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Vitamin E (VE) is an essential fat-soluble nutrient for dairy cows. Vitamin E deficiency leads
to immune suppression and oxidative stress and increases the susceptibility of cows
to reproductive disorders in the early post-partum period. However, studies on plasma
proteomics of VE deficiency have not been reported so far. Therefore, the purpose
of this study was to understand the changes of blood protein profile in cows with
subclinical VE deficiency in the early post-partum period. In this study, plasma protein
levels of 14 healthy cows (>4 wg/ml a-tocopherol) and 13 subclinical VE-deficient cows
(2-3 pg/ml a-tocopherol) were analyzed by tandem mass tag (TMT). The results showed
that there were 26 differentially expressed proteins (DEPS) in the plasma of cows with
subclinical VE deficiency compared with healthy controls. Twenty-one kinds of proteins
were downregulated, and five kinds were upregulated, among which eight proteins
in protein—protein interactions (PPI) network had direct interaction. These proteins are
mainly involved in the MAPK signaling pathway, pantothenic acid and coenzyme A (CoA)
biosynthesis, PPAR signaling pathway, and glycosylphosphatidylinositol (GPI)-anchor
biosynthesis. The top four DEPs in PPl (APOC3, APOC4, SAA4, PHLD) and one
important protein (VNN1) by literature review were further verified by ELISA and Western
blot. The expression levels of APOC3, VNN1, and SAA4 were significantly lower than
those of healthy controls by ELISA. VNN1 was significantly lower than those of healthy
controls by Western blot. VNN1 is closely related to dairy cow subclinical VE deficiency
and can be a potential biomarker. It lays a foundation for further research on the lack of
pathological mechanism and antioxidative stress of VE.

Keywords: subclinical VE deficiency, TMT, differentially expressed proteins, biomarkers, plasma

INTRODUCTION

The development of the dairy industry is closely related to the regulation of vitamin nutrition,
which is the key problem in dairy cows’ healthy breeding (1). Vitamin E (VE) is one of the most
important components of cellular antioxidant systems and involved in maintaining the oxidative
stability (2). The main function of VE is to protect lipid peroxidation, scavenge free radicals in vivo,
so as to maintain the integrity of cell membrane function (3). Dietary vitamin additives, forage,
and legume silage are the main sources of VE for dairy cows (4, 5). A large number of studies on
dairy cows show that the plasma VE concentration decreased gradually before and after delivery
and reached the minimum value before and after calving (6-8).
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Although with the continuous progress of dairy cows
feeding and management, serious VE deficiency in dairy cows
rarely occurs. However, during the transition period, in order
to enhance the antioxidant capacity of cow cells, excessive
consumption of vitamin E will be caused to achieve the purpose
of scavenging the oxidative free radicals of excess cells (6, 9). This
process makes early post-partum cows prone to subclinical VE
deficiency and systemic oxidative stress. Plasma concentrations
of a-tocopherol in cows at 2-3pg/ml can be identified as
subclinical VE deficiency (10-12). Vitamin E deficiency and
oxidative stress are important causes of perinatal dairy cows’
susceptibility to productive diseases (13). Studies have found that
VE deficiency can increase the risk of diseases such as retention
of placenta, hysteritis, and mastitis in cows (13, 14). Because
there were no practical early monitoring methods to measure
the level of VE, subclinical VE deficiency is difficult to be found
in due time, which brings serious economic losses to the dairy
industry. Therefore, the search for new characteristic biomarkers
of subclinical VE deficiency is a key technical problem to be
solved in the early monitoring and rapid diagnosis of subclinical
VE deficiency for high-yield dairy cows.

Mass spectrometry (MS) has become the preferred method
for large-scale protein identification and characterization due to
its sensitivity and specificity (15, 16). The MS analysis has been
found to reveal changes in protein expression. These proteins can
be identified as intermediate biomarkers of early disease effects
(17). Tandem mass tag (TMT) is a kind of chemical label used
for molecular recognition and quantification based on MS. The
TMT has been established as an effective method for proteome
quantification (18). The body fluid often detected in the clinic is
blood, which is easy to obtain and contains abundant biological
information of physiological and pathological processes (19).
In this study, proteomics techniques were used to identify the
differentially expressed proteins (DEPs) in the plasma between
subclinical VE deficiency and healthy cows in the early post-
partum period. To the best of our knowledge, no data have been
published on plasma proteins in early lactation with subclinical
VE deficiency in dairy cows. Thus, this is a comprehensive study
to explore the potential biological significance of DEPs between
subclinical VE deficiency and healthy cows, providing valuable
insights into subclinical VE deficiency plasma proteins that
may be applied for developing diagnostic markers in subclinical
VE deficiency.

MATERIALS AND METHODS

Animals and Experimental Design

All animals involved in this study were cared for according to the
principles of Heilongjiang Bayi Agricultural University Animal
Care and Use Committee (Daqing, China). The experiment
was conducted at a large intensive cattle farm in Heilongjiang
Province (Suihua, China). All Holstein cows were fed the same
total mixed ratio diets (in accordance with NRC 2001 standard)
with similar age, parity, body condition score, and milk yield.
The cows were fed a total mixed ratio diet during early lactation,
which mainly consisted of 39.58% of corn, 19.61% of corn
silage, 26.99% of Leymus chinensis, 8.48% of soybean meal,
and 4.21% of concentrated feed at the early stage of lactation

(ingredient, % of DM). The basal diet was formulated to meet
the nutrient requirements according to the Feeding Standards
of Dairy Cattle in China. Detailed feed composition is shown in
Supplementary Table 1.

According to the concentration of a-tocopherol in plasma,
the subclinical VE deficiency group (2-3 pg/ml a-tocopherol)
and the healthy control group (>4pug/ml a-tocopherol) were
determined (10-12). Finally, after excluding all other cases of
perinatal disease, 67 cows were selected as test animals. Thirteen
cows were used as the subclinical VE deficiency group (QF),
and 14 cows were used as the healthy control group (BQF) for
proteomics study. In addition, 40 cows were used for ELISA
verification of the screened and identified differential proteins.

Blood Sample Collection

For this study, blood samples were obtained from the coccygeal
veins of 80 transition dairy cows from 0 to 30 days after
calving. The blood samples of each cow were collected on
an empty stomach in the morning. Plasma was obtained by
centrifugation of blood collected in a 10ml lithium-heparin
tube. After centrifugation at 4°C for 10 min (3,000 rpm), the
supernatant was collected for secondary centrifugation by high
speed (12,000 rpm) for 5min. The supernatant was placed
in a 1.5ml centrifuge tube and cryopreserved at —80°C until
analyzed. All samples used for repetitive analysis were frozen in
aliquots, and only vials needed for each assay run were used, to
avoid the repetitive thawing and freezing effect.

Plasma Sample Processing and TMT
Labeling

To determine the biomarkers of subclinical VE deficiency, 27
plasma samples were analyzed by protein quality inspection,
trypsin digestion, and TMT differential labeling. Total protein
concentration determination was assessed using a Bradford
method (20) (Enzyme labeled instrument, Thermo: Multiskan
MK3, USA). Firstly, the sample was diluted with lysis buffer to
make its final concentration fall within the range of standard
curve. The diluted sample and standard sample (bovine serum
albumin, BSA: Sigma-Aldrich, A2058, AUS; BSA was dissolved
into a series of standard protein by lysis buffer) were diluted with
5 and 250 pl protein quantitative dye, respectively, and the light
absorption value of standard substance and sample at 595 nm was
determined by enzyme label instrument. The standard curve was
drawn, and the sample concentration was calculated. Then, the
protein concentration of each sample was calculated according to
the curve formula, and the protein concentration of each sample
could meet the requirements of the next experiment.

After protein quantification, 100 pg of protein per sample
solution was put into a centrifuge tube, and the final volume
was 100 wl with Dissolution Buffer (Thermo Scientific, PN:
1861436). Then, 25 pl of 100 mM reducing reagent (Thermo
Scientific, PN:1861438) was added and incubated at 55°C for 1 h,
and 5 pl of 375 mM iodoacetamide solution (Thermo Scientific,
PN: 1861445) was added and incubated for 30 min in a dark
room. The processed samples were transferred to a 10 kDa
ultrafiltration tube (Sartorius, PN: VNO1HO02), and 200 pl of
100 mM dissolution buffer was added, centrifuged at 12,000 g for
20 min, discarded the solution at the bottom of the collecting
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tube, and repeated four times (pH value should be measured
at 8.0). Trypsin (Thermo Scientific, PN: 1862748) was added to
the sample (2.5 pl/per sample, 37°C for 14 h). On the next day,
the samples were washed with ultrapure water three times, and
the bottom of the enrichment tube was lyophilized and then
redissolved with 100 mM dissolution buffer.

TandemMassTag™ (TMT™) technology is an in vitro peptide
labeling technology developed by Thermo Scientific. In this
experiment, 27 serum samples were divided into three groups
by labeling with 10 isotopes. The amino groups of peptides
were specifically labeled and then analyzed by tandem MS.
The relative protein content of 10 different samples in each
group could be compared simultaneously. After thawing at
room temperature, the TMT reagent (10 standard TMT Kit,
Thermo Scientific, PN: 90111) was opened, and 0.8mg of
TMT reagent and 41 pl of absolute ethanol were added into
each tube and vibrated for 5min. Then, 100 pl of enzyme
digested sample was added (100 pl/sample) and reacted for 1h
at room temperature. Next, 8 pl of 5% of quenching reagent
(Thermo Scientific, PN: 1861439) was added and incubated
for 15 min to terminate the reaction. After the labeled samples
were mixed, vortex oscillation was performed and centrifuged
to the bottom of the tube. The sample after vacuum freeze
centrifugation is frozen and stored for use (Vacuum freeze dryer,
Thermo: SPD2010-230).

Pre-separation of Enzymatic Peptides and

LC-MS/MS Analysis

Rigoll-3000 high performance liquid chromatography system
was used to separate the samples at high pH (Beijing Puyuan
Jingdian Technology Co., Ltd). The experimental methods

in this part refer to the proteomic studies published by
Zhao et al. (21). The mixed labeled samples were dissolved
in 100 pl mobile phase A (98% ddH,O, 2% acetonitrile,
pH 10) and centrifuged at 14,000¢ for 20min, and the
supernatant was taken for use. Firstly, the system condition
was detected, and 400 pl BSA was used for separation (column
temperature 45°C, detection wavelength 214 nm). Then, 100
il of the prepared sample was separated in mobile phase B
(98% acetonitrile, 2% ddH,O, pH 10) with a linear gradient
of 5-95% over 72min at the flow rate of 0.7 ml/min, in
detail Supplementary Table 2.

Each fraction was injected for nanoLC-MS/MS analysis
(high performance liquid chromatography: Thermo Scientific
EASY-nLC 1000 System, Nano HPLC; MS system: Thermo,
Orbitrap Fusion Lumos). The components obtained by reverse
phase separation at high pH were redissolved with 20 ul of
2% methanol and 0.1% formic acid (centrifuged at 12,000
rpm for 10min), 10 pl of supernatant was aspirated, and
the sample was loaded by sandwich method (loading pump
flow rate to 350 nl/min for 15min) and mobile phase B
(100% acetonitrile, 0.1% formic acid) with a linear gradient
of 6-95% over 75min at the flow rate of 600 nl/min, in
detail Supplementary Table 3.

Protein Identification and Quantification
The obtained data were processed by UniProt_Bovin (2019.07.16
Download) database for MS. Maxquant, the commercial software
supporting Thermo Company, was used to process the original
MS file to obtain the quantitative value of the sample. The
detailed parameters are retrieved in Supplementary Table 4.
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FIGURE 1 | Experimental workflow for proteome analysis.
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Bioinformatics Analysis of DEPs

Clusters of Orthologous Groups (COG) analysis is realized by
Blast to kyva sequence, and then statistical analysis is carried
out to draw the corresponding graph. Gene Ontology (GO) is
a standard vocabulary describing the function, location, and
activity of genes. It has a tree structure and is the most widely used
ontology in molecular biology. KEGG is a Kyoto Encyclopedia of
Genes and Genomes (http://www.genome.jp/kegg).

Enzyme-Linked Immunosorbent Assay

According to the a-tocopherol concentration in plasma, 40
cows were divided into the subclinical VE deficiency group
and healthy control group (the same as the Animals and
Experimental Design section). Plasma levels of apolipoprotein C3
(APOCS3), apolipoprotein A4 (APOC4), serum amyloid protein
A4 (SAA4), phosphatidylinositol-glycan-specific phospholipase
D (PHLD), and pantetheinase-1 (VNN1) were determined
by enzyme-linked immunosorbent assays according to the

manufacturer’s instructions (ELISA kits, Shanghai Sinovac
Biotechnology Co., Ltd., China). Optical density was measured
at 450 nm using a microplate reader (Thermo Multiskan FC
microplate reader).

Western Blotting Analysis

Lysates from plasma samples from normal or subclinical VE
deficiency were separated on a 10% SDS-PAGE gel, and the
proteins were then transferred to a nitrocellulose membrane.
The membrane was blocked in TBST containing 5% non-fat
milk powder for 1h and then incubated overnight with primary
antibodies against VNN1 protein; the primary antibody used was
anti-VNN-1 (dilution 1:1,000, rabbit, LSBio, USA, LS-C374585)
and washed three times with TBST (5min each), and then
the membrane was incubated for 1h at room temperature
with horseradish peroxidase conjugated rabbit IgG. Antibody
binding was detected using enhanced chemiluminescence ECL
Plus Western blotting detection reagents (GE).

TABLE 1 | Proteins showing significant differences in abundance between plasma from cows with subclinical vitamin E deficiency and healthy control.

ID? Gene name Protein name® FDR- corrected Fold_change® Change*
p-value
C4T8B4_BOVIN CRP Pentraxin 0.000055 —2.030082929 1l
G3X6K8_BOVIN HP Haptoglobin 0.046888 —1.826079462 |
APOC3_BOVIN APOC3 Apolipoprotein C-IIl 0.000048 —1.418673822 1l
Q1RMN9_BOVIN - C4b-binding protein alpha-like 0.001169 —0.912143442 J
APOC4_BOVIN APOC4 Apolipoprotein C-IV 0.000173 —0.808904848 !
VNN1_BOVIN VNN1 Pantetheinase 0.001734 —0.743950694 1l
F1MJK3_BOVIN - Uncharacterized protein 0.000734 —0.711301256 1l
F1NOH3_BOVIN CA2 Carbonic anhydrase 2 0.002981 —0.698077617 |
SAA4_BOVIN SAA4 Serum amyloid A-4 protein 0.007418 —0.683821812 l
Q32PA1_BOVIN CD59 CD59 molecule 0.000926 —0.522529897 l
Q2KIW1_BOVIN PON1 Paraoxonase 1 0.00612 —0.476851592 N
F1MRDO_BOVIN ACTB Actin, cytoplasmic 1 0.006124 —0.463760059 {
LBP_BOVIN LBP Lipopolysaccharide-binding protein 0.037565 —0.453306513 {
PHLD_BOVIN GPLD1 Phosphatidylinositol-glycan-specific 0.000006 —0.447579644 J
phospholipase D
E1B805_BOVIN - Uncharacterized protein 0.007075 —0.422350268 N
AOA3BOIZF8_BOVIN c1QC Adiponectin B 0.035116 —0.403812868 |
AOA3Q1LU84_BOVIN Uncharacterized protein 0.01683 —0.400493668 N
AOA3Q1LLO4_BOVIN YIPF1 Protein YIPF 0.017006 —0.387877785 {
AOA3Q1LS74_BOVIN CFH Complement factor H 0.029566 —0.305647518 !
FEPSK5_BOVIN IL1RAP Interleukin 1 receptor accessory protein 0.003925 —0.285444103 N
FIMMP5_BOVIN ITIH1 Inter-alpha-trypsin inhibitor heavy chain H1 0.030626 —0.27646765 1l
FA10_BOVIN F10 Coagulation factor X 0.036694 0.280035783 1
HABP2_BOVIN HABP2 Hyaluronan-binding protein 2 0.002546 0.306909645 1
COMP_BOVIN COMP Cartilage oligomeric matrix protein 0.029325 0.350653389 4
REG1_BOVIN - Regakine-1 0.01005 0.546086942 1
CD14_BOVIN CD14 Monocyte differentiation antigen CD14 0.000123 0.756306843 1

4D from NCBI protein database for BOVIN.
bDisplays the protein name of the comment in the Fasta header column.

CFold changes calculated as: -log2 (mean disease/mean control), mean value of peak area obtained from the QF group/mean value of peak area obtained from the BQF group. Choose

p-value 0.05 and fold change 1.2 times as significant difference (21).
9 “p upregulated plasma proteins; “|”, downregulated plasma proteins.
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FIGURE 2 | Principal component analysis. The abscissa is the PC1 result, and the ordinate is the PC2 result. Red represents the healthy controls (BQF group), and
blue represents the subclinical VE deficiency cows (QF group). It can be seen that there is a certain separation trend between the two groups of samples.

Statistical Analysis

The basic information analyses were performed using SPSS
statistical software (V18.0), which was considered significant
when the p-value was below 0.05. MS data analyses used the
Uniprot_BOVIN (2019.07.16 download) database. The original
MS of TMT file is processed by Maxquant, a commercial software
of Thermo Company. When the p-value is 0.05 and fold change
1.2 times, the difference protein is determined to have significant
difference (21).

RESULTS

Proteomics of TMT Method to Determine

Protein Expression

The experimental workflow of proteomic analysis is
shown in Figurel. The clinical characteristics of the
subclinical VE deficiency group (QF) and normal control
group (BQF) samples for proteomic analysis are shown in
Supplementary Figure 1. According to the Uniprot_ BOVIN
database, 3,614 peptides (Supplementary Table5) and 270
proteins (Supplementary Table 6) were identified in the
protein qualitative results, which revealed 26 DEPs. The
specific information concerning the DEPs is shown in
Table 1. Compared with the healthy control group, the
DEPs in the plasma of the subclinical VE deficiency group

were 21 downregulated proteins and 5 upregulated proteins
(Figures 2, 3).

Functional Annotation and Analysis

Clusters of Orthologous Groups analysis was based on the
homologous classification of gene products based on the COG
database. The analysis identified protein ortholog classifications
via the COG database, allowing us to predict the possible
functions of these proteins and potentially uncover further
functional classifications. The highest protein functional
classifications were defense mechanisms with 28 proteins,
general function prediction with 20 proteins, post-translational
modification, protein turnover, and chaperones with 15 proteins,
amino acid transport and metabolism with 10 proteins, and
signal transduction mechanisms with 15 proteins (Figure 4).

To understand the cellular and molecular functions (MF)
of subclinical VE deficiency-related proteins, GO analysis of
these related proteins was performed based on biological
processes (BP), cellular components (CC), and MF. In this
analysis, the protein number was used to assess the importance
of subclinical VE deficiency-related proteins in regulating
cellular and molecular functions (Figure 5). Based on BP, these
subclinical VE deficiency-related proteins were mainly involved
in innate immune response, triglyceride homeostasis, negative
regulation of triglyceride, G protein-coupled receptor signaling,
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inflammatory response, and phosphatidylcholine metabolic
process. The higher enrichment of CC was the plasma membrane
and high-density lipoprotein (HDL) particle, and the functions
of higher MF enrichment were calcium ion binding and
phospholipid binding.

For KEGG signaling pathway analysis, these subclinical
VE deficiency-related proteins are mainly involved in the
MAPK signaling pathway, and these subclinical VE deficiency
downregulated differential-related proteins are mainly involved
in pantothenate and CoA biosynthesis, PPAR signaling pathway,
and glycosylphosphatidylinositol (GPI)-anchor biosynthesis
(Figure 6).

Interaction Network Between Proteins

In this study, 26 differential proteins were obtained through
high-throughput screening. Based on the STRING PPI (protein-
protein interaction) database and Cytoscape tools, we established
a PPI network and found that 10 of these proteins have direct
interactions. In the network, the number of proteins that directly
interact with a certain protein A is called the connection degree
of protein A. Generally speaking, the greater the connection
degree of a protein, the greater the disturbance to the entire
system when the protein changes; this protein may be the key
to maintaining the balance and stability of the system. The
Cytoscape was used as a tool to set the size of the node to reflect
the degree of the node. A larger node indicates a higher degree
of the node. The top four proteins were selected in the degree
of the node in this network as candidate proteins for subsequent
experimental verification, namely, APOC3, APOC4, SAA4, and
PHLD (Figure 7).

Reduced Plasma Levels of VNN1, SAA4,
APOC3, APOC4, and PHLD in Cows With

Subclinical VE Deficiency

To validate differentially expressed candidate proteins between
the subclinical VE deficiency group and the healthy control
group, 40 plasma samples were verified (20 subclinical VE
deficiency and 20 healthy plasma) by ELISA. The top four DEPs
in PPI (APOC3, APOC4, SAA4, PHLD) and one important
protein (VNNI1) by literature review were further verified by
ELISA. The results showed that VNN1, SAA4, and APOC4 were
significantly downregulated in subclinical VE deficiency plasma
samples (p < 0.05; Figure 8), while the expression levels of PHLD
and APOCS3, protein were not significantly changed (p > 0.05).

Confirmation of Differentially Regulated

Proteins by Western Blot

Four samples (the subclinical VE deficiency group and the
healthy control group) were selected from the collected plasma
samples, and Western blot analysis was performed on one
important protein, VNN-1 to verify the results of LC-MS/MS.
Figure 9 shows a Western blot image that can quantify proteins.
The results of Western blot provide reliable evidence for
TMT proteomics.
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FIGURE 3 | Volcano plot of subclinical vitamin E deficiency vs. healthy control.
The volcanic map was drawn using two factors, the fold change (Log2)
between the two groups of samples and the p-value (-Log10) obtained by the
t-test, to show the significant difference in the data of the two groups of
samples. Red and green dots in the figure are proteins that are significantly
differently expressed (1.2 times of fold change and 0.05 of p-value). Green
dots are downregulated proteins, red dots are upregulated proteins, and blue
dots are proteins that have no significant difference.

DISCUSSION

The aim of this study was to report a comprehensive analysis of
DEPs in the plasma of early subclinical VE deficiency and healthy
cows using TMT-labeled quantitative proteomics. Twenty-six
plasma proteins were changed in the subclinical VE deficiency
group, of which 21 proteins were downregulated, and 5 proteins
were upregulated. This is a comprehensive study to explore the
potential biological significance of DEPs between subclinical VE
deficiency and healthy cows, providing valuable insights into
subclinical VE deficiency plasma proteins that may be applied for
developing diagnostic markers in subclinical VE deficiency.
Those DEPs are mainly involved in innate immune response,
triglyceride homeostasis, and negative triglyceride regulation
according to GO analysis. The changes of regakine-1, coagulation
factor X (F10), CD59, haptoglobin (HP), lipopolysaccharide-
binding protein (LBP), and serum amyloid A-4 protein (SAA4)
involved in congenital immune response are noteworthy in the
DEPs. Synergistic effects of regakine-1 with other neutrophil
chemokines suggest that it also enhances inflammatory
responses to infection (22). F10 regulates inflammatory signaling
by inducing the expression of interleukin (IL)-6, IL-8, monocyte
chemotactic protein-1, and intracellular adhesion molecules
(23, 24). CD59 is a key regulator of the complement system,
which inhibits the formation of the MAC terminal pathway by
binding to C9 or C5B-8 to prevent complement attack (25).
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J: Translation, ribosomal structure and biogenesis

K: Transcription

L: Replication, recombination and repair

M: Cell wall/membrane/envelope biogenesis

N: Cell motility

O: Posttranslational modification, protein turnover, chaperones
P: Inorganic ion transport and metabolism

Q: Secondary metabolites biosynthesis, transport and catabolism
R: General function prediction only

S: Function unknown

T: Signal transduction mechanisms

U: Intracellular trafficking, secretion, and vesicular transport
V: Defense mechanisms

W: Extracellular structures

Y: Nuclear structure

Z: Cytoskeleton
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Haptoglobin is an acute phase protein released by hepatocytes
in response to the production of pro-inflammatory cytokines
in an inflammatory state (26). Lipopolysaccharide-binding
protein is an acute phase protein synthesized in the liver that
is involved in the host response to both Gram-negative and
Gram-positive pathogens (27); it also promotes the presentation
of lipopolysaccharide LPS to CD14 and induces the release of
pro-inflammatory cytokines (28). Serum amyloid A-4 protein is
a secondary apolipoprotein on HDL in plasma (29). Studies have
shown that the concentration of SAA4 decreases when the body
is under inflammation (30, 31). The expression of regakine-1 and
F10 was upregulated. It indicates that subclinical VE deficiency
may aggravate the inflammatory response of the body and
increase the risk of infection with other diseases. The expression
of CD59, CRP, HP, LBP, and SAA4 was downregulated in the
subclinical deficiency group, suggesting that the subclinical
deficiency of VE may impair the innate immune response of the
body, leading to inflammation and immunosuppression.
However, its molecular mechanism needs to be
further studied.

The involvement of hyaluronan-binding protein 2 (HABP2),
apolipoprotein  C4 (APOC4), paraoxonase 1 (PON1),
complement factor H (CFH), inter-alpha-trypsin inhibitor
heavy chain H1 (ITIH1), and APOCS3 in triglyceride homeostasis
and negative triglyceride regulation is significant in DEPs.
Hyaluronan-binding protein 2 is a calcium-dependent serine
protease that provides structural and functional integrity for

cells and plays an important role in blood coagulation and
fibrinolysis (32). Apolipoprotein C-IV expression is regulated
by the oxisome proliferation-activated receptor complex and
is associated with hepatic steatosis (33). Paraoxonase 1 is a
mammalian antioxidant/anti-inflammatory enzyme synthesized
in the liver and secreted into the blood (34). Complement factor
H is a major MDA binding protein that can induce the pro-
inflammatory effects of MDA (35). Inter-alpha-trypsin inhibitor
heavy chain H1 is one of the heavy chains of serine protease
inhibitors that carry hyaluronic acid in plasma and play a role
in inflammation and carcinogenesis (36). APOC3 is recognized
as one of the most important regulators of plasma triglyceride
(37). APOCS3 of bovine is a low molecular weight protein mainly
synthesized by the liver and mainly distributed in HDL (38, 39).
Under normal conditions, APOC3 concentration in bovine
plasma was the lowest in the non-lactation period and gradually
increased in the early lactation stage. In the early lactation
period, the plasma APOC3 concentration of cows with fatty liver
and ketosis was lower than that of healthy cows (40, 41). In the
subclinical VE deficiency group, HABP2 was upregulated, while
CFH, ITIHI1, and APOC3 were downregulated, indicating that
subclinical VE deficiency can aggravate lipid peroxidation, cause
oxidative stress induced by inflammatory response, and may
cause hyaluronic acid synthesis and transport disorders at the
cellular level, thus affecting extracellular matrix synthesis and
changing cell structural integrity (42). Paraoxonase 1 is involved
in the hydrolysis of lipid hydroperoxides and phospholipids
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FIGURE 5 | GO (Gene Ontology) analysis of subclinical VE deficiency-related proteins. Green represents biological process, orange represents cellular process, and
blue represents molecular process. Classification of 26 DEPs based on biological process, molecular function, and subcellular localization. The abscissa represents
the number of differential proteins in each functional category. Based on BP, these subclinical VE deficiency-related proteins were mainly involved in innate immune
response and triglyceride homeostasis. The higher enrichment of CC was the plasma membrane and high-density lipoprotein particle, and the functions of higher MF

enrichment were calcium ion binding and phospholipid binding.

produced during oxidative stress (43), which may be the main
reason for the downregulation of VE in subclinical deficiency.
The main typical pathways were identified between subclinical
VE deficient and control cows by KEGG. For KEGG signaling
pathway analysis, these subclinical VE deficiency-related proteins
are mainly involved in the MAPK signaling pathway, and

these subclinical VE deficiency downregulated differential-
related proteins are mainly involved in pantothenate and CoA
biosynthesis, PPAR signaling pathway, GPI-anchor biosynthesis.
Mitogen-activated protein kinases (MAPKs) are a kind of protein
kinases that regulate cell proliferation, differentiation, apoptosis,
and migration (44). Mitogen-activated protein kinase activation
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FIGURE 7 | Protein—protein directive interaction network. Ten among 26 DEPs
were predicted to have directive protein—protein interactions. The interactions
were based on “evidence” mode and of medium confidence. Nodes represent
proteins, and edges represent protein—protein interactions. Degree determines
the node size, and combined_score determines the edge size.

interacts with protein lipase to change cell behavior rapidly
in response to environmental changes (45). The upregulated
protein monocyte differentiation antigen CD14 (CD14) and

downregulated protein interleukin 1 receptor accessory protein
(IL-1RAP) were related to the MAPK signaling pathway. CD14
is a pattern recognition receptor (PRR) of the innate immune
system. After recognizing pathogen associated molecular pattern
(PAMP), CD14 transmits signals to cells to activate transcription
factors and initiate inflammatory reaction (46). Interleukin 1
receptor accessory protein is a kind of auxiliary protein IL-1
signaling pathways, involved in the IL-1 functional receptors
(IL-1R I) that both belong to the immunoglobulin superfamily
member (47). Interleukin 1 receptor accessory protein increases
the supply of cysteine through uptake and biogeneration
and controls cysteine metabolism to participate in regulating
oxidative stress (48). The downregulation of plasma ILIRAP
in dairy cows with subclinical VE deficiency may be due
to its involvement in the regulation of cysteine metabolism.
Cysteine metabolism is a key substrate and determinant of
antioxidant glutathione (GSH) synthesis (48). Plasma CD14
protein expression was up-regulated and IL-1RAP protein
expression was down-regulated, suggesting that stress and
inflammation were more serious in cows with subclinical
VE deficiency.

Glycosylphosphatidylinositol-anchored ~ modification  is
one of the most common post-translational modifications
of eukaryotic cell membrane proteins (49, 50).
Glycosylphosphatidylinositol-anchored biosynthesis pathway
related  protein  phosphatidylinositol  glycosyl  specific
phospholipase D (GPLD) was downregulated in post-partum
VE-deficient dairy cows. Glycosylated phosphatidylinositol
specific phospholipase D (GPI-PLD) in plasma can specifically
act on the GPI-anchored substrate in the presence of detergents,
thus releasing anchored proteins and phospholipid acids (51).
Liver is an important source of plasma GPI-PLD in both human

Frontiers in Veterinary Science | www.frontiersin.org

December 2021 | Volume 8 | Article 723898


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Qian et al.

Plasma Proteomics of Dairy Cows

VNN-1

204 50=

Expression level (ng/mL)
Expression level (ng/mL)

SAA4

* %

Expression level (ng/mL)

(=]
()
20+
(]
@
54
10
T T
BQF QF
PHDL
50 APOC3
100 60
—_—
7E' S
. -
904 40
2 3
£ o|® £
80+ T, 304 ~— 40+
> °
3 g pes
704 c 2
QO 20 s °
» —
60 (2] * 0 204
(] 7] )
g o
S 10 s
50+ x o
w w
0 T T T T
BQF QF BQF QF

FIGURE 8 | Five plasma protein levels in subclinical VE deficiency cows (QF) and healthy controls (BQF) were selected for verification using enzyme-linked
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FIGURE 9 | Validation of VNN-1 by immunoblot analysis. (A) Representative immunoblotting of DEPs between subclinical VE deficiency cows (QF) and controls (BQF).
(B) Quantification of relative gray values of VNN-1 compared with actin (p < 0.01). (C) The TMT quantitative data of VNN1 between QF group and BQF (*p < 0.01).

and bovine (52, 53). The lysosomes of hepatocytes are rich in
GPI-PLD, which plays an important role in the degradation of
GPI and GPI-anchored proteins in hepatocytes. It is speculated
that GPI-PLD in hepatocytes may enter plasma with HDL

secreted by hepatocytes (54). Therefore, liver diseases may affect
the activity of GPI-PLD in plasma. Downregulation of plasma
GPLD1 in dairy cows with subclinical VE deficiency indicated
that oxidative stress aggravates abnormal liver metabolism and
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abnormal degradation of GPI and GPI-anchored protein of dairy
cows with subclinical VE deficiency.

Pantothenic acid (PA) and its salts, as a component of
coenzyme A (CoA) or acyl carrier protein (ACP), play an
important role in many metabolic reactions (55). Coenzyme A-
bound PA is involved in the energy release of carbohydrates,
fatty acids, and amino acids. The PA binding to ACP is
related to the synthesis of fatty acids (56). In the post-partum
subclinical VE deficiency group, PA and CoA biosynthesis
pathway-related protein pantothenyl thioglycolaminase (VNNI)
were downregulated. VNNI is a kind of oxidative stress sensor
rich in the liver, which is a GPI-anchored pantothenase. It is
involved in the regulation of multiple metabolic pathways and is
highly expressed in the liver, intestine, and kidney (57, 58). Its
pantothenase activity hydrolyzes PA into PA (vitamin B5) and
cysteamine (59). Some studies have shown that VNN1 deficiency
can increase liver GSH levels (60, 61). In this study, VNN1
was downregulated in subclinical VE-deficient dairy cows after
middle production, which may be due to the increase of liver
GSH level to resist oxidative stress.

Subclinical VE deficiency in cows in the early post-partum
period can aggravate oxidative stress and inflammation and
aggravate abnormal lipid metabolism in cows (11, 62, 63).
Vitamin E is a major protective agent for circulation and
intracellular lipid peroxidation, which can reduce the level of
cellular oxidative stress and improve the functional environment
of intracellular signaling pathways. It has anti-inflammatory and
antioxidant effects (64). The five candidate proteins (APOCS3,
APOC4, SAA4, PHLD, and VNN1) were identified by interaction
network analysis and literature review. The DEPs were further
verified by enzyme-linked immunosorbent assay and Western
blot. APOC3, VNNI1, and SAA4 all had significantly lower
expression levels than the healthy control group. APOC3 plays
a role in PPARa metabolism by controlling lipolysis of PPARa
ligands (65). VNN1 is an important target gene of PPARa, which
participates in regulating its activity (66-68). VNN1 is involved
in oxidative stress and inflammation by regulating the synthesis
of cysteamine and GSH (69, 70). Under physiological conditions,
SAA4 accounts for more than 90% of the total SAA (29).
However, its concentration did not increase in the inflammatory
state, but showed a downward trend (30, 31). As a new molecule
of concern, SAA4 may be one of the diagnostic markers of post-
partum cow subclinical VE deficiency. More research is needed to
explore the regulatory mechanisms of APOC3, VNN1, and SAA4
proteins against the dairy cow subclinical VE deficiency and how
the three proteins interact.

CONCLUSIONS

In this study, proteomic TMT methods were used to reveal
the subclinical deficiency of cow VE in the early post-partum
period and changes in plasma protein abundance in healthy

control. Subclinical VE-deficient cows aggravate oxidative stress,
abnormal lipid metabolism, and immunosuppression. The top
canonical pathways and biological functions identified by KEGG
and GO indicate this. Based on the different abundance of
proteins in these pathways, fat mobilization, ROS production,
and inflammatory immune response of subclinical VE-deficient
dairy cows increased, which would cause the body to be
susceptible to infection. These changes of oxidative stress and
inflammation-related proteins may be related to early lactation
diseases and slow recovery of reproductive performance. These
findings contribute to further research to better understand the
molecular mechanism of protein changes that may promote
inflammation and oxidative stress.
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