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Conjugated linoleic acid (CLA) is a group of natural isomers of the n-6 polyunsaturated fatty acid (PUFA) linoleic
acid, exerting biological effects on cow physiology. This study assessed the impact of the mixture 50:50 (vol:vol)
of CLA isomers (cis-9, trans-11 and trans-10, cis-12) on bovine peripheral blood mononuclear cells (PBMC)
Immunomodulation proteome, identifying 1608 quantifiable proteins. A supervised multivariate statistical analysis, sparse variant
SERPINA3_7 partial least squares — discriminant analysis (SPLS-DA) for paired data identified 407 discriminant proteins (DP),
ITIH4 allowing the clustering between the CLA and controls. The ProteINSIDE workflow found that DP with higher
HMOX1 abundance in the CLA group included proteins related to innate immune defenses (PLIN2, CD36, C3, C4, and
AGP), with antiapoptotic (SERPINF2 and ITIH4) and antioxidant effects (HMOX1). These results demonstrated
that CLA modulates the bovine PBMC proteome, supports the antiapoptotic and immunomodulatory effects
observed in previous in vitro studies on bovine PBMC, and suggests a cytoprotective role against oxidative stress.
Significance: In this study, we report for the first time that the mixture 50:50 (vol:vol) of cis-9, trans-11, and trans-
10, cis-12-CLA isomers modulates the bovine PBMC proteome. Our results support the immunomodulatory and
antiapoptotic effects observed in bovine PBMC in vitro. In addition, the present study proposes a cytoprotective
role of CLA mixture against oxidative stress. We suggest a molecular signature of CLA treatment based on
combining a multivariate sparse discriminant analysis and a clustering method. This demonstrates the great
value of sPLS-DA as an alternative option to identify discriminant proteins with relevant biological significance.

lactation [8-10] and the transition period [11]. A potential role of CLA
in mitigating the pro-inflammatory status associated with oxidative

1. Introduction

Conjugated linoleic acid (CLA) is a group of naturally occurring
positional and geometrical isomers of the essential n-6 polyunsaturated
fatty acid (PUFA) linoleic acid, characterized by conjugated double
bonds in either cis or trans configuration. The cis-9,trans-11 (c9,t11),
and the trans-10,cis-12 (t10,c12) are the two most abundant and bio-
logically relevant CLA isomers [1-4]. In ruminants, the concentration of
CLA in blood has been recently measured as 0.54 mg/L, primarily made
of ¢9,t11-18:2 [5,6]. Like other species, the cis-9,trans-11 (c9,t11) and
the trans-10,cis-12 (t10,c12) are the most abundant isomers [6]. CLA
plasma and milk concentrations in dairy cows have been shown to in-
crease due to grass and lipid-based diets [7]. In dairy cows, CLA in-
creases milk yield and reduces milk fat, thus enhancing whole-body
energy utilization and increasing reproductive performance in early

stress around calving in dairy cows has been proposed [12], as shown for
other PUFA. Each isomer exerts differential biological effects when used
separately, but enhanced and synergic effects are demonstrated when
combined in equal amounts [4-6].

In vitro, ex vivo, and in vivo studies have also demonstrated that CLA
isomers separately or in a mixture can modulate the bovine immune
response by affecting peripheral blood mononuclear cells (PBMC) pro-
liferation and cytokine expression, PBMC stimulation ability and
increasing different PBMC subsets (e.g., T and B cells) in mesenteric
lymph nodes and ileal lamina propria, respectively [15-17]. In addition,
in our previous in vitro study, only the CLA 50:50 (vol:vol) mixture
decreased bovine monocyte apoptosis and increased Reactive Oxygen
Species (ROS) production under experimentally induced pro-
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inflammatory conditions [18]. On the contrary, the individual isomer
activity is much weaker or absent. The exact molecular mechanisms
underlying these immunomodulatory effects have not yet been
identified.

OMIC technologies — the set of high-throughput technologies that
detect genes (genomics), RNA (transcriptomics), proteins (proteomics),
lipids (lipidomics), and metabolites (metabolomics) — have become a
widely used approach in livestock nutrition as they help to understand
the molecular effects of novel feed additives in a comprehensive, holistic
and systematic way [19]. Specifically, proteomics demonstrated that
supplementing CLA affects dairy cows’ plasma and liver proteomes and
promotes the cross-talk between lipid metabolism and immunity
[20-23].

Although a recent study determined the ex vivo bovine PBMC pro-
teome of postpartum dairy cows supplemented with omega-3 fatty acids
[24], still, to our knowledge, the in vitro impact of CLA, especially of the
CLA (50:50) mixture on bovine PBMC proteome, has not been assessed
yet.

To cover this gap, this study, using an untargeted proteomics
approach, aimed to evaluate the capacity of CLA (50:50) mixture in
modulating bovine PBMC proteome in vitro.

2. Materials and methods
2.1. Purification of bovine PBMC from blood

Bovine PBMC were isolated from peripheral blood through Ficoll
density gradient centrifugation, as previously described [18], with
minor modifications. Briefly, peripheral blood from 7 healthy pluri-
parous late lactation Holstein-Friesian cows was collected during
routine slaughtering procedures at a local slaughterhouse in sterile
flasks containing 1.8 mg KoEDTA per mL of blood as an anticoagulant.
Blood was first centrifuged (without breaks) to collect the buffy coat that
was then diluted with sterile PBS without Ca 2+ and Mg?* containing 2
mM EDTA (Sigma-Aldrich, St. Louis, MO, USA), layered carefully on
Ficoll (1.077 g/mL; GE Healthcare Bio-Sciences AB, Uppsala, Sweden)
and centrifuged again without breaks. The PBMC ring was recovered at
the interface, washed with sterile PBS without Ca 2™ and Mg?* con-
taining 2 mM EDTA, and treated with red blood cell lysis buffer (Roche
Diagnostics GmbH, Mannheim, Germany) for red blood cell elimination.
Finally, the PBMC were counted, their viability assessed with trypan
blue exclusion (>90%) and resuspended at the desired concentration in
complete medium (RPMI 1640 Medium +25 mM HEPES + 1-Glutamine,
supplemented with 1% of Non-essential Amino Acid Solution 100x and
1% Penicillin Streptomycin Solution 100x and 1% FBS (Sigma-
Aldrich)).

2.2. Bovine PBMC stimulation with CLA (50:50) mixture

Firstly, the two CLA isomers 9(E),11(Z)-octadecadienoic acid (c9,
t11) and 10(E),12(Z)-octadecadienoic acid (t10,c12) (Matreya LLC,
State College, PA, USA) were used to prepare the CLA (50:50) mixture as
previously described for bovine monocytes [18] with some minor
modifications. Briefly, the mixture containing both CLA isomers in a
50:50 proportion at a final concentration of 50 pM was prepared in a
complete medium (1% FBS) when needed for each experiment and set as
the working concentration for in vitro stimulation of bovine PBMC.
Secondly, a total of 15 x 10% bovine PBMC (1.5 mL) was seeded in
triplicates in Corning® tissue-culture treated culture 60 mm dishes
(Corning Inc., Costar, Kennebunk, ME, USA) and incubated with 50 pM
of CLA (50:50) mixture (100 pL) or 0.014% ethanol (vehicle) as a control
- this being the same concentration of ethanol found in the 50 pM CLA
(50:50) mixture that was used for the two isomers solubilization -
overnight at 39 °C in a humified atmosphere with 5% CO,. Complete
medium (1% FBS) was then added to each dish to reach a final volume of
3 mL. Cells treated with only complete medium (1% FBS) (untreated
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cells) were also used as a negative control to evaluate the effects of
0.014% ethanol on the cells’ proteome. Finally, according to the results
of our previous study, ethanol at this concentration did not affect the
viability of the cells as assessed by a 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl-tetra-zolium bromide (MTT)-based assay [18]. Seven biolog-
ical replicates (animals) were used for the experiment, and the cells from
each animal were seeded and treated in three technical replicates.

2.3. Bovine PBMC collection and protein extraction

The cells’ supernatant (3 mL) containing the cells in suspension
(Iymphocytes) was collected into two tubes of 1.5 mL. Cells were
centrifuged at 500 xg for 7 min at 4 °C to pellet the lymphocytes, which
were then washed twice with 500 pL sterile-PBS without Ca?" and Mg?*
(room temperature). In the meantime, three washes with 2 mL of sterile-
PBS without Ca®" and Mg?" (room temperature) were performed in the
60 mm dishes to wash the adhered monocytes, remove dead cells, and
rest of the contaminant medium and FBS. When both the lymphocytes
and monocytes were washed, 500 pL of lysis buffer (150 mM NacCl, 10
mM Tris-HCl pH 7.4, 1 mM EDTA and EGTA, 100 mM NaF, 4 mM
Na4P207-10 HyO, 2 mM NagVOy, 1% Triton X100, 0.5% IGEPAL CA-630
(Sigma-Aldrich), 1 pill for 50 mL of total volume of Protease Inhibitor
Cocktail (Roche)) were added to the lymphocytes pellet, the cells were
resuspended and then collected and added directly to the monocytes in
the 60 mm dishes. The dishes were then carefully mixed to ensure the
surface was covered with Igepal buffer and incubated for 1 h at 4 °C with
regular shaking to lyse the cells. After incubation, the cells were scraped
using sterile Corning Cell scrapers (blade L 1.8 cm, handle L 25 cm
Corning Inc.), the cell lysate was collected in 1.5 mL tubes and sonicated
for 10 min in an ultrasonic bath (Branson 2200, Danbury, CT, USA) to
complete the cells’ lysis and homogenization. Finally, the tubes with the
cell lysate were centrifuged for 10 min at 6000 xg at 4 °C to remove the
cell debris, and the supernatant containing the extracted proteins of all 3
technical replicates for each biological replicate was pooled in 1.5 mL
tubes, aliquoted and stored at —80 °C for further analyses.

2.4. Sample preparation for proteomic analysis

Total protein concentration was first determined with the Pierce
Bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific,
Rockford, IL, USA), following the manufacturer’s instructions. For
peptide preparation, extracted proteins were digested and concentrated
using the Filter Aided Sample Preparation (FASP) method, following the
manufacturer’s instructions with minor modifications. Briefly, fifty ug of
protein lysate were put into Milipore 10 kDa MWCO filters, and 100 pL
of Urea 8 M in 0.1 M Tris-HCI pH 8.5 were added for solubilization. The
detergent and other contaminant components within the protein lysate
were removed by repeated filtrations with centrifugation. After dis-
carding the flow-through, proteins were reduced with 100 pl DTT (10
mM) for 45 min and centrifuged at 14000 rpm for 10 min. Then, 200 pL
of 25 mM iodoacetamide solution were added to the filters and incu-
bated for 20 min at room temperature for protein alkylation. After
performing several washes of the filters with Urea 8 M and 50 mM of
ammonium bicarbonate, proteins were digested with 200 pL of 0.25 mg/
mL trypsin (50:1 ratio of protein:enzyme) and mixed at 600 rpm in a
thermomixer for 1 min. Filters were transferred to new collection tubes
and incubated overnight in a wet chamber at 37 °C. Finally, peptides
were eluted by adding 200 pL of 50 mM of ammonium bicarbonate, and
the filtrate was lyophilized in a SpeedVac and then suspended in 100 pL
of 1% formic acid.

2.5. Nano-LC-MS/MS analysis
For each sample, 50 pg of proteins were used according to the FASP

preparation. The final volume was adjusted exactly to 300 pL with a
recovery solution (H2O/ACN/TFA - 94.95/5/0.05). After passing
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through the ultrasonic bath (10 min), the supernatant was transferred to
an HPLC vial before LC-MS/MS analysis. Peptide mixtures were
analyzed by nano-LC-MS/MS (ThermoFisher Scientific) using an Ulti-
mate 3000 system coupled to a QExactive HF-X mass spectrometer (MS)
with a nanoelectrospray ion source. Five pL of hydrolyzate was first
preconcentrated and desalted at a flow rate of 30 pL/min on a C18 pre-
column 5 cm length x 100 pm (Acclaim PepMap 100 C18, 5 pm, 100 A
nanoViper) equilibrated with Trifluoroacetic Acid 0.05% in water. After
6 min, the concentration column was switched online with a nanodebit
analytical C18 column (Acclaim PepMap 100-75 pm inner diameter x
25 cm length; C18-3 pm -100 A - SN 20106770) operating at 400 nL/
min equilibrated with 96% solvent A (99.9% H20, 0.1% formic acid).
The peptides were then separated according to their hydrophobicity
thanks to a gradient of solvent B (99.9% acetonitrile, 0.1% formic acid)
of 4 to 25% in 60 min. For MS analysis, eluted peptides were electro-
sprayed in positive-ion mode at 1.6 kV through a Nano electrospray ion
source heated to 250 °C. The mass spectrometer operated in data-
dependent mode: the parent ion is selected in the orbitrap cell (FTMS)
at a resolution of 60,000. Each MS analysis is succeeded by 18 MS/MS
with analysis of the MS/MS fragments at a resolution of 15,000).

2.6. Processing of raw mass spectrometry data

At the end of the LC-MS/MS analysis, for raw data processing, an
MS/MS ion search was carried out with Mascot v2.5.1 (http://www.
matrixscience.com) against the bovine database (i.e. ref bos_taurus
20,210,114-37,512 sequences). The following parameters were used
during the request: precursor mass tolerance of 10 ppm and fragment
mass tolerance of 0.02 Da, a maximum of two missed cleavage sites of
trypsin, carbamidomethylation (C), oxidation (M) and deamidation
(NQ) set as variable modifications. Protein identification was validated
when at least two peptides originating from one protein showed statis-
tically significant identity above Mascot scores with a False Discovery
Rate of 1%. Ions score is —10 log(P), where P is the probability that the
observed match is random. For the bovine proteome, the Mascot score
was 32, with a False Discovery Rate (FDR) of 1%. The adjusted p-value
was 0.02561. Finally, LC-Progenesis QI software (version 4.2, Nonlinear
Dynamics, Newcastle upon Tyne, UK) was used for label-free protein
quantification analysis with the same identification parameters
described above with the phenotypic data among all matrices. All
unique validated peptides of an identified protein were included, and
the total cumulative abundance was calculated by summing the abun-
dances of all peptides allocated to the respective protein. LC-Progenesis
analysis yielded 1608 unique quantifiable proteins, with at least two and
two unique peptides. Finally, it was impossible to quantify any proteins
for sample 1 (corresponding to animal 1) from the untreated group, so
this sample was eliminated for further statistical and bioinformatic
analyses.

2.7. Statistical analyses

2.7.1. Univariate analysis

To identify the differentially abundant proteins, a univariate statis-
tical approach was performed on all 1608 quantified proteins, using an R
package for proteomic analysis (available on GitHub with the DOI
https://doi.org/10.5281/zenodo.2539329) as previously described
[25]. Briefly, data normality distribution was assessed by the Shapiro-
Wilk-Test. Then, either a paired Student’s t-test (normally distributed
data) or a paired Wilcoxon test (not normally distributed data) was
applied to determine the p-value between the different treatment groups
comparisons (CLA vs. Vehicle, CLA vs. Untreated, and Vehicle vs. Un-
treated). Finally, the obtained p-values were corrected for multiple tests
using different adjustment methods (e.g., Benjamini & Hochberg or FDR,
Hochberg, and Bonferroni). For all of these analyses, R version 4.2.2 was
used.
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2.7.2. Multivariate analysis

As no differentially abundant proteins were obtained after per-
forming the p-value corrections at the issue of the univariate analysis, an
alternative multivariate analysis was performed to discriminate the
three groups thanks to several proteins (rather than with a unique
protein considered in univariate analysis). A sparse variant partial least
square discriminant analysis (sPLS-DA) was applied to select discrimi-
native proteins (DP) among the identified proteome, according to a
supervised method (DA among the three groups) for repeated measures
(multilevel option), using the mixOmics package in R version 4.2.2 [26].
The multilevel sPLS-DA enables the selection of the most DP to classify
the samples between the three different treatment groups [27]. With this
supervised method and the mixOmics function plotLoadings() — Load-
ings Bar Plot, it was also possible to identify the DP that presented higher
abundances (median) in each treatment group. However, only the pro-
teins from the sPLS-DA component 1 that strongly correlated to one
another (data given by the mixOmics function: plotVar() — Correlation
Circle Plot) with the highest abundance in each treatment group were
used to perform further bioinformatic analyses (GO enrichment ana-
lyses). Two strategies were used to visualize the abundance of the
selected proteins. First, the average log fold-change (log FC) of the raw
abundances of all the 407 DP from the CLA mixture samples was
calculated with respect only to those of the vehicle group and plotted
using R version 4.2.2. Secondly, a hierarchical clustering heat map
analysis was performed to illustrate the relative abundance of all the 407
DP selected by sPLS-DA using the clustered image maps (cim) function
from the mixOmics package in R (http://mixomics.org/graphics/cim/).
Hierarchical clustering of both proteins and samples was performed.
Dendrograms were used along the left and upper axes to show how each
protein and sample clusters based on their similarity and the hierar-
chical clustering method used. Euclidean and Ward methods were used
as the distance and cluster methods, respectively. The cim () clustering
is a great complementary tool to the correlation circle plot (plotVar
()). The correlation between subsets of variables from each dataset can
be observed to help interpret the sPLS-DA results.

2.8. Bioinformatic analysis of discriminant proteins selected by sPLS-DA

First, before performing the bioinformatic and functional annotation
analyses, the accession numbers from all 1608 quantified proteins were
converted into Gene ID using the UniProt retrieve/ID mapping online
tool. The Gene ID of human orthologs of bovine proteins was assigned
for undefined proteins. Second, for the selected discriminant proteins,
gene ontology (GO) and KEGG pathways enrichment analyses focused
on the Biological Processes (BP) were performed using ProteINSIDE
online tool version 2.0 (available at https://www.proteinside.org/), as
previously described [28], and using Bos Taurus as reference species.
Only significant (p-value FDR < 0.05) GO BP terms or KEGG pathways
were considered enriched and were used for further interpretation and
figure creation. The enriched GO BP terms or KEGG pathway were
summarized. Their enrichments were expressed as -log10 (p-value FDR)
for visualization on horizontal bar graphs plotted using GraphPad Prism
9.1.2 for Mac OS X, GraphPad Software (San Diego, California, USA).
Selected discriminant proteins were also subjected to Protein-Protein
interaction (PPI) analyses using the ProteINSIDE online tool version
2.0, as previously described [28] to identify the proteins that have been
experimentally detected to interact with each other. The PPI databases
used were BAR; DIP; EBI-GOA-nonIntAct; HPIDb; IMEx; IntAct; MBInfo;
MINT; MPIDB; MatrixDB; Reactome; UniProt; VirHostNet; bhf-ucl;
mentha and tfact2gene.
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3. Results

3.1. The proteome of bovine PBMC and identification of the molecular
signature of CLA (50:50) mixture

A total of 1608 proteins, with at least two unique peptides, were
identified and quantified in bovine PBMC (Supplementary Table S1). Of
these, 407 proteins have contributed to a good separation of the three
treatment groups on the most “explicative” component by the PLS-DA
(Fig. 1). As revealed by the mixOmics loadings bar plot function, from
the 407 DP, a total of 85 proteins had the highest abundance in the CLA
group, while 96 and 27 in the vehicle (ethanol) and untreated groups,
respectively (Supplementary Table S2). Fig. 2 presents the plot of the
changes (logFC) in the abundance of all the 407 DP between the CLA
(50:50) mixture and vehicle group. The protein with the highest change
in abundance in the CLA treated group (logFC >20) was PLINZ2, followed
by CD36 (logFC >5), VCAN, SERPINA3-7, SDS, and LUM (logFC >2).
On the other hand, proteins such as APOA2, PNKP, GBP2, and RBM1B
showed the lowest abundance in the CLA group (logFC <1). The 407 DP
were annotated by 237 enriched (FDR < 0.05) GO terms within the
Biological Process (BP) category (Supplementary Table S3). The main
enriched BP were related to cellular RNA splicing (GO:0008380), mRNA
processing (GO:0006397), organonitrogen compound metabolic process
(GO:1901564), negative regulation of proteolysis (GO:0045861),
metabolic process (GO:0008152), mitochondrial electron transport,
NADH to ubiquinone (GO:0006120), immune system process
(G0O:0002376), negative regulation of endopeptidase (GO:0010951) and
catalytic activity (GO:0043086) (Fig. 3). The BP annotated by the
highest number of proteins were: metabolic process (269), organo-
nitrogen compound metabolic process (91), immune system process
(86) and negative regulation of catalytic activity (34).

3.2. Hierarchical clustering heatmap analysis of all the discriminant
proteins identified with sPLS-DA

A hierarchical clustering heatmap analysis was built to illustrate the
relative abundance of all 407 DP (Fig. 4). Both proteins and samples
were clustered by similarity, as indicated by the left and upper den-
drograms, respectively. Samples were sorted into three main clusters
(upper dendrogram). The first cluster contained samples from the CLA
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group (green), while the second and third clusters contained all the
samples from untreated (blue) and vehicle (orange) groups, respec-
tively. Moreover, the 407 DP proteins were also sorted into three clusters
(left dendrogram). Cluster 1 (light blue) had 164 DP (data not shown),
mainly showing higher abundances in untreated and vehicle groups and
low abundance in the CLA group. Instead, cluster 2 (red) contained 173
DP (data not shown) that showed higher abundances, mainly in the
vehicle group and some samples in the CLA group. Cluster 3 (purple) had
70 DP (data not shown), which presented higher abundances in the CLA
group and low abundances in the vehicle and untreated groups. Alto-
gether, these results showed that 164 (cluster 1, light blue) and 70
(cluster 3, purple) were under and over-abundant in the CLA group
compared to the vehicle group.

3.3. Identification of overlapping proteins from the DP with higher
abundance in each group selected by sPLS-DA and DP clustered by
hierarchical clustering heat map analysis

A total of 67 proteins out of the 85 DP with the highest abundance in
the CLA group were also found among the DP found in cluster 3 (purple),
as shown in the Venn Diagram (Fig. 5A). On the other hand, a total of 94
proteins out of the 96 DP with the highest abundance in the vehicle
group were grouped in cluster 1 (light blue) (Fig. 5B); while all the 27 DP
with the highest abundance in the untreated group were also among the
ones grouped in cluster 1 (Fig. 5C).

3.4. GO and KEGG enrichment analyses and PPI for the identified
overlapping proteins with higher abundance in each group

The GO enrichment analyses revealed that the overlapping 67 DP
over-abundant in the CLA group and identified both by the multivariate
and clustering methods were annotated by a total of 239 enriched (FDR
< 0.05) BP GO terms and 6 enriched (FDR < 0.05) KEGG pathways
(Supplementary Table S4. The enriched GO terms were mainly related
to: wound healing (GO:0042060), blood coagulation (GO:0007596),
complement activation (GO:0006956), immune system process
(G0:0002376), inflammatory response (GO:0006954), lipid metabolic
process (GO:0006629), negative regulation of proteolysis (GO:0045861)
and regulation of cytokine production (GO:0001817) (Fig. 6A). The
enriched KEGG pathways were mainly related to Complement and
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logical processes (BP) category that has annotated all 407 discriminant proteins
(DP). GO terms enrichments are expressed as -log10 (FDR) for visualization on
graphs. The number of proteins annotated by GO BP terms is shown in brackets.

coagulation cascades (KEGG:04610), PPAR signaling pathway
(KEGG:03320), Cholesterol metabolism (KEGG:04979), and some dis-
eases more related to human than bovine immunity (KEGG:05133,
Pertussis; KEGG:05150, Staphylococcus aureus infection; KEGG:04936,
Alcoholic liver disease). Of the 67 DP proteins, 9 were involved in 3 PPI
networks (Fig. 6A).

The overlapping 94 DP relative to the vehicle group and under-
abundant in the absence of CLA were annotated by a total of 36 enriched
(FDR < 0.05) BP GO terms and 13 enriched (FDR < 0.05) KEGG path-
ways (Supplementary Table S5), and those terms were mainly related to:
cellular amide metabolic process (GO:0043603), cytokine production
(GO:0001816), negative regulation of protein metabolic process
(GO:0051248), alternative mRNA  splicing, via spliceosome
(GO:0000380), negative regulation of nitrogen compound metabolic
process (G0O:0051172), translation (GO:0006412), regulation of
interleukin-6 production (G0O:0032675), and negative regulation of
proteolysis (GO:0045861) among others (Fig. 6B). Of the KEGG path-
ways not related to human diseases, mRNA surveillance pathway
(KEGG:03015), Pyruvate metabolism (KEGG:00620), Cysteine and
methionine metabolism (KEGG:00270), Intestinal immune network for
IgA production (KEGG:04672) were related to proteins listed among the
94 DP relative to the vehicule group. Of these, 5 proteins were involved
in 2 PPI networks (Fig. 6B).

Finally, the overlapping 27 DP mainly related to the untreated group
were annotated only by 5 enriched (FDR < 0.05) BP GO terms (Sup-
plementary Table S6, which were linked to: regulation of RNA splicing

Color key B CLA
B Untreated
l ' @ Vehicle

329 0 3.29

:

Fig. 4. Clustered image map analysis of discriminant proteins (DP) selected by
sPLS-DA. Rows and columns are sorted by similarity as indicated by the left
(proteins) and top (samples) dendrograms. Red and blue represent increased
and decreased protein abundance, respectively. Samples from the three treat-
ment groups are presented with different colors: green = CLA (50:50) mixture,
orange = vehicle, and blue = untreated. A total of 173 DP was sorted in cluster
1 (light blue), while 164 DP in cluster 2 (red) and 70 DP in cluster 3 (purple).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Proteins

10T

[ ‘I %IIHI [‘ |

Samples

(G0:0043484), snoRNA localization (GO:0048254), positive regulation
of double-strand break repair via nonhomologous end joining
(G0:2001034), cellular nitrogen compound metabolic process
(G0:0034641) and regulation of double-strand break repair via nonho-
mologous end joining (GO:2001032) (Fig. 6C). No enriched KEGG
pathways or PPI were identified for these 27 DP.
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A

HeatmapCluster 3

sPLS-DA-85DP

B

HeatmapCluster 1

sPLS-DA-96DP

HeatmapCluster 1

137

sPLS-DA-27DP

Fig. 5. Venn diagram represents common (overlapping) discriminant proteins
(DP), which showed higher abundance in each treatment group according to
the sPLS-DA and the clusters generated in the hierarchical clustering heat map
analysis. A. Common DP between the 85 DP - selected by sPLS-DA - with the
highest abundance in conjugated linoleic acid (CLA) mixture (50:50) group and
cluster 3. B. Common DP between the 96 DP - selected by sPLS-DA - with the
highest abundance in vehicle (ethanol) group and cluster 1. C. Common DP
between the 27 DP - selected by sPLS-DA - with the highest abundance in the
untreated group (only medium-treated cells) and cluster 1.

4. Discussion

Conjugated linoleic acid isomers are routinely used as a feed sup-
plement for dairy cows to improve energy balance, increase milk pro-
duction, and reduce metabolic-related diseases [10,29-31]. Although
several studies in human species suggested specific activities of the in-
dividual isomers [3], in dairy cows, individual isomers are much less
effective, and the best effects are elicited by combining at a ratio of
50:50 two CLA isomers: cis-9, trans-11, and trans-10, cis-12 [13,14].
Previous studies on bovine apoptosis confirmed only the CLA mixture
but not the individual cla isomers [18]. Moreover, only the 50:50 CLA
mixture could increase the extracellular respiratory burst [18].

This study provides a molecular background to previous findings by
demonstrating that CLA can modulate proteolytic and inflammatory
pathways at the proteome level. The present results also support what
was previously reported by other studies on CLA immunomodulatory
activity [32,33]. We propose a molecular signature of CLA treatment
based on combining a multivariate sparse discriminant analysis and a
clustering method with a high overlap between the DP identified by both
methods. Our results show that the key DP overabundant in bovine
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PBMC treated with a CLA mixture has anti-apoptotic and anti-
inflammatory activity.

After CLA treatment, the DP proteins with the highest abundances
are perilipin-2 (PLIN2) and platelet glycoprotein 4 (scavenger receptor-
class B - CD36). PLIN2 is a lipid droplet-associated protein [34] involved
in innate immunity against bacterial infections and chemokine pro-
duction in monocytes [35,36]. CD36 is a scavenger receptor that plays a
role in the uptake or import of long-chain fatty acids, with similar
expression regulatory mechanisms of PLIN2 [37,38].

Fatty acids regulate the expression of both PLIN2 and CD36 via
peroxisome proliferator-activated receptors o (PPARx), y (PPARy), and &
(PPARS) [37-41]. CLA is among the most potent PPAR agonists, espe-
cially PPARa and PPARy, primarily active in macrophages [42]. Several
of CLA’s immunomodulatory and anti-inflammatory effects are medi-
ated by the PPAR signaling pathways [42,43]. In in vivo studies, the t10,
c12 CLA isomer increased the gene expression of PLIN2 and CD36 in the
liver of CLA-fed rats [44], which supports our findings on bovine PBMC
that 5 proteins (ACSL6, LOC518526 CD36, CPT1A, PLIN2) are part of
the PPAR signaling KEGG pathway.

The specific role of the DP with the highest abundance in each group
was elucidated by performing separate GO enrichment analyses on the
overlapping proteins from the DP with higher abundance in each group
selected by sPLS-DA and DP clustered by hierarchical clustering heat
map analysis.

The GO analysis of the overlapping 67 DP with the highest abun-
dance in the CLA (50:50) mixture group shows a negative regulation of
proteolysis, critical for the immune response and elimination of
invading pathogens and apoptosis regulation [45,46], explaining the
antiapoptotic effects of the CLA mixture that we previously observed on
bovine monocytes in vitro [18]. DP included SERPINF2, SERPINAG,
SERPINC1, SERPINDI1, and SERPINGI, serine proteases’ inhibitors
belonging to the Serpin superfamily [47]. Serpins are involved in mul-
tiple inflammatory processes, such as blood coagulation [48], immune
and inflammatory response [49], and apoptosis [50]. Also, the inter-
alpha trypsin inhibitor heavy chain 4 (ITIH4) was found to be anno-
tated. ITIH4, a plasma serine endopeptidase inhibitor contributing to
immune response, inflammation, and apoptosis, was also overabundant
[51,52].

Further annotated proteins include Acute Phase Proteins (APPs)
proteins like alpha-1-acid glycoprotein (AGP), prothrombin (F2), com-
plement 3 (C3), complement component 4 A (C4A), and component
factor B (CFB). APPs play different important roles in immune defense,
including immune cell recruitment, proteolytic enzyme inactivation,
complement activation, opsonization, and limiting tissue damage by
scavenging free radicals and promoting the resolution of inflammation
[53,54]. Our results agree with previous studies in pigs supplemented
with CLA diets, which increased APP abundance, such as AGP [55]. This
suggests that CLA plays an essential role in the bovine immune and in-
flammatory response, likely involving interactions between proteins of
the serpin family and APP, as suggested by the PPI network.

The study also identifies additional enriched BP associated with the
immune system, such as wound healing and blood coagulation.

Heme oxygenase 1 (HMOX1) is annotated in wound healing, im-
mune system process, and inflammatory response BP. HMOX1 is a
microsomal enzyme with antiapoptotic and cytoprotective effects in
macrophages in vivo and in vitro, directly affecting the oxidative stress
response to counteract or reduce inflammation [56,57]. The increase in
abundance of antioxidant, antiapoptotic, and cytoprotective proteins
against oxidative stress is remarkable and supports our previous in vitro
study on bovine monocytes treated with a CLA (50:50) mixture, in which
an increase in ROS production was observed [18]. Therefore, CLA might
not only modulate the activation of the immune response but also help
in the resolution phase of inflammation, specifically in tissue repair.

Further enriched processes are lipid metabolism, as determined by
the change in the abundance of proteins involved in fatty acid beta-
oxidation, lipid binding, transport, lipid absorption, and cholesterol
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Fig. 6. Enriched (P < 0.05) Gene ontology (GO) terms within the biological processes category, as well as KEGG pathways enrichment that have annotated the
overlapping discriminant proteins (DP), which show higher abundance in each treatment group according to both the sPLS-DA and the clusters generated in the
hierarchical clustering heat map analysis. A. Enriched biological processes (BP) or KEGG pathways and PPI for the overlapping 67 DP with higher abundance in
conjugated linoleic acid (CLA) mixture (50:50) group. B. Enriched biological processes (BP) or KEGG pathways and PPI for the overlapping 94 DP with higher
abundance in the vehicle (ethanol) group. C. Enriched biological processes (BP) or KEGG pathways and PPI for the overlapping 27 DP with higher abundance in the

untreated group (only medium-treated cells). GO terms and KEGG pathways enrichments are expressed as -log10 (FDR) for visualization on graphs.

metabolism, including the very long-chain specific acyl-CoA dehydro-
genase, mitochondrial (ACADVL), ACSL6 (Long-chain-fatty-acid-CoA
ligase), carnitine O-palmitoyltransferase (CPT1A), apolipoprotein A-IV
(APOA4), apolipoprotein E (APOE) and catalase (CAT) [58-61].

These results suggest that CLA (50:50) mixture might exert anti-
apoptotic, immunoregulatory, antioxidant, and cytoprotective effects on
bovine PBMC. Moreover, these results demonstrated that the sPLS-DA
and hierarchical clustering heat map analysis are adequate for identi-
fying the proteins with the highest abundance in each treatment group.
They mostly coincide in this identification, as the GO enrichment ana-
lyses revealed.

4.1. Overabundant DP in bovine PBMC in the absence of CLA mixture
treatment

The overlapping 94 and 27 DP with the highest abundances in the
vehicle and untreated groups are underabundant in the CLA group.
These proteins are primarily annotated by shared or similar enriched BP,
which include unspecific and basic GO terms and KEGG pathways (only
identified for the 94 DP relative to the vehicle group) related mainly to
RNA splicing and metabolic processes. This is also confirmed by the PPI
analysis, which shows the interaction between Histone deacetylase
complex subunit (SAP18) and RNA-binding protein with serine-rich

domain 1 (RNPS1), involved in mRNA transcription and splicing. This
suggests that both control treatments had a similar effect on bovine
PBMC. However, interleukin-6 (IL-6) production regulation in the
vehicle-treated group was enriched. IL-6 is a cytokine with pleiotropic
functions in inflammation and immune response. One of the proteins
annotated by this BP is the allograft inflammatory factor 1 (AIF1), a
cytoplasmic protein involved mainly in activating macrophages and
enhancing the production of pro-inflammatory cytokines [62]. In
human PBMC and murine macrophages, AIF1 expression has been
positively correlated with IL-6 and chemokines secretion, suggesting an
essential role in these cells’ activation and inflammatory response
[63,64].

Our results agree with those reported in other models, such as in
microglia cells — the only macrophage population in the central nervous
system — from ethanol-treated mice, where an increase in the mRNA
levels of AIF1 was found [65]. Undoubtedly, the enrichment of the
negative regulation of proteolysis also in the overlapping 94 DP with
higher abundance in the vehicle group was unexpected due to its
enrichment in the CLA group. The enrichment of this biological pathway
could be due to the impairment that alcohol causes on the proteolytic
system, often leading to inflammation and cell death [66].

In conclusion, these results made evident that after CLA (50:50)
mixture treatment, there was a functional switch from very basic BP to
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others highly related to different immune-related processes, and that
even though in both vehicle and untreated groups mostly redundant
functions from the DP were found, ethanol treatment did cause a min-
imal differential effect on bovine PBMC immune response.

5. Conclusions

The results of this study demonstrate for the first time that the
mixture (50:50) of the two main CLA isomers (c9, t11, and t10, c12)
modulate bovine PBMC proteome in vitro and elucidate the molecular
signature of CLA treatment. The GO analysis revealed that the CLA
(50:50) mixture caused an enrichment in biological processes related
mainly to the negative regulation of proteolysis, which is a critical
biochemical feature of apoptosis, complement activation, inflammatory
response, regulation of cytokine production, and wound healing, con-
firming the antiapoptotic and immunomodulatory effects observed in
our previous in vitro study on bovine monocytes. Moreover, our results
suggest that the CLA (50:50) mixture might also exert potential cyto-
protective effects against oxidative stress by increasing the abundance of
proteins with antioxidant capacity. By revealing some of the molecular
mechanisms underlying the immunomodulatory effects of CLA mixture,
we pretend to have a clearer idea of its potential biological significance
in vivo, thus allowing better management for its inclusion in nutrition
strategies to enhance the animals’ immune and health status.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.jprot.2024.105232.
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