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The ruminal epithelium is continuously challenged by antigens released by the lysis
of dead microbial cells within the rumen. However, the innate immune system of the
ruminal epithelium can almost always actively respond to these challenges. The cross
talk between the ruminal microbiota and innate immune cells in the ruminal epithelium
has been suggested to play an important role in sustaining the balance of immune
tolerance and inflammatory response in the rumen. We hypothesized that conjugated
linoleic acid (CLA), a functional microbial metabolite in the rumen, may contribute to
the immune regulation in rumen epithelial cells (RECs); therefore, we first established
an immortal REC line and then investigated the regulatory effects of CLA on the
immune responses in these RECs. The results showed that long-term REC cultures were
successfully established via SV40T-induced immortalization. Transcriptome analysis
showed that a 100 µM CLA mixture consisting of 50:50 cis-9, trans-11:trans-10, cis-12
CLA significantly downregulated the expression of the inflammatory response-related
genes TNF-α, IL-6, CX3CL1, IRF1, ICAM1 and EDN1, and upregulated the expression
of the cell proliferation-related genes FGF7, FGF21, EREG, AREG and HBEGF and
the lipid metabolism-related genes PLIN2, CPT1A, ANGPTL4, ABHD5 and SREBF1
in the RECs upon LPS stimulation. Correspondingly, the GO terms regulation of cell
adhesion, response to stimulus and cytokine production and KEGG pathways TNF and
HIF-1 signaling, ECM-receptor interaction and cell adhesion molecules were identified
for the significantly downregulated genes, while the GO terms epithelial cell proliferation
and regulation of epithelial cell migration and the KEGG pathways PPAR, ErbB and
adipocytokine signaling were identified for the RECs with significantly upregulated CLA-
pretreated genes upon LPS stimulation. These findings revealed that CLA conferred
protective immunity onto the RECs by inhibiting proinflammatory processes, promoting
cell proliferation and regulating lipid metabolism related to the immune response.

Keywords: ruminal epithelial cells, immortalization, CLA, immune regulation, RNA sequencing

Abbreviations: ABHD5, abhydrolase domain-containing protein 5; ANGPTL4, angiopoietin-like 4; AP1, activator
protein 1; AREG, amphiregulin; CAMs, cell adhesion molecules; CLA, conjugated linoleic acid; CPT1A, carnitine
O-palmitoyltransferase 1; CX3CL1, C-X3-C motif chemokine 1; DEGs, differentially expressed genes; ECM, extracellular
matrix; EDN1, endothelin-1; EREG, epiregulin; FC, fold change; FGF, fibroblast growth factor; FPKM, fragments per
kilobase of transcript per million fragments mapped; GO, gene ontology; HBEGF, heparin-binding EGF-like growth
factor; ICAM1, intercellular adhesion molecule 1; IRF1, interferon regulatory factor 1; KEGG, Kyoto Encyclopedia of
Genes and Genomes; LPS, lipopolysaccharide; PLIN2, perilipin-2; PPAR, peroxisome proliferator activated receptor; PPI,
protein-protein interaction; RECs, ruminal epithelial cells; SPRY2, protein sprouty homolog 2; SREBF1, sterol regulatory
element-binding transcription factor 1.
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INTRODUCTION

For ruminants, the ruminal epithelium plays an important
role not only in nutrient uptake but also as an important
barrier protecting host animals against microbial invasion
and mechanical damage (Aschenbach et al., 2019). The free
lipopolysaccharide (LPS) derived from shedding gram-negative
bacteria or the lysis of dead microbial cells within the rumen leads
to great challenges for the ruminal epithelium, especially when
coinciding with metabolic disorders, such as ruminal acidosis
(Mao et al., 2016). Although the innate immune system of the
ruminal epithelium can almost always respond to challenges
actively, the molecular mechanisms have not been fully clarified.
Rumen function is inhibited by diverse microbiota, and the
cross talk of microbiota and innate immune cells in the ruminal
epithelium has been suggested to substantially contribute to the
balance of immune tolerance and inflammatory response in the
rumen, which is partly dependent on metabolites (Minuti et al.,
2015; Shen et al., 2019).

Conjugated linoleic acid (CLA) is a mixture of positional
and geometrical isomers of linoleic acid with conjugated double
bonds that can be naturally produced during the microbial
biohydrogenation process in the rumen. Among the broad range
of CLA isomers, cis-9, trans-11 CLA and trans-10, cis-12-CLA
have been the most studied bioactive isomers (Bruen et al., 2017),
and many healthy characteristics have been associated with the
results of interactions between these two major isomers, such
as anti-obesogenic, anti-carcinogenic, anti-inflammatory and
immune enhancement properties (Kim et al., 2016; Viladomiu
et al., 2016; Garibay-Nieto et al., 2017). Previous studies on
ruminants found that the addition of cis-9, trans-11 CLA and
trans-10, cis-12 CLA can modify the fatty acid profile of sheep’s
milk and beef (Schiavon et al., 2011; Pellattiero et al., 2015),
affect the fatty acid metabolism pathways in ovine ruminal
epithelial cells (Masur et al., 2016) and lower the milk fat content
and improve the energy balance in dairy cows during early
lactation (Qin et al., 2018). Basiricò et al. (2017) also found that
supplementation of cis-9, trans-11 CLA and trans-10, cis-12 CLA
protected bovine mammary epithelial cells against H2O2-induced
oxidative damage. However, information about the role of CLA in
regulating the immune responses of the ruminal epithelium and
related molecular mechanisms is limited.

Several mechanisms have been indicated for the positive
effects of CLA on the immune response. The most well-
known pathway is the peroxisome proliferator-activated receptor
(PPAR)-dependent pathway because of the high similarity of CLA
and PPAR ligands (Yuan et al., 2015). PPARs can transduce a
variety of inflammatory and nutritional signals into an ordered
set of cellular responses at the gene transcriptional level (Daynes
and Jones, 2002). In addition, the ability of CLA to regulate
lipid metabolism, cell survival, and signal activation, which are
involved in immune processes, has also been suggested to be
closely related to the CLA-induced immunoregulatory activity
(Chen et al., 2019; Moreira et al., 2019; Mohammadi et al., 2020).
RNA plays an established essential role in multiple biological
processes, and RNA sequencing has allowed in-depth study into
gene changes and alternative splicing in many cell populations

and has enabled the possibility of detecting novel transcripts
(Rai et al., 2018). To elucidate the possible immunoregulatory
effects of CLA on rumen epithelial cells and related molecular
mechanisms, we established long-term cultures of ruminal
epithelial cells (RECs) via SV40T-induced immortalization. Then,
the changed gene expression and function of the RECs, which
were treated with 50:50 mixtures of cis-9, trans-11: trans-10, cis-
12 CLA under inflammatory conditions, were investigated using
the RNA-sequencing method.

MATERIALS AND METHODS

Isolation and Culture of Primary Ruminal
Epithelial Cells From Sheep
The experiments using lambs in this study were performed
in compliance with the guidelines of the Institutional Animal
Care and Use Committee of Zhejiang University of Technology.
Rumen epithelial tissue was obtained from two young Hu lambs
that were three days old and fed ewe’s milk. The isolation
and culture of the primary RECs were performed as described
previously with minor modifications (Klotz et al., 2001). The
collected tissues were repeatedly washed with ice-cold PBS
containing 200 U/ml penicillin and 200 µg/ml streptomycin
until the solution was clear. Then, the tissues were minced into
approximately 1 cm2 pieces and continuously washed with PBS
containing 2% penicillin/streptomycin, 1% gentamicin and 1%
amphotericin B until the supernatant was clear. The minced
epithelium pieces were placed into a digestion flask containing
0.25% trypsin-0.02% EDTA in Hanks’ balanced salt solution. The
digestion was performed in warm water bath with slow shaking
for 10 min at 37◦C. The digestion solution was discarded and
replaced with fresh solution two or three times to remove the
stratum corneum epithelium. The remaining epithelial tissues
were then digested using the same method, with the process
performed from four to six times with the digestion solution
collected each time. Termination of the trypsinization with FBS
was performed after cell harvest. The harvested cell solution was
filtered through a 0.15-mm nylon mesh and then centrifuged
at 300 × g for 5 min at 4◦C, and then, the supernatant was
discarded. Cell pellets were resuspended in DMEM containing
2% FBS, 1% penicillin/streptomycin and 1% epithelial cell
additive, including 25 ng/ml epidermal growth factor, 100 ng/ml
hydrocortisone, 10 µg/ml human insulin, 5 µg/ml transferrin,
87 ng/ml cholera toxin, and 1.3 × 10−2 ng/ml triiodothyronine,
and cultured at 37◦C with 5% CO2 for 1 h. After incubation, the
unattached cell supernatant was discarded and replaced with new
medium, and the cells were grown to confluency, which required
as much as 48 h.

Immortalization of Lamb Rumen
Epithelial Cells
Primary RECs were transfected with lentiviruses that express
SV40 large T antigen and a puromycin resistance gene marker
(Supplementary Table 1). After 12 h, the viral supernatant
was removed, and the cells were continuously cultured in
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new medium until they were confluent. Then, the cells were
aliquoted at a concentration of 5 × 104 into each well of 24-
well plate and cultured overnight. Subsequently, the supernatant
was removed and replaced with new medium containing
2 µg/ml puromycin. The cells were continuously cultured, and
the cell survival ratio was determined every day. The cells
that survived through 3 days of incubation with puromycin
were considered successfully transfected cells. These successfully
transfected cells were subcultured for at least 30 passages to
obtain immortal RECs.

Identification of Immortalized Ovine
Rumen Epithelial Cells
To validate the origin of the immortal RECs,
immunocytochemical staining was performed to identify
the presence of cytokeratin. The cells were fixed with 4% PFA
for 0.5 h at 4◦C, washed three times with PBS and incubated
overnight at 4◦C. Subsequently, the cells were permeabilized for
2 h with 0.25% PBS-Triton X-100 that contained 10% serum.
The cells were then incubated overnight with primary rabbit
anti-cytokeratin 19 antibody (diluted 1:100) at 4◦C and then
incubated for 2 h with secondary Alexa Fluor 594 conjugated goat
anti-rabbit IgG antibody (diluted 1:500) at room temperature
in the dark, followed by 3 rinses with PBS for 5 min each time
and dyed with DAPI (DAPI:PBS = 1:1000) for 5 min. After being
rinsing again with PBS, the cells were visualized by confocal laser
microscopy after treatment with Fluoromount-G.

Cell Culture and Treatment
After culturing the immortalized RECs for 3 passages, the cells
were seeded in 6-well cell culture plates and cultured until
70–80% confluent. Different concentrations of LPS (0.1, 1 and
10 µg/ml) were used to treat RECs for 3 h (Yoshioka et al., 2016)
to select the minimum concentration to construct inflammation
model in RECs. Subsequently, the cells were untreated (control
group, CON) or treated with 0.1 µg/ml LPS for 3 h after they
were pretreated with 100 µM of 50:50 mixtures of cis-9, trans-
11:trans-10, cis-12 CLA (Sigma-Aldrich, Shanghai, China) for
24 h (CLA + LPS group, CLA + LPS) or not (LPS group, LPS)
(Changhua et al., 2005; Saba et al., 2019). Each group consisted
of 4 biological replicates, and each biological replicate had 3
technical replicates.

Quantitative Real-Time PCR (qPCR)
Total RNA was extracted from all the treated RECs using the RNA
PURE KIT (Aidlab Biotechnologies Co., Ltd., Beijing, China)
according to the manufacturer’s protocol. Then cDNA synthesis
was performed using the PrimeScript RT Reagent Kit (Takara).
Subsequently, qPCR was performed with SYBR green in an
ABI 7500 (Life Technologies, Singapore) using the following
procedures: predenaturation at 95◦C for 30 s, followed by 40
cycles of 95◦C and 60◦C for 5 and 34 s, respectively. The results
were normalized to the expression of YWHAZ and GADPH
using the 2−11Ct method. All the primers (Supplementary
Table 2) were designed using the Basic Local Alignment Search

Tool [BLAST; National Center for Biotechnology Information
(NCBI), Bethesda, MD, United States].

Illumina HiSeq mRNA Sequencing
After RNA extraction, the concentration and purity of the
extracted RNA were determined using the Qubit R© RNA assay
kit with a Qubit R©2.0 fluorometer (Life Technologies, Carlsbad,
CA, United States) and NanoPhotometer R© spectrophotometer
(IMPLEN, Westlake Village, CA, United States), respectively.
RNA integrity was measured using the RNA Nano 6000 assay kit
with the Bioanalyzer 2100 system (Agilent Technologies, Santa
Clara, CA, United States). A total of 3 µg of RNA per sample was
used for library preparation using the NEBNext R© UltraTM RNA
library prep kit for Illumina R© (NEB, United States) according to
the manufacturer’s instructions. Paired-end sequencing (150 bp)
was carried out using the Illumina HiSeq 2000 instrument, with
a minimum depth of 40 million reads per sample obtained.
The sequencing work was supported by the Beijing Novogene
Biological Information Technology Co., LTD.

Bioinformatics Analysis
Clean data were obtained from the raw data by removing
the reads containing adapter and poly-N sequences and then
mapped to the reference genome and gene model annotation
files of Ovis aries1 using Hisat2v.2.0.5. The gene expression
level (FPKM, fragments per kilobase of transcript per million
fragments mapped) was calculated according to the length of the
gene and read count mapped to this gene. The DESeq2 R package
(1.16.1) was used to analyze the differential gene expression
among the CON, LPS and CLA + LPS groups. The adjusted P
value (Padj) was calculated using the Benjamini and Hochberg
approach to control the false discovery rate. The thresholds
of Padj < 0.01 and fold change (FC) >1.5 were used to filter
out differentially expressed genes (DEGs) (Han et al., 2019).
Gene Ontology (GO) enrichment and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis of the DEGs were
performed with the GOseq R package and KOBAS software,
respectively, to better understand their functional roles. GO
or KEGG terms with P < 0.05 were considered significantly
enriched with DEGs. Interaction networks of the DEGs were
analyzed based on the STRING v.10.5 database2 to better
understand the relationships between the proteins and genes
identified. Hub genes (degree > 5) in the networks were
determined by Cytoscape. The sequences obtained in this study
were deposited in the NCBI Sequence Read Archive under
accession number PRJNA648485.

Data Analysis
The data for qPCR results are were reported as the means± SEM.
Comparisons between two groups were analyzed using
unpaired Student’s t-test. P values <0.05 were considered
statistically significant.

1ftp://ftp.ensembl.org/pub/release-95/fasta/ovis_aries/ and ftp://ftp.ensembl.org/
pub/release-95/gtf/ovis_aries/
2http://string-db.org/
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RESULTS

Establishment and Characterization of
the RECs
After digestion with 0.25% trypsin for 4 to 6 times, most
of the RECs were successfully isolated from rumen tissues
with the corneum removed. The isolated RECs adhered to the
plastic substratum of the culture plate after 12 h of culture,
and began to proliferate and generated clusters after 24 h of
culture (Figure 1A). Typical characteristics of epithelial-like
“cobblestone” morphology was observed for these newly isolated
RECs. They also exhibited a strong immunopositive staining
for cytoskeleton 19, which is a marker of epithelial cells, and
no specific staining in the cells was observed for the negative
control, which was exposed only to the secondary antibody
(Figure 1B). To prevent the senescence of the primary RECs,
immortal RECs were then established using SV40T (Figure 1C).
The immortal RECs maintained the typical epithelial-like
“cobblestone” morphology and could be cultured at least 30
passages without showing any signs of senescence (Figure 1D).

Verification of the Inflammatory Models
in RECs
The qPCR results indicated that the expression of IL-6, IL-8 and
NF-κB in RECs was significantly increased with the treatment
of LPS for 3 h at the concentration of 0.1, 1, and 10 µg/ml
respectively (P < 0.01) (Figure 2A). Therefore, 0.1 µg/ml LPS
was enough and further used to induce inflammation in RECs.
The 100 µM CLA pretreatment for 24 h significantly suppressed
the expression of TNF-α (P < 0.01) and IL-6 (P < 0.05) in RECs
upon LPS (0.1 µg/ml) stimulation (Figure 2B).

Overall Gene Expression Among
Different Treatments
An average of 52.1 million clean reads per sample was obtained
after raw data cleaning. Over 85.11% of the clean reads for each
sample were mapped to the reference genome of Ovis aries.
After calculating the FPKM of all the mapped genes in each
sample, all results showed that treatments led to a similar gene
expression distribution. After novel genes were removed, 547
genes were significantly upregulated and 208 were downregulated
in the LPS group compared the expression levels in the CON
group (FC > 1.5, Padj < 0.01). Fifty-two genes were significantly
upregulated, and 84 genes were downregulated in the CLA+ LPS
group compared with the LPS group. Specifically, 41 overlapping
genes were significantly upregulated with LPS treatment alone
(LPS group) and downregulated with CLA pretreatment during
LPS stimulation (CLA + LPS group), while 5 overlapping
genes were significantly downregulated with LPS treatment alone
(LPS group) and upregulated with CLA pretreatment and LPS
stimulation (CLA + LPS group) (Figure 3A). The hierarchical
cluster analysis of these overlapping DEGs revealed a clear
separation of the CON and CLA + LPS groups from the LPS
group (Figure 3B).

GO and KEGG Enrichment Analyses
In total, 932 GO terms were significantly (P < 0.05) enriched
with the overlapping genes that were downregulated in the
CLA + LPS group and upregulated in the LPS group. GO
analysis revealed that the overlapping genes were primarily
enriched in the biological process of cell adhesion, cell surface
receptor signaling pathway, regulation of signal transduction,
cellular response to chemical stimulus, regulation of response to
stimulus, regulation of cytokine production (Figure 4A). KEGG
analysis showed that 15 pathways were significantly (P < 0.05)
enriched with these genes, including the TNF and HIF-1 signaling
pathways, ECM-receptor interaction, cell adhesion molecules
(CAMs) (Figure 5A).

For the genes that were upregulated in the CLA + LPS group
compared with the LPS group, 637 GO terms were significantly
(P < 0.05) enriched, primarily in the following biological
process categories: regulation of cell proliferation, epithelial cell
proliferation, regulation of epithelial cell migration, regulation of
response to stress and epidermal growth factor receptor signaling
pathway (Figure 4B). According to the KEGG analysis, the
upregulated genes were significantly enriched to 11 pathways
(P < 0.05), which primarily involved in PPAR, ErbB and MAPK
signaling pathways, signaling pathways regulating pluripotency
of stem cells, and adipocytokine signaling pathway (Figure 5B).

Protein-Protein Interaction Analysis
In total, 42 nodes and 39 edges were established in the protein-
protein interaction (PPI) network for the overlapping genes that
were significantly downregulated with the pretreatment of CLA
and upregulated by LPS stimulation (confidence score >0.4)
(Supplementary Figure 1). The proinflammatory cytokine IL-
6 and intercellular adhesion molecule ICAM1 were determined
to be hub genes after the degree centrality analysis of the
PPI network was performed (degree >5) (Figure 6A). Of the
genes that were upregulated with CLA pretreatment and LPS
stimulation compared with their expression in the LPS group,
a total of 52 nodes and 12 edges were established in the PPI
network (confidence score > 0.4) (Supplementary Figure 2),
and the genes PLIN2 (degree = 3), CPT1A (degree = 2), SPRY2
(degree = 2), EREG (degree = 2) and ANGPTL4 (degree = 2)
occupied core regulatory positions in the networks after the
degree centrality analysis was performed (Figure 6B).

Changes in the Expression of Immune
Response-, Cell Growth-, and Fatty Acid
Metabolism-Related Genes
According to the gene expression level, the inflammatory
response-related genes TNFAIP3, TNFRSF21, IL-6, CX3CL1,
ICAM1, CD274, EDN1, IRF1 and CD83 were significantly
upregulated in the LPS group compared with those in the
CON group; however, pretreatment with CLA significantly
downregulated the expression of these genes during LPS
stimulation (CLA + LPS vs. LPS) (P < 0.05). In addition,
pretreatment with CLA significantly upregulated the cell
proliferation-related genes FGF7, FGF21, SPRY2, EREG, AREG
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FIGURE 1 | Characterization of ruminal epithelial cells from sheep (RECs). (A) Morphology of isolated primary RECs. The cell aggregates were well-attached in 24 h
of culture. (B) Immunofluorescence staining of primary RECs. Cytokeratin 19: fluorescent image showing stained cytokeratin 19; DAPI: negative control when only
secondary antibody was used; nuclei were stained with DAPI. (C) Morphology of successfully immortalized REC induced by SV40T after puromycin selection.
(D) Morphology of immortal RECs after 30 passages of culture without showing any signs of senescence.

and HBEGF and the lipid metabolism-related genes PLIN2,
CPT1A, ANGPTL4, ABHD5 and SREBF1 (P < 0.05) (Figure 7).

DISCUSSION

In the present study, immortalized sheep RECs were successfully
established and verified for the utilization in an investigation
into the regulatory effects of the ruminal microbial product

CLA on the immune response of ruminal epithelium upon
challenges. The immortalized sheep RECs established in our
study were cultured through at least 30 passages without
presenting any signs of senescence, which prevented large
numbers of programmed cell deaths during the long-term
in vitro culture of primary epithelial cell research models (Zhan
et al., 2017). An immunofluorescence analysis of cytokeratin 19
was performed to confirm that the immortalized sheep RECs
were epithelial in origin. Cytokeratin 19 is usually utilized to
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FIGURE 2 | Verification of the pro-inflammatory effect of LPS and anti-inflammatory effect of CLA. (A) Relative gene expression of IL-6, IL-8 and NF-κB in RECs after
stimulating with 0.1, 1, and 10 µg/ml LPS for 3 h respectively. (B) Relative gene expression of TNF-α, IL-6 and IL-8 in RECs with the 100 µM CLA pretreatment for
24 h during 0.1 µg/ml LPS stimulation. *indicates significant difference compared to the CON group (*P < 0.05, **P < 0.01), # indicates significant difference
compared to the LPS group (#P < 0.05, ##P < 0.01).

FIGURE 3 | Overview of the differentially expressed genes (DEGs) after different treatments. (A) Venn diagrams of known DEGs based on comparisons of different
groups. Cut-off for the differential expression criteria were Padj < 0.01 and FC > 1.5. (B) Hierarchical clustering of the overlapping DEGs among different groups. The
color code indicates highly expressed genes (red) and genes expressed at low levels (blue).

differentiate cells of epithelial origin cells from stellate cells, and
the presence of cytokeratin 19 in gastrointestinal epithelium has
also been found in studies by Stammberger and Baczako (1999).

Due to the continuous production of CLA during the ruminal
microbial biohydrogenation process, ruminal epithelial cells are
directly exposed to a certain amount of CLA (Masur et al.,

2016), and the positive immunoregulatory effect of CLA on
gastrointestinal barrier health has been extensively verified in
both animal and human studies (Chen et al., 2019; Coelho
et al., 2019). Considering that the rumen immune system
must continuously face challenges from antigens of lysed dead
microbial cells or LPS from the shedding gram-negative bacteria
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FIGURE 4 | Functional annotation of the DEG genes according to the GO analyses. (A) GO enrichment analysis of the overlapping DEGs that were downregulated in
the CLA + LPS group and upregulated in the LPS group. (B) GO enrichment analysis of the DEGs that were upregulated in the CLA + LPS group compared with
gene expression in the LPS group. Only the top 20 GO terms are shown (Padj < 0.01).

FIGURE 5 | Functional annotation of the DEG genes according to the KEGG analyses. (A) KEGG enrichment analysis of the overlapping DEGs that were
downregulated in the CLA + LPS group and upregulated in the LPS group. (B) KEGG enrichment analysis of the DEGs that were upregulated in the CLA + LPS
group compared with the gene expression in the LPS group. Circles represent the numbers of enriched genes, and colors indicate the Padj values.

within the rumen, we hypothesized that CLA may contribute
to the immune response of the ruminal epithelium. In this
study, we demonstrated that 100 µM cis-9, trans-11-CLA:trans-
10, cis-12-CLA CLA (1:1) exerted inhibitory effects on the
production of the proinflammatory cytokines TNF-α and IL-6,
TNF receptor TNFAIP3 and TNFRSF21, chemokine CX3CL1,
cell adhesion molecule ICAM1, interferon regulatory factor IRF1,
endothelin-1 (EDN1), immunoglobulin superfamily member
(CD83) and programmed cell death-ligand 1 (CD274) by ruminal

epithelial cells induced by LPS stimulation. It is well known that
inflammation is characterized by the recruitment of leukocytes
and the largely choreographed release of cytokines (Ernandez and
Mayadas, 2009). For example, TNF can induce the expression
of endothelial adhesion molecules that support leukocyte-
endothelial interactions and stimulate chemokine production
that promotes the activation and transmigration of leukocytes
(Ward-Kavanagh et al., 2016). Similarly, the regulation of IL-
6 on neutrophil-activating chemokines, adhesion molecules and
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FIGURE 6 | Protein-protein interaction (PPI) network of DEGs. (A) PPI network of the overlapping DEGs that were downregulated in the CLA + LPS group and
upregulated in the LPS group. (B) PPI network of the DEGs that were upregulated in the CLA + LPS group compared with the expression level in the LPS group. The
node color is determined by the clustering coefficient (low values are red, and high values are blue), and the node size is proportional to the number of degrees. Each
edge represents the interaction (a thicker edge indicates lower betweenness).

FIGURE 7 | Gene expression analysis of the DEGs involved in the immune response, cell proliferation and lipid metabolism among different treatments. Gene names
are shown on the x-axis, and the fold change value is shown on the y-axis. * indicates significant difference compared to the CON group (*P < 0.05, **P < 0.01),
# indicates significant difference compared to the LPS group (#P < 0.05, ##P < 0.01).

apoptotic regulators was also extensively discussed (Jones and
Jenkins, 2018). Furthermore, the TNF receptor was reported
to induce autocrine IRF1-dependent interferon-β signaling
to promote monocyte recruitment during the TNF-induced
inflammatory response of endothelial cells (Venkatesh et al.,
2013). The positive role of IRF1 as an important transcriptional
regulator in the inflammatory process has also been verified
in other studies (Langlais et al., 2016). The proinflammatory
responses of TNF have also been attributed to its effect on the
vascular endothelium (Bradley, 2008). EDN1 is a vasoconstrictor

that has been found to be closely related to IBD development
(Murch et al., 1992), and it can also lead to intestinal oxidant
stress and mucosal dysfunction by inducing polymorphonuclear
leukocyte infiltration and adhesion molecule expression (Oktar
et al., 2000). The positive correlation of TNF and EDN1 was
found in the studies of Denisenko et al. (2019). Therefore,
our study showed the positive immunoregulatory effect of CLA
against LPS-induced inflammation in the rumen as indicated by
the inhibition of proinflammatory cytokines, adhesion molecules,
and the chemokine-induced cascade amplification response.
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FIGURE 8 | Schematic diagram summarizing the mechanisms underlying the protective effect of CLA against LPS-induced inflammation in RECs. CLA alleviated
ruminal epithelial cell inflammation by inhibiting the proinflammatory process and by regulating cell proliferation and lipid metabolism, which are potentially related to
injury repair and the immune response.

We used the RNA-Seq transcriptome to investigate the anti-
inflammatory mechanism of CLA and found that pretreatment
with CLA downregulated many signaling pathways, including
the TNF signaling pathway, cell adhesion molecules (CAMs),
extracellular matrix (ECM)-receptor interaction and the HIF-
1 signaling pathway. TNF signaling is able to induce a wide
range of intracellular inflammatory signaling pathways and
promote the production of proinflammatory cytokines and
chemokines (Ward-Kavanagh et al., 2016). Upregulated TNF
expression has also been found in intestinal inflammation
research models (Yan et al., 2019). CAMs express surface
glycoproteins that can be used to classify the cells into families
of integrins, cadherins, selectins and immunoglobulin CAMs.
They have been found to be involved in mediating cell-cell
interactions, binding leukocytes and other cells to the ECM,
and in cell-cell and transmembrane signaling, and they play
important roles in inflammation and the immune response
(Ayuk et al., 2016). The interaction of leukocytes with ECM
components controls various inflammatory processes, including
leukocyte retention, accumulation, proliferation, migration,
differentiation and activation (Wight et al., 2017). Improved
ECM-receptor interactions have also been found in models of
intestinal inflammation (Avula et al., 2012). In addition, HIF
is an important transcriptional factor that acts downstream
of multiple metabolic and immune signals and can in turn
regulate host metabolism and immunity (Halligan et al., 2016).
The cross talk between HIF and NF−κB in the regulation
of the immune response among different immune cell types,
such as B and T cells, macrophages, and neutrophils, has
been extensively discussed (Dignazio et al., 2016), and the
important role of HIF in stimulating the expression of
LPS-induced inflammatory cytokines has also been proven
(Peyssonnaux et al., 2007). Our results showed that the
ErbB and MAPK signaling pathway, which are closely related

to cell proliferation and migration (Kataria et al., 2019),
were significantly upregulated by pretreatment with CLA. In
accordance with these changes, the cell proliferation-related
genes FGF7 (Pinto et al., 2011), FGF21 (Guo et al., 2018),
EREG (Liu et al., 2017), AREG (Ko et al., 2020), HBEGF
(Kamanga-Sollo et al., 2014) and SPRY2 (Zhao et al., 2018)
were also upregulated. Cell proliferation and migration are key
elements in epithelial barrier injury repair (Iizuka and Konno,
2011). Corresponding to this phenomenon, the regulation of
epithelial cell proliferation and migration, as well as signaling
pathways regulating pluripotency of stem cells, epidermal growth
factor receptor signaling pathway were all promoted by CLA
treatment. In addition, CLA treatment significantly enhanced
the PPAR signaling pathway and improved the expression
of PLIN2 (a target gene of PPARγ) (Kim et al., 2019) in
our study, a finding that is consistent with the findings that
CLA has the ability to bind to and activate PPARs due
to its functional similarities to the ligand of PPARγ (Yuan
et al., 2015). PPARγ plays a beneficial role in intestinal
inflammation regulation and has been widely used in IBD
therapy due to its ability to inhibit the activities of many
inflammatory mediators, such as NF-κB and activator protein
1 (AP1) (Daynes and Jones, 2002). Therefore, the inhibition of
proinflammatory pathways and the activation of injury repair-
related pathways may be critical for the protective effects of CLA
in ruminal epithelium.

In addition to inflammation regulation, PPAR is also known
for its role in regulating gene networks involved in lipid
metabolism (Yuan et al., 2015). Our results revealed that
the expression of genes involved in lipolysis including PLIN2
(Takahashi et al., 2016), ANGPTL4 (McQueen et al., 2017) and
ABHD5 (Sanders et al., 2017), as well as the CPT1A, which
is a rate-limiting enzyme in the fatty acid β-oxidation process
(Raud et al., 2018), were significantly increased in ruminal
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epithelial cells pretreated with CLA, a finding consistent with
those of previous studies showing that CLA plays a positive
role in lipid lipolysis and fatty acid oxidation (Lehnen et al.,
2015). Emerging evidence indicates that lipid metabolism and
the immune response are coordinately regulated at multiple
levels in the body (Di Cara et al., 2017). Kalucka et al. (2018)
found that endothelial loss of fatty acid oxidation promoted
leukocyte infiltration and barrier disruption of endothelial
cells by increasing endothelial oxidative stress. Increased CPT1
expression was reported to correlate with relieved lipid-induced
inflammatory responses (Jung et al., 2018). In addition, The
positive role of ABHD5 as an intracellular lipolytic activator that
was required for the generation of signaling lipids in response to
inflammatory stimuli and even played a critical role in alleviating
LPS-induced inflammatory responses has also been reported
(Lord et al., 2012). Deficiency of ABHD5 was indicated to
cause lipid overload in most cells and activate the macrophage
NLRP3 inflammasome to promote IL-1β secretion, leading
to a positive IL-1β-SOCS3-FOXO1-IL-1β feedback loop that
enhances chronic inflammation (Miao et al., 2015). Furthermore,
the protective effect of ANGPTL4 on proinflammatory processes
has also been certified. Phua et al. (2017) found that colonic
epithelial cell-secreted ANGPTL4 can act as a prospective
regulator in altering the chemokine landscape in the colon
to affect downstream inflammation. Our results also revealed
an increased expression of SREBF1 in RECs after the CLA
pretreatment. Although SREBF1 is involved in the process of fatty
acid synthesis, it can drive the production of anti-inflammatory
unsaturated fatty acids and was indicated to involve in the
resolution of proinflammatory TLR4 signaling (Oishi et al., 2017).
Shi et al. (2017) also found that the supplementation of CLA
increased the production of unsaturated fatty acids and decreased
the production of short- and medium-chain fatty acids in the milk
of dairy goats, as well as increased the gene expression of SCD
(stearoyl-CoA desaturase) that is involved in the biosynthesis of
unsaturated fatty acids in the mammary tissues. These results
in our study suggested a dual role of CLA in controlling lipid
metabolism and immunoregulation, and a significantly enhanced
adipocytokine signaling was also observed in our study, but the
accurate regulation mechanism should be verified by measuring
lipid metabolites and analyzing them together with the changes
in cytokines in future studies.

In conclusion, our study demonstrated that CLA alleviated
ruminal epithelial cell inflammation by inhibiting the production

of proinflammatory cytokines and by regulating cell proliferation
and lipid metabolism, which are potentially related to injury
repair and the immune response (Figure 8). These findings
provide novel insights to better understand the mechanisms
underlying the protective innate immunity of CLA in ruminal
epithelium and offer more information for understanding the
cross talk of ruminal microbiota with innate immune cells in the
ruminal epithelium.
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