, metabolism, exercise, 
etc.) [93]. The potential molecular mechanism of LPS-
induced toxicity of YRECs may involve the intracellular 
AMPK, p53, NF kappa B signaling pathways, and Toll-
like receptors (TLRs). LPS binds to the TLR, intensifies 
(NF-κB/AMPK signaling expression, and interacts with 
ruminal epithelial cells, triggering an immune response, 
oxidative stress, energy metabolism disturbance, and 
mitochondrial damage [94].

In comparison with previous research findings, our 
study further elucidates the cellular-level details of the 
pathogenesis of SARA, offering potential therapeutic 
targets and biomarkers. However, it is important to note 
some limitations of this study. Firstly, our experimental 
design primarily focused on in vitro cell models and has 
not been validated in animal models or clinical trials. In 
isolated and cultured YRECs, the basal layer cells are pri-
marily active, facilitating investigations into the effects of 
distinct rumen internal environments on various aspects 
of YRECs [30]. The mechanisms underlying rumen tis-
sue damage in pathogenic factors of SARA involve a 
combination of epithelial barrier disruption, inflamma-
tion, oxidative stress, microbial dysbiosis, metabolic dis-
turbances, and cellular damage processes like apoptosis 
and necrosis [55]. Additionally, due to limitations in 
experimental conditions, we only investigated the effects 
of a few key factors on cells, while many other potential 
factors influencing SARA await further investigation. 
Therefore, future research should continue to explore 

the pathogenesis of SARA and validate our experimental 
results to facilitate further advancements in this field.

Conclusions
In this study, using in vitro cultured YRECs as a model, 
we conducted a comprehensive assessment and system-
atically investigated the significant effects of SCFA, low 
pH acidic environments, or LPS associated with SARA 
etiology on cell proliferation, protein synthesis, and 
metabolism, elucidating the underlying regulatory mech-
anisms of cytotoxic damage. SCFA treatment led to float-
ing dead cells, cell shrinkage, and widened intercellular 
gaps, while low pH disrupted the morphology of epithe-
lial cells, and the impact of LPS on cell viability exhibited 
a concentration-dependent effect. Furthermore, metabo-
lomic and proteomic analyses revealed significant effects 
of SCFA, low pH, and LPS treatments on cellular metab-
olism and protein expression, involving multiple meta-
bolic pathways and signaling pathways. Further analysis 
revealed that high concentration of SCFA resulted in dif-
ferential expression of multiple proteins in YRECs, affect-
ing cellular processes such as cytoskeleton organization, 
tight junction, cell cycle, oxidative phosphorylation, and 
cell signaling, including Wnt, TGF-beta, Notch signaling 
pathway. Similarly, low pH treatment resulted in differen-
tial protein expression, primarily affecting extracellular 
matrix, immune regulation, regulation of actin cytoskel-
eton, tight junction, gap junction metabolic pathways 
and protein signaling pathway, such as mTOR, Toll-like 
receptor, TNF signaling pathway. LPS treatment also 
induced differential protein expression in various sig-
naling pathways, such as TNF, IL-17, Toll-like receptor, 
and NF-κB, particularly those related to inflammatory 
responses and immune regulation. Integrated analysis of 
metabolomic and proteomic data demonstrated altera-
tions in multiple metabolic pathways and protein func-
tions in response to SCFA, low pH, and LPS treatments, 
including nucleotide metabolism, oxidative phosphoryla-
tion, cell cycle regulation, and inflammatory responses. 
Further correlation analysis highlighted the close rela-
tionship between metabolites and proteins, emphasizing 
their interactions in cellular processes (Fig. 8).

Finally, experimental validation confirmed the molecu-
lar mechanisms underlying cellular damage induced by 
SCFA, low pH, and LPS treatments, including disrup-
tion of the cell cycle, mitochondrial dysfunction, oxida-
tive stress, and increased inflammatory responses, which 
collectively affect cell survival and function. In conclu-
sion, this study provides valuable insights into the effects 
of SCFA, low pH, and LPS on YRECs, elucidating their 
mechanisms of cellular damage from morphological, 
metabolomic, and proteomic perspectives. These findings 
contribute to a better understanding of the pathophysi-
ological processes underlying SARA and lay a foundation 
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Fig. 8 Overview of the main proteomic and metabolomic changes induced by SCFA, Aci, and LPS factors related to ruminal acidosis respectively. (a) 
Integrated metabolic network pathways of metabolic disorders caused by factors related to SARA in YRECs. Different arrow colors represent different 
factors associated with SARA, with upward arrows representing upregulated expression and downward arrows representing down-regulated expression. 
The metabolites highlighted in red within the enriched metabolic signaling pathways affected by different treatment groups in YRECs are all significantly 
different (P < 0.05). (b) Interaction network of differentially expressed proteins in major changed pathways exposed by SCFA, Aci, and LPS. The green ovals 
on the periphery of the network represent proteins with significantly differential expression in the enriched signaling pathways (P < 0.05). (c) Proposed 
signaling and metabolic pathways for SCFA, Aci, and LPS-induced epithelial toxic injury in YRECs
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for further research in this field. Further studies are 
needed to fully understand these complex relationships 
and pathways underlying metabolomic alterations and 
their cellular effects in the context of SARA.
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