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Abstract

The w3 polyunsaturated fatty acids (PUFAs) are characterized as micronutrients
and are usually deficient in animal diets. Frequently excessive animal
consumption of w6 PUFAs from corn and other grains compared to w3 PUFAs (or
high dietary w6:w3 ratio) leads to various performance and health problems in
animals and can also affect human health - the primary consumers of animal
products. In recent years, lowering the ratio between w6 and w3 PUFAs in animal
diets has gained increasing attention as a nutritional intervention to enhance
performance and health.

This thesis aimed to improve growth performance and immune system in weaned
pigs through early nutritional programs (maternal low ratio of wé:w3 (LR) diet
during gestation and lactation) combined with later-life nutritional interventions
(post-weaned seaweed (SW) diet). Effects of LR in sow diet and SW
supplementation in piglet diet on performance, colostrum and milk fatty acids
(FA) profiles, and oxidative status, were studied in vivo (Chapter 2). The
performance and zootechnical data showed the effects of maternal LR diet during
gestation and lactation alone or in combination with the SW supplementation in
post-weaned piglets on piglet growth and antioxidant status. Also, the influence
of SW supplementation alone on piglet growth was revealed. To discover the
fundamental molecular processes that activate biological systems such as
reproduction and oxidative status, influenced by gestational and lactational LR
diet, sow plasma proteomic pattern changes and related biological pathways
associated with LR diet were characterized (Chapter 3). Moreover, the alterations
in the serum and ileal proteomes and related pathways induced by the interplay
between maternal LR diet and offspring SW diet were studied (Chapters 4 and 5).
In the final chapter, the findings of the thesis were summarized, and implications
of the results for future feeding regime practices were addressed (Chapter 6).

Zootechnical performance: Maternal LR diet during gestation and lactation
combined with the SW supplementation in post-weaned piglets did not enhance
piglets’ growth or antioxidant status. Nevertheless, the maternal LR diet alone
increased total w3 PUFAs (mainly a-linolenic acid - ALA) in the colostrum and milk,
improving the weaning survival rate and suckling piglets’ weight gain.
Additionally, SW supplementation enhanced piglets’ growth from sows fed control
ratio of wé:w3 (CR) diet.
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Sow plasma proteomics: LR diet altered the plasma levels of several acute phase
proteins (APPs) such as HP, SERPINA1, and APCS that might be involved in
protective mechanisms against accelerated stresses and, in particular, oxidative
stress at later stages of gestation and lactation. Furthermore, significant shifts
were found over the late gestation-late lactation period affecting the plasma
lipoproteins and the APPs. The end of pregnancy is associated with an acute phase
reaction (APR) demonstrated by the increased abundance of positive APPs (i.e.,
HP and ITIH4 (pig-MAP)) and a decrease in negative APPs, i.e., APOA1, while by
the end of lactation, this APR has dissipated and APOA1, APOA2, and APOC3 were
all increased.

Piglet serum proteomics: Maternal LR diet enhanced piglet host protective
response via regulating the expression of C3, SAA, SERPINA3, SERPINC1, and TF
and their association with anti-inflammatory activities and innate immunity. Post-
weaned piglets’ SW diet enriched C5a and KNG1, stimulating coagulation cascade
regulation and the connection between innate and adaptive immunity to enhance
the host defence during inflammation conditions. The potential regulator proteins
associated with the early development of piglet post-weaning were also
underlined, including serum lipoproteins (APOA1, APOB, APOE); pro-coagulation
proteins (F2, HRG, ORM1); coagulation regulator (PLG); and APPs (HP, ITIH4, TF,
SAA, SERPINA1). These proteins participate in platelet metabolism, haemostasis,
and cross-talk between coagulation pathways and inflammation, particularly in
the innate immune system.

Piglet ileum proteomics: Maternal LR diet positively regulated RPSA regarding
protein synthesis process but may induce uncontrolled proliferation and
overexpression of cell cycle regulators in the offspring via affecting CCT2. SW
supplementation reduced the inflammation severity in post-weaning piglets by
regulating ATP5A1 and ATP5B, promoting ileal epithelial growth in piglets fed
seaweed from the mother provided a control ratio of wé:w3 (CRSW piglets) (HBA,
HBB, RPL10A, and RPL24). However, it decreased the fat absorptive capacity in
piglets fed seaweed from the mother received a low ratio of wé6:w3 (LRSW piglets)
(FABP6).

Overall, the results suggest maternal and offspring nutritional interventions play
a vital role in sow reproduction and piglet development. Moreover, potential
protein regulators of pig performance and health over sensitive periods were
revealed. These can be used as the basis of future studies to understand how
nutrition programs can be enhanced to improve the quality and safety of animal
products for human consumption.
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The increasing demand for high-quality and safe animal products drives the
production system towards sustainable development. Nutritional management
focusing on lipids is widely used in animal diets as energy sources and essential
FAs. Potential benefits of supplemental lipids as functional substances are obvious
when animals experience management and environmental challenges [1]. This
introduction considers the functional effects of essential FAs on sows’ and progeny
performance and changes to the proteome, the entire set of proteins present in a

biological sample.

1.1 THE ROLE OF LIPIDS IN ANIMAL NUTRITION

Lipids are water-insoluble but organic-solvent-soluble molecules (except
phospholipids, which are water-soluble). The chemical structure of lipids is
characterized by hydrocarbon chains, of which fatty acids (FAs) and steroids are
the main types [2]. Fatty acids are carboxylic acids [R-(CH2)nCOO-] with an even
number of carbon atoms up to 28 [3]. Steroids are cholesterol-derived and
complex lipophilic molecules [4]. In general, lipids in animals, such as swine,
contain oil-liquid at room temperature and originated from vegetable sources, and

fat which is solid at room temperature and originated from the animal.

1.1.1 Lipid digestion and absorption in swine

Nutrient digestion and absorption determine growth and health in swine [5]. Lipid
supplementation significantly affects the sow’s reproductive and milk
performance, piglets’ intestinal health and development [6]. Dietary lipids are
firstly digested in the mouth with salivation, mastication, and liberation of lingual
lipase [7]. When the digesta is transferred to the stomach, lingual lipase
hydrolyzes medium- and long-chain triglycerides to free FAs [8]. At the stomach,
gastric lipase continues hydrolyzing triacyl-glycerides to short-chain FAs [8].
However, the primary lipid digestion location is the small intestine, where more

than 70% of triacyl-glycerides are hydrolyzed [7].

In the small intestine, lipids are digested by bile salts (formed from cholesterol in
the liver and stored in the gallbladder) [9] and pancreatic lipase. Bile salts are
essential for micelle formation, and pancreatic lipase hydrolyzes the

triacylglycerol to generate two free FAs and a monoacylglycerol [10]. Micellar
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formation starts from bile salts and phospholipids, which are released from the
gallbladder [7]. Micelles have a greater affinity for polyunsaturated FAs (PUFAs)
and saturated monoacylglycerols [11]. A mixed micelle increases lipids’ free FAs
content and absorption rate [12]. A general schematic of lipid digestion and

absorption is illustrated in Figure 1-1.
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Figure 1-1 General schematic of lipid digestion and absorption [2].
1.1.2 The w6 and w3 fatty acids in nutrition

Fatty acids (FAs) are straight-chain carboxylic acids (with the general formula R-
COOH) based on hydrogen and carbon atoms [13]. The FAs are categorized
according to the number of double bonds, and whether they are saturated (no
double bonds) or unsaturated (with double bonds). Fatty acids containing one
double bond in the acyl chain are called monounsaturated fatty acids (MUFAs),
and two or more double bond fatty acids are called PUFAs [14]. Double bonds
make unsaturated FAs more chemically reactive than saturated FAs: the more

double bonds that unsaturated FAs have, the more reactive they will be [15].

Based on the parent fatty acid from which PUFAs are synthesized, PUFAs comprise
four groups: the w3 family derived from a-linolenic acid (ALA, 18:3 w3); the wé
family derived from cis-linoleic acid (LA, 18:2 w6); the w9 family derived from
oleic acid (OA, 18:1 w9); the w7 family derived from palmitoleic acid (PA, 16:1
w7) [16]. Among these PUFAs, the w3 and w6 families are the most significant due
to their role in human and other mammals’ health and nutrition [15]. The w9 and
w7 families are “non-essential FAs” because mammals can synthesize them from

simple precursors [17].
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ALA and LA cannot be synthesized in mammalian cells due to the lack of the A12
and 15-desaturase enzymes to put an unsaturated site at the wé or w3 location of
the fatty acid chain [18]. Consequently, they are naturally essential FAs (EFAs)
and necessary components of human and animal diets [15,16]. Moreover, dietary
LA and ALA are required to generate C20 and C22 wé and w3 PUFAs in the
membrane lipids, which are crucial for the brain’s function, circulating cells
including red blood cells and leukocytes and skin [15]. The PUFAs containing 20C-
atoms such as dihomo-y-linolenic acid (DGLA, C20:3 w6), arachidonic acid (AA,
C20:4 w6), and eicosapentaenoic acids (EPA, C20:5 w3) are converted to
eicosanoid hormone-like compounds comprising prostaglandins (PGs),
thromboxanes (TXs), prostacyclins (Pls), and leukotrienes (LTs) [19]. The C22
PUFAs such as docosapentaenoic acid (DPA, C22:5 w3) and docosahexaenoic acid
(DHA, 22:6 w3) are the precursor of docosanoids such as protectins, resolvins, and
maresins [20,21]. Eicosanoids and docosanoids regulate many physiological
activities involving blood pressure, clotting, and lipid profiles; platelet
aggregation, immune response, and inflammation response to injury and infection
[15,22]. Structures of several common fatty acids found in plant and animal based-

diets are illustrated in Figure 1-2.
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Figure 1-2 Structures of common fatty acids found in plant and animal-based diets [23].
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1.1.2.1 w6 PUFAs

The parent FA of the wé PUFAs is LA. LA has 18 carbon atoms and 2 unsaturated
sites in which the first one is the sixth carbon from the methyl end of the FA
structure. LA is broadly distributed and abundant in dietary fat and several regular
vegetable oils including canola (~75%) [24], sunflower (~66%) [25], corn, perilla
[26], cotton seeds (~61%) [27], and soybean (46-54%) [28]. Accordingly, human and

animal consumptions of LA are far greater than that of w3 PUFAs.

1.1.2.2 w3 PUFAs

The parent FA of the w3 PUFAs is ALA. ALA has 18 carbon atoms and 3 unsaturated
sites in which the first one is the third carbon from the methyl end of the fatty
acid chain. ALA mainly occurs in vegetable oils such as perilla (-60%), linseed (also
known as flaxseed, ~55%), camelina (~38%) [29,30], canola (6-10%), soybean (5-
8%) [15], genetically modified soybean (7.4-11.8%) [31], and seaweed (0.4-3.9% in
brown species, 4.4% in green species and 0.2-4.3% in red species) [32]. ALA is
firstly converted to stearidonic acid (SDA, 18:4 w3) before being further
transformed to EPA, DPA, and DHA. SDA is present in animal and vegetable oils,
including fish (up to 4%); seeds such as blackcurrant, redcurrant, alpine currant,
Echium [33]; and soybean. EPA (20:5 w3), DPA (22:5 w3) and DHA (22:6 w3) are
the available w3 PUFAs in fish sources involving lean fish (e.g., cod), fatty fish

(e.g., salmon, mackerel, sardines, and tuna) and their lipids [15].

1.1.3 Synthesis and metabolism of w6 and w3 PUFAs

The w3 and wé FAs occur in feed sources in triglyceride form [34]. After digestion
in the small intestine, these EFAs can undergo three metabolic fates, including 1)
B-oxidation to produce ATP-energy, 2) esterification into cellular lipids containing
triglycerides, cholesterol esters, and phospholipids, and 3) desaturation and
elongation reactions to transform into other longer unsaturated chains (Figure 1-3)
[35].

A high proportion of dietary derived PUFA are B-oxidized, including 60-85% of ALA
[36], 50% of wé PUFA, and ~65% of DHA; thus, PUFA biosynthesis is relatively poor
[37]. Therefore, dietary PUFAs are highly utilised by tissues (e.g., heart and

muscle) for energy. Moreover, dietary PUFAs are recycled by tissues (e.g., brain
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and liver) to provide carbon for forming saturated fatty acids, amino acids, and

sterols within 5-10 minutes [37].

According to the third metabolism, the acyl chain of EFAs will be desaturated and
elongated by microsomal desaturase and elongase enzymes [14,38]. In the w6
series, linoleic acid (LA; C18:2 w6) will be altered through y-linolenic (C18:3 wé)
and dihomo-y-linolenic (C20:3 w6) to arachidonic (C20:4 w6) and other FAs (Figure
1-4.). In the w3 series, a-linolenic acid (ALA; C18:3 w3) will be altered through
stearidonic (C18:4 w3), eicosatetraenoic (C20:4 w3) and eicosapentaenoic (EPA;
C20:5 w3) to docosahexaenoic (DHA; C22:6 w3) and other FAs (Figure 1-4) [14].

EPA is a precursor of PGs and TXs and DHA is a precursor of docosanoids [15].

The w3 and wé FAs compete for identical enzymes, including fatty acyl-CoA
synthetases, A-6 and A-5 desaturases, and respective elongases (ELOV) via a
comparable set of reactions to biosynthesize to their long-chain PUFAs (LC-PUFAs)
[1,14,39]. These enzymes have a higher affinity to w3 FAs than that to wé FAs [1].
However, immoderate consumption of LA can influence these enzymes,
particularly A-6 desaturase (FADS2), therefore decreasing the conversion of ALA
to EPA and DHA [39]. Higher availability of w3 FAs (or lower the w6:w3 FAs ratio)
will lessen the biosynthesis of w6 FAs to LC-PUFAs [1].

[ Dietary Triglycerides J

Digestion

Fatty Acyl CoA

B-oxidation

v

Energy (ATP) Desaturation Esterification
& Elongation

reactions Synthesis of

Triacylglycerol,
Cholesterol esters
and phospholipids

Figure 1-3 Metabolic fate of essential fatty acids (EFA) [35].
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Figure 1-4 Biosynthetic pathway of very long chain w3 and wa6 polyunsaturated fatty acids
(PUFASs) [23] (ELOVL: elongation of very long fatty acids).

1.1.4 Importance of w6 and w3 PUFAs balance

The wide distribution and abundance of wé PUFAs over w3 PUFAs results in a
dietary imbalance of wé:w3 PUFAs ratio [40]. This ratio varies from 15:1 [41] to
20:1 [42] in the typical Western diet. Moreover, w3 cannot be converted to wé
PUFAs in the animal body due to the absence of w3 desaturase enzyme, and these
two PUFAs are different in metabolic and physiological roles [41]. The w6 PUFAs
are pro-inflammatory molecules, whereas w3 PUFAs have anti-inflammatory
properties and thus help maintain homeostasis and health [43]. Therefore, the
balance of wé6:w3 PUFAs ratio is important for good health and normal
development [44]. High dietary w6:w3 PUFAs ratios can increase inflammation by
promoting the production of pro-inflammatory cytokines, e.g., tumour necrosis
factor-alpha (TNF-a), interleukin-1 (IL-1), and interleukin-6 (IL-6) [41,45], and are
associated with many health problems such as cardiovascular disease, diabetes,
cancer, obesity, autoimmune diseases, rheumatoid arthritis, asthma and
depression [41,46]. Consequently, wé6:w3 PUFA ratios should be reduced to near

4:1 - 1:1 [40] for optimal performance, immunity, and health benefits [41,44].
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1.1.5 The balance of w6 and w3 PUFAs during lactation in sows

An overview of the balance of wé and w3 PUFAs (or EFAs) during lactation is
presented in Figure 1-5 [1]. A negative balance (intake minus milk output) of LA
and ALA is pronounced throughout lactation due to over EFAs secretion in milk
compared to the daily consumption, resulting in tissue mobilization. The balance
of EFAs throughout lactation is the difference between the inflow (intake minus
FAs not absorbed) and the outflow of EFAs [1]. EFAs can be absorbed through body
tissues such as adipose tissue, cell membranes, synthesized to other LC-PUFAs or
bioactive compounds, and energy oxidation. However, the mammary gland takes
the substantial EFAs and is secreted into milk [47]. Therefore, assessment of EFAs
balance during lactation is essential to provide more accurate estimates of the
requirements for EFAs and support the reproductive performance of sows. The
recommended minimum LA of 100 g/d should be provided to the sows to maintain

the EFAs balance during lactation, but no requirement for ALA is suggested [1].
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Figure 1-5 Simplified overview of the source, partitioning, and net balance of essential fatty
acids (EFAs) during lactation of sows. After absorbed into the body, fatty acids can be
deposited into tissues (e.g., adipose tissue, cell membranes), elongated to long chain PUFA,
biosynthesized to active metabolites, or oxidized for energy. The substantial amount of
absorbed EFA is anticipated to be extracted by the mammary gland and secreted in milk [1].
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1.1.6 The role of w6 and w3 PUFAs in the sow and litter
performance

Swine use dietary lipids as energy and EFAs sources. Many studies have been
performed to assess the effect of dietary lipids on the lactating sow and progeny
over the last 30 years; however, the results are still conflicting [1]. Therefore, we
need more research to clarify the benefit of including lipids, especially EFAs, in

swine diets on their performance [1].

EFAs are significant components of all cell membranes, influencing membrane-
fluidity and membrane-bound enzymes and receptors [16]. LC-PUFAs, particularly
DHA and AA, play an essential role in fetal growth and development [39,44]. The
embryo and infant can convert LA to AA and ALA to DHA [48], but their synthesis
rate is inadequate [18]. Therefore, the LC-PUFA source of the embryo entirely
depends on maternal circulation through the placenta [18] and the infant depends

on uptake of LC-PUFAs from its mother’s milk or diet.

Moreover, the w6 PUFAs positively regulate all wound healing phases (Figure 1-6)
[49]. Studies on healthy humans, mice, and zebrafish showed that LA could
promote wound healing by maintaining hydration and elasticity during the
inflammatory phase of tissue repair [49]. Conjugated LA (CLA) expressed
antioxidant and anti-inflammatory effects on the later inflammatory phase of
tissue repair in healthy mice and dogs. GLA (gamma-linolenic acid) positively
influences inflammation control in healthy humans. AA and its metabolites
stimulate cell migration and angiogenesis, improving wound healing in pigs [49].
However, the mechanisms associated with these processes need to be clarified
[49]. The effects of LA, CLA, GLA, and AA on wound healing phases are presented
in Figure 1-6 and Figure 1-7.

1.1.7 w6, w3 PUFAs and cytokine regulation during pregnancy

Pregnancy contains three phases distinguished by many pro- and anti-
inflammatory compounds [50]. In the first phase of gestation, pro-inflammatory
compounds, e.g., cytokines, are increasingly synthesized for fetus recognition,
successful implantation, and synchronized maternal - embryonic dialogue [50].
During this phase, fetus implantation involves the actions of some cytokines, e.g.,

interleukins (IL), leukemia inhibitory factor (LIF), interferon (IFN)-y, tumour
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necrosis factor (TNF)-a, and migration inhibitory factor (MIF) [51]. In the second
phase of gestation, a high concentration of anti-inflammatory compounds is
needed for uterine quiescence and embryo development. The last stage of

gestation observed an increasing concentration of IL-18 and IL-8 [52].

Metabolism of w6 PUFAs produces pro-inflammatory compounds, and w3 PUFAs
metabolism creates anti-inflammatory compounds, although they share the same
synthesizing enzymes [51]. The w3 PUFAs against inflammation by preventing the
formation of nuclear factor-kappaB (NF-kB), which perform transcription for pro-
inflammatory cytokines, e.g., TNF-a (tumour necrosis factor), and IL (interleukin)
[53]. Moreover, the gene expression of IL-6 and IL-18 can be lowered by w3 PUFAs
[54]. Cell culture studies showed that the anti-inflammatory effect of w3 PUFAs
refers to macrophage, endothelial cells regulation [55], and monocyte immune
modulation [56].

During pregnancy, w3 PUFAs prolong gestation length by interfering with pro-
inflammatory cytokine expression and activities in the uterus and reducing the
production of prostaglandins [51]. Consequently, the weight of infants at birth
increases. Nevertheless, the influence of w3 PUFAs at each phase of pregnancy on

its establishment and outcome is still unknown [51].
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Figure 1-6 Wound healing process [49], including three stages: the inflammatory, proliferative, and
remodelling. Early phases of wound healing involve coagulation and activation of inflammatory cells.
The proliferative phase includes proliferation offibroblasts and angiogenesis. The remodelling stage
involves restoration of the barrier and contraction of the wound by myofibroblasts. The procedure is
coordinated by immune cells and growth factors and cytokines and chemokines as followings: HF =
hair follicle; BV = blood vessels; TNF = tumour necrosis factor; IL-1beta = interleucina lbeta; IL-6 =
interleucina 6; ROS = reactive oxygen species; CXCL2 = chemokine (C-X-C motif) ligand 2; IFN-gamma
=interferon-gamma; VEGF = vascular endothelial growth factor; TGF-beta = transforming growth factor
beta; FGF = fibroblast growth factor; KGF = keratinocyte growth factor; MCP1 = monocyte
chemoattractant protein-1; IGF = insulin growth factor; TIMPs = tissue inhibitors of metalloproteinases;
MMPs = matrix metalloproteinases; PDGF = platelet-derived growth factor; EGF = epithelial growth
factor.
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Figure 1-7 Effects of linoleic acid (LA), conjugated linoleic acid (CLA), gamma linolenic acid
(GLA), and arachidonic acid on wound healing phases [49].

1.2 PROTEOMICS-BASED APPROACH IN SWINE
STUDIES

Proteomics is the study of the proteome - entire protein complement present in a
biological sample under a specific set of environmental and physiological
conditions; these conditions change result in altered protein expressions [57].
Proteomics technologies provide valuable insights into the dynamic and complex
processes influencing animal biology [58]. Besides discovering protein’s expression
and cellular functions, proteomics can identify their interactions, cellular
localization, post-translational modifications (PTMs), and turnover [59]. PTMs such

as acetylation, methylation, glycosylation, and phosphorylation regulate protein
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activity, stability, localization, and function, and are involved in critical

intracellular signalling pathways [60].

1.2.1 Background on proteomics technologies and workflows

The development of proteomics technologies is associated with updated methods
for peptide/protein separation, isotope labelling for quantification, and
bioinformatic data analysis with mass spectrometry is the core tool [61]. There
are three main proteomics approaches, with details presented in Figure 1-8 and

explained below.

Firstly, the bottom-up proteomics strategy analyses short peptides released from
complete proteolytic digestion of protein [62]. The bottom-up analysis is called
shotgun proteomics when a protein mixture is measured indirectly through
proteolytic peptides [61]. In a shotgun proteomics study, the peptide mixture is
fractionated into multiple samples according to their charge, size, polarity, or
hydrophobicity, separated using liquid chromatography (LC), and subjected to
MS/MS (tandem mass spectrometry) analysis [63]. The tandem mass spectra from
peptide fragmentation are compared to the theoretical best match from a protein
database to identify peptides [61]. Then, peptide sequences are mapped to
proteins, noticing that peptides can be unique to a single protein or shared by >1
protein [61,64]. Relative differences in protein can be quantified (based on the
relative changes in abundance across samples) or measured absolutely (absolute
concentration of a protein in a sample) [63,64]. However, absolute quantification
is only suitable for measurement of selected proteins of interest because it

requires expensive spiked-in standards [65].

Similar to bottom-up analysis in the proteolysis step, the middle-down strategy
generates longer proteolytic peptides; hence, more unique peptides are
generated and better sequence coverage is achieved [62]. Consequently, this
approach enhances the number of detected PTMs and proteoforms (intact protein
forms) [62]. Middle-down proteomics reflects the actual protein level in the
biological samples better than the bottom-up method because it reduces shared
peptides and the effect of protein degradation and the completeness of

proteolytic digestion [61].
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Thirdly, the ‘top-down’ approach measures intact proteins [64], representing
advantages for PTMs and protein isoform determination [61]. Nevertheless, the
top-down approach is more challenging than bottom-up proteomics in protein
fractionation, protein ionization, and fragmentation in the gas phase [61,66].
Higher and more diverse charge states of intact proteins reduce the signal-to-noise
ratio, increase error-prone to proteoform identifications, and mislocalize PTMs
[66].

In proteomic analysis, different protein separation techniques are applied. Gel-
based techniques include 2-DE (dimensional gel electrophoresis), DIGE (difference
gel electrophoresis), and 1-DE [62]. The most common gel-free technique is Liquid
Chromatography (LC) [62,67]. 2-DE separates proteins according to their
isoelectric point and molecular weight and generates a complex proteome map
with numerous protein ‘spots’ [68]. DIGE is an advanced 2-DE technique where
proteins are fluorescent-labeled with Cy-dyes, and an internal standard (the
pooled represents all samples) is used between multiplexes; thus, saving gels and
reducing experimental variation [69]. The main disadvantage of the 2-DE
technique is the masking by high-abundance proteins of low-abundance proteins
and poor separation of acidic, basic, and hydrophobic ones [70]. LC is the high-
performance separation technique for proteolytic peptides or intact proteins,

based on the mobile phase (solvents) and stationary phase [62].

In current shotgun proteomic workflows, isotope labeling methods are selected to
improve quantitative accuracy and avoid false-positive protein changes resulting
from co-eluting high-abundant peptides, such as SILAC (stable isotope labeling
with amino acids in cell culture), iTRAQ (isobaric tag for relative and absolute
quantitation), and TMT (tandem mass tag) [69]. In iTRAQ and TMT, the peptides
are labeled after digestion and are maintained in their equal mass to charge (m/z)
ratios after labeling (in the MS1 spectrum) [63]. Upon fragmentation (MS/MS), the
isobaric tags break and release different reporter ions with unique mass depending

on their condition and provide relative protein abundance between samples [71].

After the digestion, samples are subjected to mass spectrometry (MS) analysis for
protein/peptide sequences identification [72]. Mass spectrometers contain ion
sources, the mass analyser, and an ion detection system [70]. MS analysis involves

three main phases: 1) protein ionization and generation of gas-phase ions, 2) ion
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separation based on their m/z ratios, and 3) ion detection [73]. Next, the
identified peptide sequences are re(mapped) to their originated proteins of origin
[74]. MS/MS combines two different MS analyses in which each tryptic peptide is
fragmented after a liquid phase separation [70]. Overall, MS technologies provide
an accurate, high throughput, and robust proteome characterization in biological
samples [75].

The final step is protein identification and validation, where MS/MS spectra are
assigned to predicted fragment ion masses derived from a protein sequence
database, using searching algorithms [70]. SEQUEST is a search engine that
correlates observed MS/MS spectral data of peptides with known amino acid
sequences in a database [76]. Another common search algorithm is Mascot which
generates a probability-based score by assessing the chances that a particular
fragment is associated with the observed spectrum, integrating mass spectra with
protein sequence information, the molecular weight of tryptic peptides, and
MS/MS data [77]. Peptide sequences are identified individually before inferring a

set of peptide sequences to a protein based on their uniqueness [78].

Proteomics findings are usually validated using additional assays to support data
in expression or differential abundance of proteins between two treatments at
measurably different levels [79]. This confirmation step significantly improves
data quality but should be considered carefully because it requires more
resources, time, and potential failure of experiments [79]. The most common
validation approaches are western blots and enzyme-linked immunosorbent assay
(ELISA).
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Figure 1-8 Proteomics approaches: bottom-up, middle-down, and top-down. The bottom-up
strategy measures short proteolytic peptides produced from complete digestion (typically by
trypsin). The middle-down method analyses longer peptides released from restricted
digestion or more selective proteases. The top-down approach analyses the intact proteins.
In three approaches, protein extracts were fractionated at the protein level (before proteolytic
digestion) or at the peptide level (after proteolytic digestion). Labeling was performed in
culture by incorporation of heavy or light amino acids (SILAC — stable isotope labeling with
amino acids in cell culture) or at the peptide level (iTRAQ — isobaric tag for relative and
absolute quantitation or TMT-tandem mass tag). In DIGE (difference gel electrophoresis),
protein extracts are labeled with different fluorescent dyes before they are separated by 2-DE
(dimensional gel electrophoresis). LC-MS/MS: Liquid chromatography — Tandem mass
spectrometry. (Modified from [61,62,69]).
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1.2.2 Proteomics studies in sows and piglets

Proteomic studies in swine have been developed rapidly and widely in recent

years, covering various topics [80-82].

Several studies have focused on proteome changes in the sow, especially in the
pregnancy stage. Specifically, protein alteration in the uterine endometrium
during pregnancy (days 12, 40, 70, and 93) was compared to the non-pregnhancy
condition [83,84]. Quantitative proteomic analysis using two-dimensional
differential gel electrophoresis (2D-DIGE) revealed the upregulation of a
pregnancy-dependent protein profile, i.e., serpins, cofilin, annexin A2 related to
uterine preparation pathways for embryo implantation (day 12), i.e., calcium
signalling, angiogenesis, leukocyte migration, and cell movement [83], cell
adhesion and cytoskeletal organization [85]. At later stages of pregnancy,
development-, cytoskeleton- and chaperon-related proteins, i.e., transferrin,
galectin-1, heat shock protein (HSP) 27 and HSP 90b, were changed in abundance,
and participated in the regulation of endometrium function and development and

maintaining pregnancy [84].

The 2D-DIGE procedure disclosed aldolase, fatty acid-binding proteins, and
lipogenic enzyme regulation in subcutaneous adipose tissue of fetuses carried by
sows of either pure and crossbred Large White or Meishan during late gestation
(days 90 and 110) [86]. The label-free LC/MS shotgun proteomics approach
discovered altered mammary tissue proteins associated with the fatty acid
synthesis of sows supplemented with valine from day 75 of gestation until
farrowing [87]. TMT-based quantitative proteomic analysis revealed the influence
of different housing systems on the colostrum composition of pregnant sows via
affecting their immune system and fat metabolism processes [88]. However,

inadequate attention was given to the lactation stage in the sow.

Pregnant and lactating sows’ nutrition and metabolism significantly affect piglets’
survival, growth, and health by reprogramming sows and their offspring’s
proteome. An iTRAQ coupled with 2D LC-MS/MS analysis revealed that maternal
obesity (with high backfat thickness, > 23 mm) substantially reduced placental
efficiency and increased sow’s plasma and placental levels of proinflammatory

cytokines and triglyceride, resulting in decreased placental total antioxidant
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capacity [89]. Excessive backfat in sows is related to placental abnormal
carbohydrate and lipid metabolism, mitochondrial dysfunction, and elevated

oxidative stress and inflammation [89].

A 2D-DIGE based study demonstrated that a maternal low protein diet upregulated
newborn offspring’s subcutaneous adipose tissue proteins associated with glucose
and FA metabolisms, lipid transport, and apoptosis regulation while maternal high
protein diet upregulated proteins in new-born offspring (i.e., transaldolase,
annexin Il, and apolipoprotein A4) related to amino acid metabolism and protein
turnover [90]. Piglets from the same trial were fed high protein diet from day 2
to 28 before weaning, expressed adipose tissue protein alterations associated with
signal transduction (annexin 2), redox status (peroxiredoxin 6, glutathione S-
transferase omega 1, cyclophilin-A), carbohydrate metabolism (ribose-5-
phosphate dehydrogenase, lactate dehydrogenase), amino acid metabolism
(glutamate dehydrogenase 1) and cell cytoskeleton dynamics (dynactin and
cofilin-1) [91].

Shotgun proteomics analysis on days 4 and 7 postnatal milk in gestating and
lactating sows supplemented with oat and yeast culture (as prebiotic + probiotic
sources) benefitted piglets via upregulating milk-related immune and
antimicrobial proteins such as lactoferrin and chitinase [92]. In addition, the TMT
approach uncovered the testicular proteome changes of male offspring born from
mother-fed fibre during pregnancy [93]. The testicular proteome is related to
starch and sucrose metabolism pathways, FA, glutathione, and the renin-

angiotensin system [93].

1.3 PREVIOUS STUDIES SHOWING Q6:Q3 RATIOS
EFFECTS ON THE SOW’S AND PIGLET’S
PERFORMANCE AND PROTEOME

Several studies have been performed to investigate the effect of different wé:w3
ratios on sow and piglet performances, lipid metabolism, immune response, gene

expression, and transcriptome.

Different ratios of wé:w3 PUFAs can affect sow performance and their suckling

piglets [94,95]. Changing the dietary ratio of wé:w3 PUFAs in lactating sows from
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13:1 to 9:1 and 3:1 has influenced the sow’s (plasma, colostrum, milk) and her
litter’s performance, fatty acid composition; immune and inflammatory response
comprising immunoglobulin and cytokines, respectively [94]. In addition, reducing
w6:w3 PUFAs ratio in gestation-lactation sow diets from 20:1 to 10:1 can improve
reproductive performance by decreasing sow body weight loss after farrowing to

weaning [95].

Several studies have been published on the effect of altering dietary PUFAs on
lipid metabolism and inflammatory and immune response [96-100]. The w6:w3
PUFAs ratios of 1:1 and 5:1 influenced lipid metabolism and inflammation,
providing more energy and nutrients for high performance and homeostatic
pathways [99]. Furthermore, feeding PUFAs diets (2% fish oil) to the gestating and
lactating sows activated their antioxidant defense procedure against oxidative

stress, and this mechanism was transferred to their piglets [101].

Increased dietary intake of w3 PUFAs resulted in reducing the ratio of w6:w3
PUFAs in the liver, regulating gene expression and influencing a group of genes
that relate to energy metabolism, signalling pathways, inflammation, and immune
response [102]. Altering w6:w3 PUFAs ratio affected the transcriptomic profile of
the pig liver and their health status [102]. Lowering w6:w3 ratio by adding 0.5%
w3 PUFAs in male pig diet alleviates the immunosuppression and oxidative stress
by decreasing the expression of tumour necrosis factor (TNF)-a, nuclear factor
(NF)-kB, interferon (IFN)-y, and interleukin (IL)-8, alleviating the activities of liver
injury markers, and modulated serum oxidative stress markers [103]. Moreover,
increasing dietary fat content (30 g/kg higher than control diet) by high PUFAs
(wb:w3 ratio is 5.2) for gestating sows does not influence their reproduction or

gene expression in their blood or the liver and blood of their progeny [104].

In general, although several results have been published, the actual requirements
of wé and w3 PUFAs in sow diets and the ideal ratio of these two PUFAs are still
debated. Additionally, no proteome studies have linked the effects of different

wb6:w3 ratios with sow and their offspring developments.
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1.4 BROWN SEAWEED AND PIGLET DEVELOPMENT

1.4.1 Introduction of brown seaweed

Weaning piglets are susceptible to numerous stressors, including separating from
the sow, mixing with other piglets, dietary and environmental changes [105].
These changes modify gut microflora, and piglets are easily infected with enteric
pathogens [106], thus, reducing feed consumption and daily gain [107]. In recent
years, controlling these problems by using alternatives to in-feed antibiotics such
as macroalgae (also known as seaweeds) [108] or probiotic feed additives such as

microalgae [109,110] has been commonly performed.

Several studies stated that seaweeds and their products could be substituted for
antibiotics to improve animal performance and reduce pathogenic bacteria [111].
Seaweeds are the source of bioactive constituents that produce many secondary
substances with a broad spectrum of biological activities [112]. Furthermore, they
are rich sources of minerals, e.g., Ca, P, Na, K, and vitamins, e.g., A, B4, B12, C,
D, E, riboflavin, niacin, pantothenic acid, and folic acid [113]. Seaweeds are

categorized into green, brown, and red algae based on their pigment [112].

Brown seaweeds are an excellent source of iodine and soluble fiber and, thus, are
a source of prebiotics that can be used to maintain the equilibrium of intestinal
flora [112]. Moreover, brown species contain many polysaccharides such as
laminarin, fucoidan, and alginic acid [114]. Laminarin is a group of water-soluble
and low molecular weight B-glucans, a substrate for bifidobacteria and
Lactobacilli spp. [115]; thereby enhancing growth performance, feed intake, and
feed conversion ratio in nursery pigs [116]. Moreover, B-glucans have antibacterial
activity and can trigger cytokine release, e.g., tumour necrosis factor (TNF)-a
from macrophages [117]. The second polysaccharide family in brown seaweeds,
fucoidans, has profound biological activities [118], including antitumour [119],
antiviral [120], and antibacterial features [121]. Besides that, polysaccharides
have beneficial effects on inflammation and immune systems by protecting cells
from viral infection [112]. Brown algae also contain a high level of phlorotannin,
a phenolic compound with strong antioxidant, anti-inflammatory, antiviral,

antimicrobial, anti-tumour, and anti-cancer activities [122].
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In recent years, many studies focused on the brown seaweed Laminaria sp.;
however, very little data are published on the effect of brown seaweed
Ascophyllum nodosum (A. nodosum) [123]. A. nodosum is a common species of the
Fucaceae family that occurs in the North Atlantic Ocean [123,124]. Like other
brown seaweed species, A. nodosum is an excellent source of bioactive
compounds. These algae species can contain up to 70% of total polysaccharides on
a dry matter basis that could act as prebiotics to enhance gastro-intestinal

microflora health status and other health-promoting bioactivities [32].

1.4.2 Previous studies showing brown seaweeds effects on piglet
performance, health, and proteome

Several studies have been performed to examine the effect of diet containing A.

nodosum products on animal performance and health status.

Dietary addition of extract of A. nodosum on weaned piglets shows several
beneficial influences on growth performance (e.g., average daily gain (ADG), final
weight, average daily feed intake (ADFI)) but no effect on immune response to
challenge with Salmonella typhimurium [125]. Dietary inclusion of 500 and 1000
ppm A. nodosum extract for ten-day-old chicks remarkably decreased caecal
Campylobacter jejuni (a zoonotic microorganism) level but also decreased growth
parameters [126]. Therefore, further studies are required to investigate the exact
composition and timing of administration of the extract to support the growth and
health status of the chicks [126]. An ex-vivo study in the porcine colonic tissue
challenged with lipopolysaccharide showed the immunomodulatory and anti-
inflammatory bioactivities of A. nodosum extract [127]. Nevertheless, these

effects need further investigation in the mammalian intestine [127].

Feeding dried intact A. nodosum (10 and 20 g/kg) for weaned piglets can improve
their gastro-intestinal health and positively affect piglet performance [128].
However, the dietary inclusion of 2.5, 5.0, or 10.0 g/kg dried intact A. nodosum
did not improve performances nor some gut health parameters and plasma
oxidative status of weaned piglets [123]. This result can be explained by the
additional level of A. nodosum being too low for a prebiotic influence or a masking

influence of some available bioactive constituents.
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To our knowledge, despite the high content in bioactive compounds, little and
inconsistent information is published about the effect of A. nodosum seaweed
supplementation on the health status of weaning piglets. Moreover, no previous
research had combined the mother diet’s effect to emphasize better the potential

impact of A. nosodum on piglets’ overall health status and proteome profile.

1.5 CONCLUSIONS, AIM, AND OUTLINE OF THIS THESIS

Polyunsaturated fatty acids (PUFAs) are beneficial bioactive compounds for animal
health. The ratio of wé6:w3 PUFAs can affect many biological processes and
metabolic homeostasis [102], such as modulating immune-cell function [129]. The
w6 PUFAs are the precursors of multiple pro-inflammatory molecules, including
prostaglandins, leukotrienes, and related compounds. The w3 PUFAs are anti-
inflammatory and immunomodulatory compounds [129] thus, they are beneficial

for reproduction, including fetal growth and development [101].

Although several studies investigated the effect of dietary wé:w3 PUFAs on sow
performance and their piglets, the actual requirements and optimal ratio of
w6:w3 PUFA ratio in the diet of gestating and lactating sows is still debated, and
previous studies did not exploit -omics techniques. Additionally, there are few
publications on the effects of seaweed administration on postweaning piglets, and
none of them examined prior dietary treatments on sows during gestation and

lactation.

The research described in this thesis is project 01 “wé6/w3 Fatty acid (FA) ratio
effect on piglet microbiome and immunity”, a collaborative project between
Universita degli Studi di Milano (Department of Health, Animal Science and Food
Safety “Carlo Cantoni” (VESPA)) and University of Glasgow (College of Veterinary,
Medical and Life sciences, School of Veterinary Medicine). This project is
supported by the European Unions’ Horizon 2020 research and innovation program
H2020-MSCA-ITN-2017-EJD under the Marie Sktodowska-Curie Innovative Training
Networks (European Joint Doctorate in Molecular Animal Nutrition, MANNA), grant
agreement No 765423.

The project’s overall aim was to improve growth performance and immunity of

piglets that received seaweed (SW) supplementation and were born from mothers
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fed low dietary ratio (LR) of w6:w3 PUFAs, by modulating their proteome profile.
In this thesis, the focus was on an advanced understanding of the underlying
mechanisms for the role of maternal dietary LR on sow’s and piglet’s performances
and oxidative status, concerning proteomics alterations in sow plasma, piglet
serum, and piglet ileum. The choice of omega 6:3 ratio (13:1 as the control and
4:1 as the low ratio) was based on previous literature. Brown seaweed was
considered in EU feed legislation as feed materials not requiring any registration
as feed additives (Regulation UE 2017/1017).

First, the effects of LR in sow diet and SW supplement in piglet diet on
performance, colostrum and milk FA profiles, and oxidative status, were revealed
(Chapter 2). These zootechnical studies assessed the combined effect of LR in sow
diets and SW supplementation in piglet diets on piglets’ growth and oxidative
status. Furthermore, the influence of maternal LR diet on reproduction, milk FA
profile, oxidative status, and plasma leptin concentration was discovered. The
molecular mechanism of the interaction between dietary treatments in sows and
piglets remains to be addressed. The effects of nutritional interventions on

molecular outcomes in sows and their progeny were studied.

An extensive proteomics study in the plasma of sows (Chapter 3) was conducted
to examine the protein expression alteration following the long-term decrease in
dietary wé:w3 ratio during gestation and lactation periods. To better understand
the interplay between maternal and offspring nutritional interventions, and
identify whether maternal LR diet and progeny SW diet can boost progeny
immunity and performance, altered serum and ileal proteomes in post-weaned
piglets were studied in detail (Chapter 4 and 5). Lastly, the findings of this thesis

were summarized and discussed in Chapter 6.
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2.1 SUMMARY

Feeding maternal animals divergent ratios of omega-6 (w6é) and omega-3 (w3)
fatty acids can change not only their health, physiological condition, and
performance but also do the same for their offspring. In swine production, various
w6:w3 ratios have been tested, but the search for an optimal proportion in the
sow diet is still in progress. For piglets, weaning oxidative stress has been
alleviated by supplementing with abundant sources of bioactive compounds. In
this case, brown seaweed, a rich source of natural antimicrobials and
antioxidants, can be a good candidate, but studies on its supplementation in piglet
diet is limited. This study explores the hypothesis that feeding a low w6:w3 ratio
diet to sows during gestation and lactation, together with the supplementation of
Ascophyllum nodosum for piglets during the post-weaning period, could benefit
piglets’ performance and oxidative status more than the respective single
treatment provided to the mother or the piglet. Results showed that the low
dietary wé6:w3 ratio (4:1) and seaweed supplement did not affect the post-
weaning piglets’ growth rate and oxidative status. However, a low wé6:w3 ratio
diet alone improved weaning survival rate, suckling piglets’ weight gain, and total

w3 fatty acids in colostrum and milk.
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2.3 ABSTRACT

The ratio of omega-6 (wé) to omega-3 (w3) polyunsaturated fatty acids (PUFAs) in
the diet contributes to animal health and performance modulations because they
have mostly opposite physiological functions. Increasing w3 PUFAs content in the
maternal diet can stimulate antioxidative capacity in sow and piglets; however,
the optimal ratio of wé and w3 PUFAs in the sow diet is still under discussion. Rich
sources of bioactive constituents such as brown seaweed are an excellent
supplementation to promote animal health and antioxidant status. However, the
knowledge of the effects of brown seaweed, specifically in post-weaning piglets,
is still limited. Moreover, the combined effect of a low wé:w3 PUFAs ratio in sow
diet and seaweed supplementation in post-weaning piglets’ diet has never been
studied.

This research aims to assess the combined effect of a low wé:w3 ratio in sow diets
and seaweed supplementation in piglet diets on their growth and oxidative status.
We also assessed the impact of a low wé:w3 ratio in the maternal diet on
reproduction, milk fatty acid (FA) profile, and plasma leptin concentration. Two
sow diets (n = 8 each) contained either a control ratio (CR, 13:1 during gestation,
starting from day 28 (G28) and 10:1 during lactation) or a low ratio (LR, 4:1 from
G28 until the end of lactation (L-End)) of wé:w3 FA by adding soybean oil or
linseed oil, respectively. Reproductive performance was evaluated. Colostrum and
milk at lactation day 7 (L7) and L-End were collected to analyse FA profile. Plasma
was collected at G28, G79, G108, L7, L14, and L-End for determination of leptin
and oxidative status. At weaning, 20 male piglets were selected per sow group to
form 4 diet treatments (n = 10 each), which were supplemented with or without
4g/kg seaweed. Recording of growth performance and collection of blood were

performed at days 0, 7, 15, and 21 of post-weaning for oxidative status.

LR diet increased (p < 0.05) the survival rate of piglets at weaning, and individual
and litter weight gains. Colostrum and milk at L7 and L-End had lower (p < 0.05)
w6:w3 ratio in LR sows. Interaction between dietary treatments on sows and
piglets was revealed for all examined growth parameters at most time points (p <
0.05). LR diet did not affect plasma leptin levels and oxidative status. These
findings suggest that the seaweed supplement during post-weaning could not

improve growth rate and oxidative status of piglets born from mothers receiving
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a low dietary wé6:w3 ratio (4:1) during gestation and lactation. However, this low
ratio was beneficial for weaning survival rate, sucking piglets’ weight gain, and

w3 enrichment in colostrum and milk.

Keywords: sow; w6:w3 polyunsaturated fatty acids; seaweed; piglet
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2.4 INTRODUCTION

In pig production, there is a growing interest in lowering the ratio of omega-6 (w6)
: omega-3 (w3) polyunsaturated fatty acids (PUFAs) below 10:1 in maternal diets
by using divergent sources of w3 PUFAs (e.g., fish oil, linseed oil) to promote the
health and performance of sows and piglets [1-5]. The enrichment of w3 PUFAs in
the diet has been shown to stimulate the antioxidative capacity in sow plasma and
glutathione peroxidase activity (GSH-Px, an enzyme protecting cells against
oxidative damage) in piglet liver, and decreased lipid peroxidation in piglet
plasma [6]. A previous study found that increasing w3 PUFAs in the maternal diet
enhanced anti-inflammatory properties and reduced the pro-inflammatory effects
of w6 PUFAs, thus maintaining homeostasis [7]. A recent meta-analysis supports
this notion in human studies [8], which showed that increasing the portion of w3
PUFAs in the diet enhances the antioxidant defense mechanisms. However, there
continues to be a debate about the optimal ratio of w6 and w3 PUFAs in the sow
diet and how these effects can be transmitted from mother to offspring via milk,

especially effects on piglets’ performance and oxidative status.

For piglets, weaning is the most stressful event in life: the transition from a milk-
based to a solid diet and changes in the environment and social relationships can
reduce feed intake and conversion efficiency, disrupting gut mucosal barriers, and
leading to reduced growth and health [9]. Moreover, piglets undergo oxidative
stress and inflammation after weaning that can further contribute to poor
performance [10]. These adverse outcomes can be alleviated by supplementing
with abundant sources of bioactive compounds [10-13]. Brown seaweed
Ascophyllum nodosum (A. nodosum) is a rich source of natural antioxidants [14]
and antimicrobials [15], which can inhibit or impede oxidative damage by
neutralizing free radicals in the cell [16]. Therefore, supplementing A. nodosum
in the post-weaning diet can promote piglet health and performance. To our
knowledge, only a few studies have investigated the effect of intact A. nodosum
meal on the oxidative status of post-weaning piglets [17,18]. Moreover, none of
them examined the possible combined or additive effect of low w6: w3 PUFAs

ratio in sow diet and A. nodosum supplementation in post-weaning piglets’ diet.

Herein, we hypothesized that feeding a low wé6:w3 ratio diet to sows during

gestation and lactation, together with the supplementation of A. nodosum for
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piglets during the post-weaning period could benefit piglets’ performance and
oxidative status more than the respective single treatment provided to the mother
or the piglet. With this purpose, we also considered the effects of maternal dietary
low w6:w3 ratio on their reproductive performance, milk fatty acids (FA) profile,
regulation of plasma leptin concentrations (which indicates sows’ body fat

content), and oxidative status.

2.5 MATERIALS AND METHODS

2.5.1 Animals and Housing

The sow experiment was conducted on a commercial swine farm (Arioli and
Sangalli Agricultural Company S.S., Genzone, Italy). Sows (Landrace x Large
White) were artificially inseminated with pooled semen (Topdelta boar, Large
White) and kept in groups (8 sows per group) from one week after artificial
insemination until one week before farrowing. Sixteen multiparous sows had
similar body weight (202.57 + 7.16 kg, mean + SEM) and body condition score (2.36
+0.12, mean + SEM) at the beginning of the trial. On day 108, gestating sows were
moved to individual farrowing crates and stayed there until weaning. Within 24 h
of birth, ear notching and tagging, iron injection, needle teeth clipping, and tail

docking were performed.

The piglet trial was performed at the Animal Production Research and Teaching
Centre, University of Milan (Lodi, Italy). Piglets were weaned at day 26 (+ 1.76) of
age (6.46 + 0.15 kg of body weight, mean + SE), and 20 male piglets per dietary
treatment were selected from the sows (40 piglets in total). They were housed for
21 days in individual pens (0.47 m2/pen) equipped with a bite nipple drinker and
self-feeder. The experimental protocols were approved by the Ethical Committee
of the University of Milan (OPBA 67/2018) and the Italian Ministry of Health
(authorization n. 168/2019 PR).

2.5.2 Experimental Diets

Sows were randomly allocated to one of two diet treatments that contained either
a control ratio (CR, 13:1 during gestation, starting from day 28 (G28) and 10:1
during lactation) or a low ratio (LR, 4:1, from G28 until the end of lactation) of

w6:w3 PUFAs. CR ratio was a usual ratio in European swine farms, and LR ratio
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was selected according to the literature. The wé and w3 fatty acids for this study
were derived from soybean oil and linseed oil (Mazzoleni s.pa., Bergamo, Italy).
The w6 and w3 PUFAs content (per total fatty acids) of soybean oil was 54.3% and
8.5%, (wb:w3 = 6.26), of linseed oil was 16.2% and 52.9% (wé6:w3 = 0.31).
Experimental diets were calculated to be isonitrogenous and isoenergetic and to
meet the estimated nutrient requirements for sows during gestation and lactation
[19], according to the total amount of the basal diet (Table 2-1) provided to adjust
the final ratios of w6:w3 PUFAs in the diets to 13:1 during gestation and 10:1
during lactation, and 4:1 from G28 until the end of lactation (Table 2-2).

Table 2-1 Composition of Basal Sow Diets.

ltem Gestation Lactation
Ingredients (g/kg as fed basis)

Corn 284.60 249.10
Barley 224.20 216.70
Wheat bran 208.00 115.80
Distillers ‘grains 125.00 40.00
Biscuit 50.20 52.10
Rice 35.00 35.00
Commercial concentrate * 25.00 250.00
Soybean oil 12.90 14.00
Fish meal - 14.50
Mineral-vitamin premix ** 20.00 11.70
HCl-Lysine 11.20 15.00
Composition (% DM)

Crude protein 15.85 19.92
Crude fat 4.55 4.93
Crude fiber 5.69 5.66
Ash 5.68 4.46
Ca 1.70 1.21
P 0.56 0.57
Ca/P 3.04 2.12
Lysine 1.04 1.34
Methionine 0.18 0.22
Met +Cis 0.37 0.50
Digestible energy (DE, kcal/kg) 3069 2973
Metabolizable energy (ME, kcal/kg) 3123 3032

* Providing (as fed basis): 32.36% crude protein, 6.80% crude fat, 6.77% crude fiber, 0.80% Na,
2.43% lysine, 0.56% methionine. ** Providing (per kg of complete diet): vitamin A, 10 000 IU;
vitamin D3, 2000 IU; vitamin E, 48 IU; vitamin K3, 1.5 mg; riboflavin, 6 mg; niacin, 40 mg; biotin,
0.2 mg; d-pantothenic, 17 mg; folic acid, 2 mg; choline, 166 mg; vitamin B6, 2 mg; and vitamin
B12, 28 mg. Fe (as FeS04), 90 mg; Cu (as CuSO4), 15 mg; Zn (as ZnSO4), 50 mg; Mn (as Mn0O2), 54
mg; | (as KI), 0.99 mg; and Se (as Na25e03), 0.25 mg.
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Table 2-2 Fatty Acid (g/100g total fatty acids) of sow diets.

ltem Gestation Gestation Lactation Lactation

CR LR CR LR

10:0 0.26 0.22 -
12:0 0.35 0.30 1.80 1.56

14:0 0.25 0.21 -
16:0 20.23 18.08 17.58 16.06

16:1 w7 0.50 0.42 - -
18:0 3.06 3.30 4.36 4.40
18:1 w9 cis 19.88 19.80 24.51 23.84
18:1 w7 1.05 1.03 - 0.12
18:2 w6 cis 9,12 49.79 44.73 46.92 42.90
18:3 w3 3.72 11.12 4.83 11.12

20:0 0.28 0.24 - -

20:1 w9 0.41 0.35

22:0 0.23 0.20 - -
w6 49.79 44.73 46.92 42.90
w3 3.72 11.12 4.83 11.12
w6:w3 13.40 4.02 9.71 3.88

Control ratio (CR): sow diet with w6:w3 ratio = 13:1 during gestation, starting from day 28 (G28)
and 10:1 during lactation; low ratio (LR): sow diet with w6:w3 ratio = 4:1 from G28 until the end
of lactation.

Experimental diets (fed as a liquid feed by mixing 25% solid feed with 75% water)
were supplied from day (d) 28 of gestation until the end of lactation. Soybean oil
and linseed oil were added to the barley meal at a rate of 10% to create a mixture
before the daily feeding of the sows. The gestation diet was provided at 2.4 kg/d
with 15g/d of soybean or linseed oil from d 28 to d 79 and 2.9 kg/d with 18g/d of
soybean or linseed oil from d 80 to the end of gestation. Sows were fed per pen
(8 sows/pen). The lactation diet was fed at 1 kg/d on the farrowing day (d 0) and
then gradually increased to a maximum of 7.5 kg/d at weaning. During lactation,
soybean oil and linseed oil were added daily to the individually basal diet
administered according to the lactation feeding plan. Feed was provided twice a
day and sows had unlimited access to freshwater. Feed was offered (increased

daily) based on the sows’ feed consumed during the previous day.

For piglets, the meal-based commercial diet (Table 2-3) was supplemented with
or without 4g/kg seaweed powder (A. nodosum; Prodotti Arca S.r.l, Monza, Italy),
providing 6.5% crude protein, 3.0% crude fat, 22.5% ash, and 52.5%
polysaccharides on an as fed basis. Four groups (n = 10 each) were formed: CRCT
(maternal w6:w3 = 13:1 during gestation and 10:1 during lactation, without

seaweed (SW) supplementation); CRSW (w6:w3 = 13:1 during gestation and 10:1
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during lactation, with SW); LRCT (wé:w3 = 4:1 during gestation and lactation,
without SW); and LRSW (w6:w3 = 4:1 during gestation and lactation, with SW).

Table 2-3 Ingredients and Chemical Composition of the Basal Diet (CT) of post-weaning
piglets. Seaweed powder (SW) was added to the basal diet at 4g/kg feed rate.

ltem Post-weaning basal diet
Ingredients (g/kg as fed basis)

Barley 220.0
Wheat 161.7
Soy protein concentrate (Soicomil R) 98.0
Wheat, flaked 80.0
Corn 80.0
Corn, flaked 60.0
Soybean, meal 59.0
Biscuits 50.0
Whey 50.0
Dextrose, mono 40.0
Barley, flaked 40.0
Soybean oil 20.0
Dicalcium phosphate 10.0
Cocoa oil 10.0
L-Lysine

DL-Methionine
L-Threonine

Sodium chloride

Vitamin + trace elements
L-Valine (96.5%)
L-Tryptophan
Composition (%, DM)

ONNNWWO
oNUNU o O

Dry matter (DM) 89.60
Crude protein 20.10
Crude fat 5.68
Fiber 3.29
Neutral detergent fiber (NDF) 12.91
Acid detergent fiber (ADF) 4.67
Acid detergent lignin (ADL) 0.97
Lysine (Lys), total 1.57
Cystine 0.32
Methionine (Met), total 0.66
Threonine, total 1.09
Tryptophan, total 0.32
Valine 1.08
Phenylalanine 0.85
Tyrosine 0.55
Isoleucine 0.74
Leucine 0.32

Net energy (NE, Mcal/kg) 2.90
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2.5.3 Recording and Sampling

The sows’ body weights and body condition scores (BCS) were assessed at the
beginning of the trial (G28), middle of gestation (G79), at transferring time to the
farrowing crates (G108), and at the end of lactation (L-End). The BCS was
estimated using the five points scale (1 = emaciated, 2 = thin, 3 = ideal, 4 = fat,
and 5 = obese; [20]). Two sows from the CR group had to be removed from the

study because they had early parturition.

Piglets born, born alive, and born dead (stillborn, mummified, crushed, and
abnormal) were counted within 24 h postpartum to calculate the survival rate at
birth. The number of live piglets was recorded at d 7, d 14, and at weaning to
calculate the weaning survival rate. Piglets were weighed at 24 h postpartum, d

7, d 14, and at weaning to calculate average daily weight gain.

Colostrum and milk samples (8-40 mL per sample) were collected after an
overnight fast (12 h), by manual milking of all functional mammary glands of each
sow within 24 h postpartum and on d 7, d 14, and at weaning. Samples were

aliquoted and stored in pools per sow at -80 °C until analysis.

Blood samples were collected at G28, G79, G108, L7, L14, and L-End using
ethylenediaminetetraacetic acid (EDTA) tubes and centrifuged (15 min.; 3000x g;
room temperature). The EDTA plasma was aspirated and transferred to storage

tubes before being stored at -80 °C until analysis.

For post-weaning piglets, feed supply and residuals per head were recorded every
morning, from d 0 (weaning day) until d 21 to calculate average daily feed intake
and feed conversion ratio. Ond 0, 7, 15, and 21, piglets were weighed, and blood
samples were collected from the jugular vein. The EDTA plasma obtained was

stored at -80 °C until analysis.

2.5.4 Colostrum and Milk Fatty Acid Analysis

Fat in colostrum and milk was extracted [21] and then derivatized [22]. The
resulting fatty acid methyl esters (FAMEs) were measured in a gas
chromatographer equipped with a flame ionization detector (TraceTM GC Ultra,

Thermo Fisher Scientific S.p.A., Rodano, Milan, Italy). The internal standard was
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nonadecanoic acid (C19:0; 10 mg/mL of hexane), and the carrier gas was helium
(He). FAMEs were separated by a fused silica capillary column (Rt-2560, 100 m x
0.25 mm x 0.25 pm) and followed the given program: 50 °C for 6 min; increased
by 10 °C min-1 until 170 °C, constant for 30 min; increased by 4 °C min-1 to 220
°C, constant for 20 min. Individual FAME was verified by comparing peak retention
times with standard mixtures (Supelco 37 FAME Mix, Bellefonte, Pennsylvania,
USA) and pure standard methyl esters from Sigma-Aldrich (Saint Louis, Missouri,
USA).

2.5.5 Leptin and Indicators of Oxidative Status in Plasma

Leptin was measured by an in-house developed ELISA validated for use on porcine

samples [130]; the intra- and inter-assay CVs were 7.27 and 8.70%, respectively.

Oxidative damage was measured on levels of hydroperoxides (by-products of free
radicals) using the d-ROMs (derivatives of reactive oxygen metabolites) test [131]
with modifications [132]. Oxidative damage of proteins was assessed by the AOPP
(advanced oxidation products of proteins) assay [133]. The AOPP concentrations
are expressed both as molar concentrations and per mg of total protein. Total
protein concentrations were measured with the Bradford assay [134]. Oxidative
damage of lipids was estimated using the TBARS (thiobarbituric acid reactive
substances) assay [135]. The total antioxidative capacity was assessed via the
FRAP (ferric reducing ability of plasma) assay [136]. The intra- and inter-assay

variations of all four assays were below 8%.

2.5.6 Statistical Analysis

Data relative to the length of gestation and lactation, body weight (BW) and BW
gain/loss, reproductive performance, fatty acids (FAs) profile, leptin, and
oxidative stress indicators of sows were analysed using the Generalized Linear
Model (GLM) procedure in SAS Studio 3.8, on SAS version 9.04.01M6P11072018 (SAS
Institute Inc., Cary, North Carolina, USA). The statistical model considered the
w6:w3 ratio, day, and their interactions as fixed effects, and individual sows as

the repeated effect.

Data on post-weaning piglet performance and oxidative stress indicators were

analysed with a repeated-measures model using a MIXED procedure. The statistical
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model considered w6:w3 ratio, seaweed supplement, day, and their interactions
as fixed effects, individual piglets as a repeated effect, and weaning time as a
random effect. GENMOD procedure (using generalized estimating equations (GEE)
method) was performed to fit the generalized linear models on data that were not
normally distributed. This included gain-to-feed ratio of piglets; some FAs (ZSFA,
TLA, w3 and ALA in colostrum; DGLA, EPA, and DHA in milk at d 7 of lactation;
GLA, DGLA, ETA, EPA, DHA, and wé:w3 ratio in milk at the end of lactation); some
oxidative stress indicators in sows (leptin at L7, advanced oxidation products of
proteins (AOPP) at G79 and G108, thiobarbituric acid reactive substances (TBARS)
at L-End, Ferric reducing ability of plasma (FRAP) at G108 and L7, derivatives of
reactive oxygen metabolites (d-ROM) at G28, L7, and L-End) and piglets (AOPP and
FRAP at d 7, 15 and 21; TBARS at weaning and d 15; d-ROM from weaning to d 21).

Data are presented as LSM (least square means) + SEM in tables and LSM + SE in
figures. Figures were plotted using GraphPad Prism version 8.4.2 (GraphPad
software, La Jolla, CA, USA). Significance was set at p < 0.05.

2.6 RESULTS

2.6.1 Sow reproductive performance

Low dietary wé:w3 ratio (LR) had no effect on sow body weight, weight gain and
loss during gestation and lactation (data not shown). LR diet caused an increase
in perinatal mortality. The LR diet did not affect total number of piglets born (LSM
+ SE: LR 13.75 + 0.83 piglets; CR 16.33 + 0.96 piglets; p > 0.05) but decreased the
number of born alive by 3.45 piglets compared to CR diet (LR 11.38 + 0.46 piglets;
CR 14.83 + 0.54 piglets; p < 0.001). Total piglets weaned per sow of LR group
(10.38 + 0.57 piglets) and of CR group (11.17 + 0.65 piglets) were similar (p >
0.05). Consequently, the LR diet increased the survival rate of piglets at weaning
(LR 90.95 + 3.66 %; CR 75.95 + 4.23 %; p < 0.05).

The LR diet increased individual and litter weight gains compared with the CR diet
(p < 0.05, Figure 2-1). The LR diet did not affect piglet weight at weaning (LR 7.05
+ 0.44 kg; CR 5.84 + 0.50 kg; p > 0.05) and piglet weight gain from d 7 to weaning
(LR 4.49 + 0.42 kg; CR 3.32 + 0.49 kg; p > 0.05).
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Figure 2-1 Low dietary w6:w3 ratio in sow improves body weight gain of neonatal piglets.
Sows were fed diets with w6:w3 ratio = 13:1 during gestation, starting from day 28 (G28) and
10:1 during lactation (CR) or w6:w3 ratio = 4:1 from G28 until the end of lactation (LR). A1l:
Litter weight development during neonatal period. A2: Piglet weight development. A3: Litter
weight gain per subperiod. A4: Piglet weight gain per subperiod. Data are LSM + SE, n = 6 for
CR group and n = 8 for LR group.

2.6.2 Growth Performance of Post-Weaning Piglets

Low maternal dietary wé6:w3 ratio and seaweed supplementation in the post-
weaning piglets’ diet had no influence (p > 0.05) on piglet growth (Table 2-4, full
details are presented in Table 2-5). However, interactions between dietary
treatments on sow and piglet were revealed (p < 0.05) for BW, average daily gain
(ADG), average daily feed intake (ADFI), and gain-to-feed ratio (G:F), mostly
related to CRSW vs CRCT groups. At d 21, BW was higher (p < 0.05) in the CRSW
than the CRCT group. ADG was improved (p < 0.05) during post-weaning. Higher
ADFI (p < 0.05) was observed during post-weaning for CRSW and LRCT groups
compared to LRSW group. G:F ratio was ameliorated (p < 0.05) during the first
two weeks of post-weaning in CRSW vs. CRCT piglets.
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Table 2-4 Growth performance of post-weaning piglets fed seaweed (SW) (brief).

Sow diets (SD) CR LR SEM p-Value
Piglet diets (PD) * CT SW CT SW SD PD SD xPD
No. of piglets ** 10 10 10 10
BWe (kg)
do 6.19 6.19 6.66 6.36 0.55 ns* ns ns
d7 6.86 7.21 7.58 6.89 0.59 ns ns ns
d 15 9.56 10.72 10.62 9.32 098 ns ns 0.018
d 21 12.41°  14.142  13.64 12.13 1.17 ns ns 0.010
ADG? (g/d)
dOto7 51.86 101.30 157.50 100.20 62.74 ns ns ns
dOto 15 202.76 279.59 275.82 211.51 55.73 ns ns 0.017
d 0 to 21 276.15° 358.552 345.63 289.71 52.20 ns ns 0.013
ADFI2 (g/d)
dOto7 154.46 194.17 222.59 196.79 4458 ns ns ns
dOto 15 345.07 394.71 373.65 313.38 56.11 ns ns ns
d 0 to 21 458.59 527.042 474.17@ 387.27° 55.81 ns ns  0.009
G: F3
dOto7 0.59 0.48 0.70 0.57 0.27 ns ns ns
dO0to 15 0.55P 0.752 0.71 0.67 0.16 ns ns 0.033
d 0 to 21 0.62 0.73 0.70 0.70 0.08 ns ns 0.050

CR: sow diet with wé:w3 ratio = 13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation;
LR: sow diet with wé:w3 ratio = 4:1 from G28 until the end of lactation. CT: post-weaning piglets’ diet
supplemented without intact seaweed powder. SD: sow diets, PD: piglet diets. BW: body weight, ADG:
average daily gain, ADFI: average daily feed intake, G:F: gain-to-feed ratio. * The trial was performed from
weaning to day 21 of post-weaning with 4 g seaweed supplementation per kg of feed. Feed residual and daily
feed intake of each piglet were recorded every morning, from day O (weaning) to day 21 post-weaning to
calculate average daily feed intake and feed conversion ratio. Individual body weight of piglets was measured
on day 0, 7, 15 and 21 of post-weaning. ** Piglets were kept in individual pens (0.47 m2) with ad libitum feed
and water. 1 SEM: Standard error of the means. Means are presented as least square means. a have normal
distribution so mixed procedure was performed. 3 do not have normal distribution so GENMOD procedure
(using generalized estimating equations (GEE) method) was performed to fit the generalized linear models.
4 ns: not significant.

2.6.3 Fatty acids Composition of Colostrum and Milk

Low w6:w3 ratio in the maternal diet significantly influenced the fatty acids (FA)
profile of both colostrum and milk (Figure 2-2). In the colostrum, low wé:w3 ratio
reduced concentrations of y-linolenic acid (GLA, C18:3 w6) by two-fold (p < 0.05).
Low wé:w3 ratio also decreased the concentration of docosahexaenoic acid (DHA,
C22:6 w3) by two-fold and the overall wé:w3 ratio by one-third (p < 0.05). In the
milk collected on day 7, low w6:w3 ratio increased concentrations of total w3 FAs
and a-linolenic acid (ALA, C18:3 w3) by 1.6-fold (p < 0.01) and consequently
decreased the overall w6:w3 ratio by one-third (p = 0.0001). In the milk collected
at the end of lactation, low w6:w3 ratio increased concentrations of total w3 FAs
and a-linolenic acid (ALA, C18:3 w3) by three-fold (p < 0.0001), increased
concentration of eicosatrienoic acid (ETA, C20:3 w3) by two-fold (p < 0.05), and
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also increased level of eicosapentaenoic acid (EPA; C20:5 w3) (p < 0.01). Overall,

wb:w3 ratio was two-thirds declined in the low ratio treatment (p < 0.0001).

Interactions between sow diet and sampling point were significant in total w3, a-

linolenic acid (ALA, C18:3 w3) and the overall wé:w3 ratio.
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Figure 2-2 Fatty acid (FA) profile (9/100g FAs) of colostrum and milk. Milk collected on day 7
(L7) and the end of lactation (L-End) from sows fed diets included w6:w3 ratio = 13:1 during
gestation, starting from day 28 (G28) and 10:1 during lactation (CR) or w6:w3 ratio = 4:1 from
G28 until L-End (LR). A1: SFA, MUFA and PUFA concentrations. A2: Individual concentrations
of w6 PUFAs. A3: Individual concentrations of w3 PUFAs. A4: w6:w3 ratio. SFA = Saturated
FAs, MUFA = Monounsaturated FAs, PUFA = Polyunsaturated FAs, TLA = Linoleaidic acid, LA
= Linoleic acid, GLA = y-linolenic acid, DGLA = dihomo-y-linolenic acid, AA = Arachidonic
acid, ALA = a-linolenic acid, ETA = Eicosatrienoic acid, EPA = Eicosapentaenoic acid, DHA =
Docosahexaenoic acid. Dataare LSM = SE; n =5, 5 and 6 for CR group and 6, 7, 8 for LR group
for colostrum, milk collected at L7 and L-End. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001.
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2.6.4 Leptin Concentrations and Oxidative Status in Sow Plasma
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Figure 2-3 Concentrations of leptin and oxidative stress indicators of sow plasma during
gestation and lactation periods. A1: Leptin; A2: The derivatives of reactive oxygen
metabolites (d-ROMs); A3, A4: Advanced oxidation products of proteins (AOPP); AS5:
Thiobarbituric acid reactive substances (TBARS); A6: Ferric reducing ability of plasma
(FRAP). CR: sow diet with w6:w3 ratio = 13:1 during gestation, starting from day 28 (G28) and
10:1 during lactation; LR: sow diet with w6:w3 ratio = 4:1 from G28 until L-End. G: days of
gestation, L: days of lactation. Data are LSM + SE; n = 6-8 sows per group. ** p < 0.01.

Low dietary wé:w3 ratio (LR) had some effects on the concentrations of leptin and
oxidative stress indicators in sow plasma (Figure 2-3). LR diet decreased
concentrations of plasma leptin at L-End and d-ROMs at G28 (p < 0.01) but had no
effect on TBARS, AOPP, and FRAP levels at any time point. Regarding the impact

of time on oxidative levels, concentrations of d-ROMs decreased in the middle of

gestation and at the end of lactation but increased at the end of gestation and
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middle of lactation (p < 0.05). No interaction between diet and time point was

found for all measured indicators in sow plasma.

2.6.5 Oxidative Status in Plasma of Post-Weaning Piglets

Low maternal dietary wé6:w3 ratio (LR) and seaweed supplementation (SW) in the
post-weaning piglets’ diet did not affect levels of d-ROMs in CRSW and LRCT
piglets at weaning (p > 0.05, Figure 2-4). LR diet increased concentrations of d-
ROMs at d 21 (p < 0.05): d-ROMs in LRSW piglets was 1.5-fold greater than LRCT
and CRCT piglets and was 2-fold higher than CRSW piglets (p = 0.01).

SW diet lowered concentration of FRAP at d 7 (p < 0.05) but LR diet did not affect
levels of FRAP during post-weaning (p > 0.05). There were no effects of either sow
diet, piglet diet, or their interaction on plasma concentrations of AOPP and TBARS

at any time point.

The effects of time on all examined oxidative parameters were significant (p <
0.01). Interaction between sow diet and time point, between sow diet, piglet diet
and time point were revealed for d-ROMs levels through the post-weaning period
(p < 0.05).
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Figure 2-4 Concentrations of oxidative stress indicators of piglet plasma during the post-
weaning period. Al: The derivatives of reactive oxygen metabolites (d-ROMs); A2: Advanced
oxidation products of proteins (AOPP, umol/L); A3: AOPP (umol/g protein); A4: Thiobarbituric
acid reactive substances (TBARS); A5: Ferric reducing ability of plasma (FRAP). CRCT:
piglets fed no seaweed (SW, Ascophyllum nodosum), which were nursed by sows fed dietary
w6:w3 ratio = 13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation.
CRSW: piglets fed SW, which were nursed by sows fed dietary w6:w3 ratio = 13:1 during
gestation and 10:1 during lactation. LRCT: piglets fed no SW, which were nursed by sows fed
dietary w6:w3 ratio = 4:1 from G28 until the end of lactation. LRSW: piglets fed SW, which
were nursed by sows fed dietary w6:w3 ratio = 4:1 from G28 until the end of lactation. Data
are LSM + SE; n = 10 piglets/group. SD, PD, and SD x PD: effect of sow diet, piglet diet and
their interaction between 4 groups at the same sample point.
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2.7 DISCUSSION

In this study, we examined whether a low w6:w3 ratio (LR) in the sow diet and
the supplementation of A. nodosum for piglets during the post-weaning period can
benefit piglet performance and oxidative status more than the respective single
treatment provided to the mother or the piglet. We also considered the effects of
low wé:w3 ratio in the sows’ diet on reproduction, milk FA profile, plasma leptin
concentrations, and oxidative status. We found that the LR diet enhanced total
w3 FA in colostrum and milk, weaning survival rate, and suckling piglets’ weight
gain. The interaction between CR and SW diets enhanced piglets’ growth. But LR
and SW diets did not affect growth and oxidative status in sows and post-weaning

piglets.

We observed that LR diet increased weaning survival rate and sucking piglets’
weight gain compared with the control diet. The enhancement of total w3 PUFAs
in the sows’ colostrum and milk in LR diet could lead to a positive modulation of
the intestinal microflora, thus promoting the intestinal health in suckling piglets
by inhibiting Toll-like receptor 4 (TLR4) and signalling to reduce inflammation
[137]. Our results support previous research findings that link low wé:w3 ratio in
the maternal diet with piglet growth improvement. Specifically, a trend in
improving piglets’ growth rate in the first week of life was reported when a w6:w3
ratio of 5:1 was provided to sows compared to an 11:1 ratio [104]. Similarly,
lowering dietary wé6:w3 ratio from 20:1 and 15:1 to 10:1 increased piglet body
weight and litter ADG at weaning [95]. Moreover, a 3:1 diet tended to increase
litter size on the second and third weeks of life while a 9:1 diet tended to increase
litter ADG in the first 14 days of age compared with a 13:1 diet [94]. In our study,
LR sows had fewer piglets born alive than CR sows, but their performance was
similar to previous research when sows were fed low w6:w3 ratios (from 1:1 to
5:1) [138]. The reduction in the number of piglets born alive on the LR diet is
difficult to explain: it could be due to low dietary wé6:w3 ratio and some
unaccounted factors might be involved in the obtained results. The total number
of piglets born and the number of born alive are affected by genetic factors of
both sows and piglets [139]. However, these traits’ heritabilities are low (ranging
from 0.16 to 0.19 and 0.04 to 0.29, respectively) [140,141]. Therefore, they are
strongly affected by the environment. The low heritability of these parameters

could explain for their variability between the sows and between CR and LR
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groups, although we kept these two groups in the same environmental conditions

during the feeding trial.

To our knowledge, this is the first study that accounts for a possible combined
positive effect of w3 enriched maternal diet and seaweed supplementation in the
post-weaning piglets’ diet on their growth and oxidative status. Results showed
that seaweed (A. nodosum) supplementation in post-weaning piglets increased
BW, ADG, ADFI, and G:F when born from control sow compared with non-seaweed
supplemented piglets. A. nodosum is considered to be a source of w3 PUFAs with
a high concentration of EPA (C20:5 w3) and low w6:w3 ratio of 2.75 [142]. Thus,
this can add more w3 PUFAs and lower w6:w3 ratios in piglets, which were born
from control sows and received the seaweed diet. However, this positive result of
additional w3 PUFAs from A. nodosum was not seen in piglets born from sows fed
w3 enriched diet. Thus, the combined effect of LR and SW diets is difficult to
explain. The literature reports that offering too low a ratio of wé6:w3 (0.38) to
pigs (from growing to finishing) did not affect their growth performance, although
it improved total w3 PUFAs (including ALA, EPA, and DHA) and reduced wé:w3
ratio in pork [143].

Lowering the ratio of wé:w3 PUFAs by adding linseed oil to the maternal diet can
decrease w6:w3 ratio in colostrum and milk by enriching ALA concentration [94],
thus, increasing concentrations of ALA in piglet liver, brain, and muscle tissues
[144], plasma, carcass [145], and intestinal mucosa [146]. Our results are
consistent with the findings of Yao et al. [94] when offering high ALA combined
with the low LA diet.

However, high ALA intake was found not to affect the DHA level in piglet liver
[101] or even decreased DHA concentration in human red blood cells, although it
increased EPA level [147]. In line with recent research, the low concentration of
DHA in our study was due to the inefficient conversion of ALA to EPA (i.e., 0.2 ~
5%) and DHA (i.e., 0.05-0.5%) [148,149], which may be explained by several
reasons: First, the high rate (59%) of ALA was B-oxidized for the whole body
utilization [150]. Second, the lack of elongase-2 expression to elongate C22:5 w3
to C24:5 w3 [37], which supports the EPA generation. Third, the competition
between LA and ALA for enzyme A-6 desaturase, which has a higher affinity for
ALA; thus, high LA intake prevents the conversion from ALA to EPA [148,151].
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Collectively, our results demonstrate that a linseed oil enriched w3 diet is a
substantial source for endogenous ALA rather than for endogenous DHA

concentrations.

Leptin is an important adipocyte-secreted hormone regulating appetite, body
weight, reproduction, energy homeostasis, and acts as a pro-inflammatory
cytokine [152]. The w3 enriched diet can regulate leptin in vivo [153]. It tended
to decrease leptin in adipose tissue [154], and lower plasma leptin level [155]. In
this study, the reducing effect of w3 enriched diet on plasma leptin in sows at the
end of lactation might go with increased B-oxidation of FAs in the liver and skeletal

muscle (to a smaller extent) [156].

Pregnancy, delivery process, and lactation are all associated with elevated levels
of oxidative stress due to intensive metabolism and lipid peroxidation [157]. We
found that a low ratio of wé6:w3 PUFAs in the maternal diet tended to increase
AOPP concentrations at the end of gestation, decreased the number of piglets
born and piglets born alive, which could be explained by the involvement of AOPP
levels in embryonic mortality [158]. However, the increased level of AOPPs in LR
sows did not seem to cause intracellular ROS (H202) production because d-ROMs
levels were the same between LR and CR sows at the end of gestation. In this
study, w3 enriched diet did not influence lipid peroxidation of sow plasma. It
might be that the malondialdehyde measured in the TBARS test was absorbed
quickly in the liver before being eliminated in urine without influencing TBARS
levels in blood circulation [159]. Here, we observed that FRAP values of LR sows
were similar at the end of gestation and tended to increase at the beginning of
lactation, compared with CR sows. The hypothesis may explain that when protein
oxidation increased, the sow’s antioxidant system was stimulated and led to FRAP

concentrations increasing when sows were offered more w3 PUFAs.

Weaning is a stressful event for piglets, challenging for health and growth due to
various stressors [160]. The post-weaning period is associated with increased
oxidative products in plasma: the highest ROM found in the first-week post-
weaning was linked to reduced growth rates [161]; NO and H202 were highest at
weaning and decreasing after weaning [162]. Similar results were observed in our

study.
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We could not see any effects of the low ratio of wé:w3 PUFAs in the maternal diet
and seaweed supplementation in the piglets’ diet on the piglets’ oxidative status.
However, the higher ADG and G:F ratio of the LRCT and CRSW piglets indicated
benefits of w3 enriched diet and seaweed supplementation on stimulating
antioxidants to reduce excessive ROS production, therefore, improving piglets’
growth performance. Growth performance reflects overall influences over a
period, whereas plasma measurements are a single test at a time point [163].
Moreover, this improvement can be explained by the bioactivity of w3 PUFAs in
the maternal diet and seaweed-derived elements (i.e., ascophyllan, laminarin,
fucoidans, and phlorotannins) in the post-weaning piglet diet [164]. Maternal diets
enriched in w3 PUFAs with optimal w6:w3 ratio might regulate progeny immune
response and improve anti-inflammatory activity against pathogens [165],
especially the inflammatory response causing by post-weaning stress [166]. Post-
weaning diets supplemented with A. nodosum can promote piglet intestinal health
through its immunomodulatory, anti-inflammatory, antioxidant, and antimicrobial

properties [127,167,168], thereby improving piglets’ growth rates.

Overall, our study showed that the w3 enriched diet during gestation and lactation
did not affect the oxidative stress of sows and their post-weaning piglets. Similar
results were reported when feeding a dietary wé6:w3 ratio of 4:1 or 6:1 to sows
[101] or feeding a dietary wé:w3 ratio of 5:1 to piglets (10.6 kg) [169]. These
outcomes may be explained by low double bonds of ALA and its poor conversion
rate to EPA and DHA, as shown in the FA profile of colostrum and milk in this
study. The dietary w6:w3 ratio above 3:1 is considered safe to protect the animal
from oxidative damage [170]. Our results suggest that not only the dietary ratio
between w6 and w3 but also the type of fat source (total double bonds) have

synergic effects on the oxidative stress level of the sows and piglets.

2.8 CONCLUSIONS

The current study showed that low dietary wé6:w3 ratio in sow diet during
gestation and lactation combined with the seaweed supplementation in piglets
after weaning could not improve piglets’ growth rate or antioxidant status.
However, the sows’ low wé6:w3 ratio diet alone improved weaning survival rate,
suckling piglets’ weight gain, and total w3 PUFAs (mainly ALA) in the colostrum

and milk. Seaweed supplementation improved growth performance of piglets born
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from sows which received the higher dietary wé6:w3 ratio. These findings outline
that maternal dietary interventions can significantly affect the progeny, and that
seaweed supplementation is effective in improving performance in post-weaning
piglets. However, interaction among these treatments remains unclear. Further
studies are necessary to enhance the knowledge of maternal dietary interventions
during gestation and lactation, and their effect on the progeny or to outline the
efficacy of natural antimicrobials and antioxidants in the diets of piglets, also

considering omics and epigenetic approaches.
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Table 2-5 Growth performance of post-weaning piglets fed seaweed (SW) (full).

Sow diets (SD) CR LR SEM ! p-value
Piglet diets (PD) * CT SW CcT SW SD PD SD x PD
No. of piglets ** 10 10 10 10
BW 2 (kg)
do 6.19 6.19 6.66 6.36 0.55 0.509 0.595 0.590
d7 6.86 7.21 7.58 6.89 0.59 0.712 0.565 0.087
d15 9.56 10.72 10.62 9.32 0.98 0.852 0.886 0.018
d21 12.41° 14,142  13.64 12.13 1.17 0.713 0.850 0.010
ADG % (g/d)
dOto7 51.86 101.30  157.50 100.20 62.74 0.106 0.901 0.099
d7to15 346.85P 447.642 375.05% 298.14° 60.95 0.310 0.698 0.007
d 15 to 21 471.65 567.97  527.00 491.98 73.17 0.780 0.409 0.083
d0to 15 202.76 279.59  275.82 211.51 55.73 0.955 0.824 0.017
d 0 to 21 276.15° 358.552 345.63 289.71 52.20 0.993 0.616 0.013
FI2 (kg/period)
dOto7 1.08 1.36 1.56 1.38 0.31 0.123 0.757 0.152
d7to15 3.87 4.34 4.19 3.47 0.58 0.598 0.665 0.049
d 15 to 21 4.31° 5.002 4.45 3.53¢ 0.48 0.127 0.644 0.002
d0to 15 5.18 5.92 5.60 4.70 0.84 0.596 0.851 0.060
d 0 to 21 9.63 % 11.072  9.962 8.13°P 1.17 0.234 0.743 0.009
ADFI? (g/d)
dOto7 154.46 194.17  222.59 196.79 44,58 0.123 0.757 0.152
d7to15 483.86 542.20 523.48 433.50 72.35 0.598 0.665 0.049
d 15 to 21 717.62 833.07 741.10 588.15 80.39 0.127 0.644 0.002
d0to 15 345.07 394.71  373.65 313.38 56.11 0.596 0.851 0.060
d 0 to 21 458.59 ® 527.042 474172 387.27° 55.81 0.234 0.743 0.009
G:F3
dOto7 0.59 0.48 0.70 0.57 0.27 0.377 0.198 0.960
d7to15 0.65 0.79 0.74 0.72 0.12 0.853 0.152 0.065
d 15 to 21 0.68 0.71 0.68 0.76 0.09 0.509 0.085 0.426
d0to 15 0.55° 0.75° 0.71 0.67 0.16  0.561 0.125 0.033
d 0 to 21 0.62 0.73 0.70 0.70 0.08 0.457 0.068 0.050

CR: sow diet with w6:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation; LR:
sow diet with w6:w3 ratio=4:1 from G28 until the end of lactation. CT: post-weaning piglets dietary
supplemented without intact seaweed powder. SD: sow diets, PD: piglet diets. BW: body weight, ADG: average
daily gain, ADFI: average daily feed intake, G:F: gain : feed ratio. * The trial was performed from weaning to d
21 of post-weaning with 4 g seaweed supplementation per kg of feed. Feed residual and daily feed intake of
each piglet were recorded every morning, from day 0O (weaning) - 21 post-weaning to calculate average daily
feed intake and feed conversion ratio. Individual body weight of piglets was measured on day O, 7, 15 and 21 of
post-weaning. ** Piglets were kept in individual pens (0.47 m2) with ad libitum feed and water. 1 SEM: Standard
error of the means. Means are presented as least square means.a have normal distribution so Mixed procedure
was performed. 3 do not have normal distribution so GENMOD procedure (GEE model) was performed.
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3.1 HIGHLIGHTS

* Maternal low dietary wé:w3 fatty acid ratio during gestation and lactation

affected acute phase proteins in sow plasma.

* Plasma protein profile significantly changed between later stages of gestation

and lactation.

* Haptoglobin (HP) was identified in the comparisons between two dietary

treatments and two stages of reproduction.

* The key Gene Ontology terms involved were acute phase response and high-

density lipoprotein particle receptor binding.
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3.2 SIGNIFICANCE

This study aimed to provide a proteomics insight into the beneficial effects of
maternal diet supplementation with a low wé:w3 fatty acids ratio, based on
previously reported performance and zootechnical data. The results suggest that
a low dietary w6:w3 fatty acids ratio could enhance the cellular defence
mechanisms against increased stresses and in particular to oxidative stress in sows
during gestation and lactation, as reflected in proteomic changes of haptoglobin
(HP), alpha-1-antitrypsin (SERPINA1) and serum amyloid P-component (APCS).
Furthermore, significantly changed proteome profiles in sow plasma between late
gestation and lactation phases have been revealed for the first time. This finding
identified the adaptation mechanisms of sows to changing physiological events

during reproduction.
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3.4 ABSTRACT

This study aimed to investigate the characteristic proteomic pattern of plasma
from sows supplemented with low dietary wé:w3 fatty acids (FAs) ratio during
gestation and lactation. Two dietary treatments (n = 8 each) comprised either a
control ratio of w6:w3 FAs (CR, 13:1 during gestation and 10:1 during lactation)
or a low ratio (LR, 4:1 during gestation and lactation) by adding soybean oil or
linseed oil, respectively. High-resolution mass spectrometry-based quantitative
proteomics was applied on plasma (n = 5 each) at day 108 of gestation (G108) and
at the end of lactation (L-End), and a total of 379 proteins and 202 master proteins
were identified. Out of these, four differentially abundant proteins between LR
and CR samples at G108 may relate to serine-type endopeptidase inhibitor
activity. Differentially abundant proteins in L-End versus G108 (12 up-regulated
and 10 down-regulated) were positively correlated with the events that regulate
plasma lipoproteins, stimulus- and defence-responses. These findings demonstrate
the benefit of increased dietary w3 FAs in modifying proteins involved in
protective mechanisms against increased stresses in key life cycle phases in pigs.
In addition, proteome changes from late gestation to late lactation disclosed the

underlying mechanism of pigs in response to reproduction-related stimuli.

Keywords: plasma proteome, wé6:w3 fatty acids, gestation, lactation,

haptoglobin, high-density lipoprotein
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3.5 INTRODUCTION

Nowadays, the pig diet has an imbalance in the ratio of omega-6 and omega-3
(wb:w3) polyunsaturated fatty acids (PUFAs) (ranging from 10:1 to 15:1) [171]
because they consume an increased amount of wé FAs from corn and other grains
[172] and a noticeably decreased amount of w3 FAs such as from fish meal or
linseed oil. Given the opposing physiological functions of w6 and w3 PUFAs [43],
elevated intake of wé and poor intake of w3 PUFAs can give rise to systemic
inflammation and metabolic and inflammatory disorders [43]. Therefore,
supplementation of low-ratio wé:w3 PUFAs, especially in the long-term, can
reduce risk factors for inflammation-related diseases [173,174]. Nevertheless,
there is no consensus on the optimal ratio of wé:w3 PUFAs for good health despite
decades of research [174,175]. Several studies suggested that a ratio of wé:w3
PUFAs above 3:1 up to 6:1 is optimal for decreasing oxidative stress and
lipoperoxidation [170]. However, other studies have proposed that a suitable ratio
for reducing inflammation levels can range from 1:1 to 5:1 [173] or from 1:1 to
6:1 [176].

From a physiological and nutritional aspect, pregnancy is the most sensitive phase
in the female life cycle [177,178] for both humans and animals. During pregnancy,
sows undergo complex physiological changes such as weight gain, fetal and
placental development [177]. Nutrient exchange between mother and fetus is only
possible through the placenta - their temporary and unique metabolic link [178].
After birth, the neonates interact with their mother via breastfeeding, and
maternal diet through gestation and lactation plays a significant role in early and
long-term offspring's life growth, development, and health. In pigs, maternal
nutrient requirements change according to the reproduction phases and massive
metabolic alterations, such as increased oxidation levels, can occur in many
tissues [179]. Antioxidant levels in sow diets should be re-assessed to avert
elevated oxidative damage during late gestation and lactation and to improve sow
productivity and health [180].

In the context of biological processes, the w3 PUFAs are widely known for their
antioxidant and anti-inflammatory properties by regulating the antioxidant

signalling pathway and modulating inflammation [181]. Further, they are involved
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in regulating platelet activity and hepatic lipid metabolism [174]. An updated

meta-analysis of human studies revealed that low-ratio wé:w3 PUFAs
supplementation remarkably decreased serum inflammatory factors, including
tumour necrosis factor (TNF)-alpha and IL-6 levels [173]. This result was further
confirmed in a mouse study [176]. Moreover, although the biological properties of
w3 PUFAs are well-recognized, the link between wé and w3 PUFAs, their bioactive

lipid metabolites and inflammation has not yet been entirely elucidated [174].

Proteomic studies in pigs have expanded in recent years [80,81]. Several studies
have focused on proteins abundance in sows, such as changes in uterine
endometrium [83,84], adipose tissue of fetuses [86], colostrum [88], and
mammary tissue [87]. These reports disclosed the mechanisms underlying the
molecular responses of sows to the internal and external stressors during
gestation. However, inadequate attention has been given to the lactation stage in
the sow. Therefore, an enhanced understanding of the protein profile from late
gestation to late lactation would explain the molecular mechanisms contributing
to a successful reproductive outcome. Furthermore, although numerous studies
have investigated the beneficial effects of PUFAs supplementation during
gestation and lactation stages [170][94,95,101,104,137,145,166,182], the
underlying molecular mechanism of these effects remains to be elucidated.
Furthermore, there is no available report in pigs focused on plasma proteome

changes between late gestation and late lactation stages.

The present study tested the hypothesis that a low dietary wé:w3 fatty acid ratio
could affect the plasma proteome during late pregnancy and lactation, two
critical periods that reflect physiological adaptations of the sows to ensure
maternal health, fetal and postnatal growth. Using a tandem mass tag (TMT)-
based proteomics approach, this study provides evidence explaining the
mechanism for enhanced survival rate and weight gain observed in piglets born
from the mothers fed a low w6:w3 ratio in the diets [183]. Additionally, these data
demonstrate the benefit of increased w3 fatty acid in pig feed, which can be used

as a complementary resource for human nutrition research.
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3.6.1 Animals and sample collection

The sow experiment was performed on a private swine farm (Arioli and Sangalli
Agricultural Company S.S., Genzone, Italy). The experimental animal protocol was
approved by the Ethical Committee of the University of Milan (OPBA 67/2018) and
the Italian Ministry of Health (authorization n. 168/2019 PR). The study design
with the results of performance, colostrum and milk fatty acid profiles, and
oxidative status were previously described in detail in a report on the in vivo study
results [183].

Sixteen sows were artificially inseminated at the 13t month of age (second parity)
and delivered piglets at around 17" month of age. They had the similar
bodyweight (202.57 + 7.16 kg, mean + SEM) and body condition score (2.36 + 0.12,
mean + SEM) at the beginning of feeding trial period. Sows were randomly assigned
to two isonitrogenous and isoenergetic diets (Table 2-1, Chapter 2), containing
either a control ratio of wé:w3 PUFAs (CR, 13:1 during gestation, starting from
day 28 (G28) and 10:1 during lactation) or a low ratio of wé:w3 PUFAs (LR, 4:1,
from G28 until the end of lactation (L-End)) (Table 2-2, Chapter 2). They were
housed in groups of 8 sows from 7 days after artificial insemination before moving
to individual farrowing crates at day 108 of gestation, where they remained until

the end of lactation.

Blood samples were collected at G108 and L-End before fresh feed was provided
in the afternoon. Ethylenediaminetetraacetic acid (EDTA) tubes (K3E K3EDTA, 9
mL, REF 455036, Greiner Bio-One GmbH) were used for plasma collection. Blood
samples were centrifuged (15 min; 3000x g; room temperature). The EDTA plasma
was aspirated and transferred to microtubes (2.0 mL, Sarstedt AG & Co.,

Numbrecht, Germany) before being stored at -80 °C until analysis.
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3.6.2 Protein Identification and Quantification using the TMT
approach

3.6.2.1 Protein quantification

The plasma samples were quantified for the total protein concentration by
Bradford assay (Bio-Rad Protein Assay Dye Reagent Concentrate, Bio-Rad
Laboratories GmbH, Muchen, Germany) using bovine serum albumin as standard.

Samples were kept at -80 °C until analyses.

3.6.2.2 Protein digestion and Isobaric labeling —tandem mass tag

Samples were analysed for proteome profiling by applying a quantitative Tandem
Mass Tagging (TMT) approach as previously described [184]. In general, 100 pg of
total plasma protein per sample were converted to peptides using an in-solution
digestion method (Filter-aided sample preparation, FASP) with 10 kDa cut-off
filters. Briefly, samples (~1.20 pL) were mixed with SDT buffer (4% (w/v) sodium
dodecyl sulfate (SDS), 0.1 M Tris/HCL pH 7.6, 0.1 M dithiothreitol (DTT) (Sigma
Aldrich, St. Louis, MO, USA), alkylated by adding 0.05 M iodoacetamide (lAA)
solution (20 min, room temperature in the dark) (Sigma Aldrich, St. Louis, MO,
USA), and depleted of detrimental low-molecular-weight components by filtration
with in 8M urea-containing solution (0.1 M Tris/HCL pH 8.5). Protein was digested
overnight using 1 pg of trypsin (20 pg/mL, Promega, Madison, WI, USA)
resuspended in 0.05 M ammonium bicarbonate (NH4HCO3) buffer, at 1:37 (w/w),
at 37 °C. The released peptides were dissolved in 10% acetonitrile (ACN) in water
and acidified by 1% trifluoroacetic acid (TFA, CF3COOH) before vacuum
centrifuged at 45 °C until completely dry.

A pooled internal standard (IS) was prepared with equal amounts of peptides from
all samples to normalize the data. Subsequently, the peptides (lyophilized protein
pellets) from samples and the IS were diluted using 0.1 M triethylammonium
bicarbonate (TEAB, Thermo Scientific, Rockford, USA) before being tagged using
a freshly prepared TMT11plex Label Reagent set (Thermo Scientific, Rockford, IL,
USA). An amount of 25 pL of the appropriate TMT Label Reagent was added to
each sample (50 pg protein pellets) for the labeling reaction (60 min, room
temperature), and then 8 pL of 5% (w/v) hydroxylamine (Sigma Aldrich, St. Louis,
MO, USA) was added to stop the reaction (45 min). Next, ten TMT-modified
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peptide samples were combined with the IS (labeled with TMT 126 m/z) in equal

amounts into a new microcentrifuge tube, aliquoted, dried, and stored at -80°C
until analysis in the mass spectrometer. Two TMT11plex experiments were
performed for a total of 20 samples (5 animals per group x 2 groups x 2-time

points).
3.6.2.3 Liquid chromatography tandem mass spectrometer (LC-MS/MS)

Labeled dry peptides residues were solubilized in 20 pL of 5% (v/v) ACN with 0.5%
(v/v) formic acid using the auto-sampler of a nanoflow uHPLC system (Thermo
Scientific RSLChano). Peptide ions were detected online by electrospray ionisation
(ESI) mass spectrometry MS/MS with an Orbitrap Elite MS (Thermo Scientific). LC
eluent was ionized by interfacing the LC coupling device to a NanoMate Triversa
(Advion Bioscience) with an electrospray voltage of 1.7 kV. An injection volume
of 5 L of peptides was desalted and concentrated for 12 min on the trap column

(0.3 x 5 mm) using a flow rate of 25 pL/min with 1% ACN and 0.1% formic acid.

Subsequently, the peptide was separated on a Pepmap C18 reversed-phase column
(50 cm x 75 pm, particle size 3 pm, pore size 100 A, Thermo Scientific) using a
solvent gradient at a fixed solvent flow rate of 0.3 pL/min for the analytical
column. The solvent compositions contain A) 0.1% formic acid in water and B)
0.08% formic acid in 80% ACN and 20% water. The solvent gradient was 4% (v/v)
solvent B for 10 min, 4-60% (v/v) solvent B for 170 min, 60-99% (v/v) solvent B for
15 min, held at 99% (v/v) solvent B for 5 min. Then, the column was re-
equilibrated at starting conditions (4% (v/v) solvent B for 10 min) before the next

injection.

The mass spectrometer was operated in the Orbitrap Elite, using full-scan MS
spectra (m/z 380-1800) at a high resolution of 60,000 RP. lon fragmentation was
performed with collision-induced dissociation (CID) and the top three precursor
ions from the MS scan were detected in the linear ion trap. The three precursor
ions were also subjected to high energy collision dissociation (HCD) in the HCD
collision cell and were detected at a resolution of 30,000 (full-width half-
maximum (FWHM) or mass resolving power defined at 400 m/z). Single-charged
ions were omitted, and selected precursors ions were added to a dynamic

exclusion list for 180 s.
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3.6.3 MS/MS data processing

Raw MS/MS spectra were processed, and databases were searched to identify and
quantify proteins using the Proteome Discoverer (version 2.4, Thermo Fisher
Scientific) with Sequest HT algorithm against Sus scrofa FASTA files (downloaded
from UniProtKB database on 18/02/2021; 104,940 sequences). The database
search was performed with the parameters as follows: two trypsin missed cleavage
sites, precursor mass tolerance threshold of 10 ppm and fragment tolerance of
0.02 Da, carbamidomethyl (C) fixed peptide modification; oxidation (M),
deamidation (N, Q) and TMT six-plex (K, peptide N-terminus) variable
modifications. The significant threshold of the peptide identification was
calculated based on a false discovery rate (FDR) of < 1% using the Percolator
algorithm based on processing against a decoy database. Proteins were confidently
identified with at least two peptides and 5% FDR. Only master proteins were
considered for statistical analysis. Significantly altered proteins were defined at
an adjusted p-value < 0.05, and possible altered proteins were defined at a p-
value < 0.05. The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via PRIDE [185] partner repository with the dataset
identifier PXD030880.

3.6.4 Statistical and Bioinformatics Analysis
3.6.4.1 Statistical analysis for proteomics data

The data at peptide spectrum match (PSM) level were exported from Proteome
Discoverer and statistically analysed based on linear mixed-effects models with
Empirical Bayes moderation using MSstatsTMT package version 2.0.0 [186] in R
version 4.1.0 [187]. Proteins were quantified using only unique peptides and
summarized using the median polish method. Each protein was normalized with
reference channel (or pooled internal standard channel). The Benjamini-Hochberg
procedure was employed to adjust for multiple pairwise comparisons for
significant differential abundance of proteins (p < 0.05). The adjusted p-value was

presented in the last column in Table 3-1.

The volcano plots, heatmaps, and PCA plots were created by applying packages
ggplot2 version 3.3.3 [188] and ggrepel version 0.9.1, ggplot2 version 3.3.3 [188],



Chapter 3 Plasma proteome changes in sows receiving a low dietary wé6:w3
ratio

62

and pheatmap version 1.0.12, respectively. Venn diagrams were created using

web tool Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/) [189].

3.6.4.2 Bioinformatics analysis

The accession numbers of master proteins were converted into the corresponding
gene symbols using the online converter of UniProt database. Undefined proteins
were replaced with the best match (i.e. largest overlap) on Sus scrofa orthologous
genes of minimum 70% identity using SmartBLAST tool
(https://blast.ncbi.nlm.nih.gov/smartblast/). The protein-protein interaction
(PPI) network; Gene Ontology (GO) functional enrichment analysis covering three
sub GOs: Biological Process (BP), Molecular Function (MF), and Cellular Component
(CC), were retrieved by STRING database version 11.5 [190] using default settings
as following: full network, the meaning of network edges = evidence, active
interaction sources = all, the minimum required interaction score = medium
confidence (0.4). Interactions between desired GO-BP pathways and proteins with
significantly different abundances between comparisons were mapped with
Cytoscape software v3.8.2 [191]. Significantly enriched (FDR < 0.05) GO terms
were submitted into the REVIGO [192] web server (revigo.irb.hr) to omit
dispensable terms, using the following settings: whole UniProt as the database,
SimRel as semantic similarity measure considering a small similarity threshold of

0.5 at which the term was removed from the list and assigned to a cluster.

3.6.5 Validation of proteomics results

Proteomics results were validated by determining alteration in the non-depleted
plasma contents of APOA1, HP, and ITIH4 (pig-MAP), which had shown significantly
changed abundances by TMT proteomic analysis to explore the biological
significance of the alterations in abundance. Antibody availability was also crucial
in using these targets in the validation which uses the samples of the same animals
as in proteomic analysis. As APOA1 was not the only apolipoprotein to be altered
in abundance and in respect of lipoprotein metabolism of the sows during
gestation and lactation, relevant lipid profile parameters in plasma, notably total

cholesterol, HDL and LDL cholesterol, and triglyceride (TG), were also assessed.


https://bioinfogp.cnb.csic.es/tools/venny/
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The plasma level of APOA1 was determined using Western blot, as previously

described [193]. Briefly, 10 pg of proteins of each plasma sample (5
samples/group/each time point) was denatured at 95 °C for 4 min in 4x Laemmli
buffer and 1 M dithiothreitol (DTT) and separated by electrophoresis on 4-12% Bis-
Tris precast Criterion XT gels (Bio-Rad, USA). Resolved proteins were transferred
to nitrocellulose membranes which were then stained with 0.1% Ponceau S to
confirm equal loading among samples. The membranes were blocked for 1 h with
5% (w/v) skim milk powder in 0.1% (v/v) Tween 20 in Tris-buffered saline (T-TBS)
and then immersed overnight at 4 °C with rabbit polyclonal antibody to APOA1 at
1:20,000 dilution (PAA519P0o01, Cloud-Clone Corp, USA). Then, the blot was
incubated at room temperature with secondary antibody to rabbit IgG conjugated
to horseradish peroxidase (HRP, 1:10,000; ab6721, Abcam Ltd. UK) for 1 h.
Western blot signal was detected using the enhanced chemiluminescent (ECL)
reaction (Thermo Fisher Scientific™, Meridian Rd., Rockford, USA) and visualized
using radio-graphic film. The intensity of the protein bands was quantified using

Image J NIH software (https://imagej.nih.gov/ij/).

The quantification of HP and ITIH4 (pig-MAP) was performed by ELISA using
species-specific kits, as described by the manufacturer (ACUVET ELISA pig-HP and
ACUVET ELISA pig-MAP, Acuvet Biotech, Zaragoza, Spain). HP assay used
polyclonal antibodies specific for pig HP. The pig-MAP assay was based on two
monoclonal antibodies [194]. Both assays use pig-specific standards and are
calibrated according to the European Reference Serum for pig acute phase
proteins (European Concerted Action QLK5-CT-1999-0153).

Total cholesterol and triglyceride concentrations were measured in the Veterinary
Diagnostic Services, School of Veterinary Medicine, University of Glasgow using
polychromatic and bichromatic endpoint techniques, respectively, using the
biochemical autoanalyzer (Dimension® Xpand Plus™, Siemens Inc., USA). The HDL
cholesterol level was determined using the HDL-cholesterol assay kit (ab65390;
Abcam, Cambridge, UK) following the manufacturer's instructions, which included
initial separation of HDL by precipitation from other lipoproteins followed by a
colorimetric assay for cholesterol contained by the HDL. The level of LDL-
cholesterol in plasma was determined using the Friedewald equation: LDL

cholesterol = Total cholesterol - HDL cholesterol - Triglyceride/5 [195].
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3.6.5.1 Statistical analysis for validation data

The proteomic validations for APOA1, HP, and ITIH4 (pig-MAP) were statistically
analysed and compared with the proteomic results. Data were checked for normal
distribution by the Shapiro-Wilk normality test and homogeneity of variance by
Levene's test using R package car version 3.0-10. Differences between groups were
determined using the linear mixed model by package (me4 version 1.1-27, multiple
pairwise comparisons were performed by the Tukey’s post-hoc method and p-
values were corrected for multiple testing by applying the Benjamini Hochberg
method by [smeans package version 2.30-0, separately for each biochemical assay.
Fixed effects were sow diet, time, and their interactions. The random effect was
an individual animal. Pearson correlation analysis was performed to assess the
association between proteomics and validation results for HP and ITIH4 (pig-MAP)
concentrations using R package ggpubr version 0.4.0. Spearman correlation
analysis was applied for APOA1 because western blot results did not show a normal
distribution.

The experimental design, pipeline for proteomics analysis (containing sample
preparation, TMT labeling, and LC-MS/MS, data analysis, and quantitation), and
validation of proteomics results are illustrated in Figure 3-1.

Experimental design Proteomics pipeline
ﬁ @ Peptide preparation, TMT labeling & LC-MS/MS
Diets Pooled ‘lﬁ —~ ’\‘.’
sample 1 :;@
w:w3 PUFAs ratio = 13:1 from G28 to G-End & Samp‘e 2 E i A\,
10:1 from LO to L-End (n=8, CR — Control ratio diet) =meie i ~J
sample 3 \ég —~v ~p
Sample 4 Poten =g &< o TMT1lplex | o~ >
wh:w3 PUFAs ratio = 4:1 from G28 until L-End (n=8, sample 5 extraction \ég Digestion labeling ( LC-MS/MS
- Low ratio diet) ample T == A S
Sample & \<$ 7 ~ aﬁ: e
) peptide mix
Farrowing Wezning Sample 7 \ég ;_:-j ’\_’ IIIIIIIIIII
+ Sample 8 ﬁ —~J
D G28 G108 0
ave — — 26 (End) sample 9 R i ~r
L : Gestation ] L+ Lactation ] Sample 10 \ég —~ ~J
| S ¥
Sampling G H @ Data analysis and quantitation
%7 STRING
\ Soposcos
6 comparisons in proteomics analysis REVIGO
mpoari identify & quantify Linear mixed effects model with Gene ontology (GO) & pathway analysis
No Col L0 Details proteins Empirical Bayes moderation
1 (a) group vs CR group at G108
Validation of proteomics results
2 (b) group vs CH group at L-End P
3 (c) group vs CF group
4 (d) group at L-End vs CF group at G108
5 (e) group at L-End vs LR group at G108
é (f) L-End vs G108 ‘Western blot, ELISA, polychromatic and bichromatic endpoint, and colorimetric techniques

Figure 3-1 The experimental design, proteomics pipeline and validation of proteomics results.
Proteomics pipeline contains: (1) Peptide preparation, TMT labeling and LC-MS/MS analysis,
(2) Data analysis and quantitation: protein identification and quantitation using Proteome
Discoverer, statistical analysis based on the linear mixed-effects model with empirical Bayes
moderation (R package MSstatsTMT), bioinformatics analysis (Gene Ontology (GO)
enrichment analysis).
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3.7 RESULTS

3.7.1 Proteomic analysis

The TMT-based quantitative proteomics approach matched 1149 peptides, which
represented 379 proteins and 202 “master” proteins. These terms will be
explained as follows for a more comprehensive understanding of the results
obtained. Each protein is denoted in UniProt by a distinguish accession number
based on its isoform, and a protein can have many isoforms originating from the
same gene, which are referred to a diverse set of protein sequences with different
numbers of amino acids for the protein compared to the base primary gene
(canonical) sequence [196]. The “master” protein is the primary translation
product of the coding sequence and expresses at least one of the known protein
isoforms, coded by the canonical sequence [197] - the most extended sequence
that is most common and similar to orthologous sequences in different species
[198]. Proteins are digested into peptides that could be unique for a specific
protein or are shared between multiple proteins [199]. A unique peptide is defined
as a different combination of amino acid sequence and modifications, regardless

of the charge state of the precursor ions [200].

Identified proteins were excluded if they have no unique peptide, only one
peptide, and singly charged ions. After filtering, 87 “master” proteins from all

replicates and samples were quantified and remained for statistical analysis.

The principal component analysis (PCA) score plot showing the clustering of
samples from four groups of sows are represented in Figure 3-2, containing CR
group at G108 (CR-G108); CR group at L-End (CR- LEnd); LR group at G108 (LR-
G108); and LR group at L-End (LR- LEnd). The analysis of the score plots showed
that clusters of CR and LR groups at L-End were differentiated from the samples
of both groups at G108, with the first two PCs explaining 60.69% of the total
variance (Figure 3-2). Nevertheless, mixed distributions were shown for samples
in LR and CR groups at each sampling time. In addition, the differentially abundant
proteins (DAPs) were examined via six comparisons in Table 3-1 and Table 3-2.

Details of these comparisons are described in Figure 3-1.
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Figure 3-2 Principal component analysis (PCA) score plots showing the clustering of samples
from four groups of sows. CR group at G108 (CR-G108, orange dots); CR group at L-End (CR-
LEnd, green dots); LR group at G108 (LR-G108, purple dots); LR group at L-End (LR- LEnd,
blue dots). The ellipses were drawn at 95% confidence interval of standard error. CR: sow diet
with w6:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation;
LR: sow diet with w6:w3 ratio=4:1 from G28 until the end of lactation (L-End). G108 = day 108
of gestation.
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Table 3-1 The differentially abundant proteins (DAPs) in sow plasma of six comparisons. (a)
- LR group versus CR group at G108; (b) - LR group versus CR group at L-End; (c) - LR group
versus CR group; (d) - CR group at L-End versus CR group at G108; (e) - LR group at L-End
versus LR group at G108; (f) - L-End versus G108. Protein names marked with * were shown
as “Uncharacterized protein” in the UniProt Sus scrofa database and thus were substituted
with the best match on Sus scrofa database, using SMARTBLAST tool.

Protein name Gene names Accession Number log2FC? P-value Adjusted
number! of p-value
peptides
Comparison (a) - LR group versus CR group at G108
Hemopexin HPX P50828 14 0.53 0.018 0.708
Alpha-1-antitrypsin/ SERPINA1 P50447 9 0.24 0.043 0.708
Serpin Family A
Member 1
Inter-alpha-trypsin ITIH1 AOA4805SQD8 10 0.19 0.026 0.708
inhibitor heavy
chain H1
Haptoglobin HP Q8SPS7 21 -0.32 0.032 0.708
Comparison (b) - LR group versus CR group at L-End: no DAPs
Comparison (c) - LR group versus CR group
Hemopexin HPX P50828 14 0.49 0.002 0.214
Inter-alpha-trypsin ITIH1 AO0A480SQD8 10 0.12 0.019 0.480
inhibitor heavy
chain H1
Haptoglobin HP Q8SPS7 21 -0.33 0.042 0.734
Serum amyloid P- APCS 019063 3 -0.53 0.022 0.480
component
SERPIN domain- LOC100156325 AOA4X1SGC8 10 -1.23 0.021 0.480
containing protein
Comparison (d) - CR group at L-End versus CR group at G108
Fetuin-B isoform 1 FETUB AOA480SUZ7 2 1.03 <0.001 0.013
Histidine-rich HRG AOA481B9A6 12 0.80 <0.001 0.023
glycoprotein
Apolipoprotein C-lll APOC3 AOA5G2QLU1 3 0.68 0.006 0.070
Transthyretin TTR AOA5G2QIE9 0.56 0.041 0.211
Apolipoprotein A-| APOA1 K7GM40 27 0.47 0.001 0.023
Plasma kallikrein * KLKB1 AOA4X1VWY2 3 0.47 0.016 0.110
Apolipoprotein A-ll APOA2 AOA4X1VK69 3 0.46 0.008 0.083
Complement C8 C8A F15788 3 0.30 0.012 0.091
alpha chain
Transferrin TF P09571 54 0.17 0.037 0.204

'Accession number from UniProt protein database for Sus scrofa. 2log2FC is base 2 logarithm transformed of
fold change value which represents the ratio of abundance levels in the first-mentioned group vs second-
mentioned group. Adjusted p-value followed the Benjamini-Hochberg method. CR: sow diet with w6:w3
ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation; LR: sow diet with wé:w3
ratio=4:1 from G28 until the end of lactation (L-End). G108 = day 108 of gestation.
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Protein name Gene names Accession Number log2FC? P-value Adjusted
number’ of p-value
peptides
Comparison (d) - CR group at L-End versus CR group at G108 (cont.)
Complement C4 C4A AOA4X1VBD2 18 -0.20 0.038 0.204
gamma chain
SERPIN domain- SERPINF2 AOA4X1U6E7 2 -0.31 <0.001 0.013
containing protein
Haptoglobin HP Q8SPS7 21 -0.40 0.009 0.083
CD5 antigen-like CD5L AOA4X1VVV3 4 -0.44 0.011 0.091
precursor *
IgM heavy chain IGHM AOA287ALC1 22 -0.55 0.028 0.171
constant region *
Inter-alpha-trypsin ITIH4 AOA4X1VPB7 18 -0.80 0.005 0.070
inhibitor heavy
chain H4
SERPIN domain- LOC100156325  AOA4X1SGU6 10 -1.06 0.006 0.070
containing protein
SERPIN domain- AOA4X1SGES8 11 1.10 0.017 0.110
containing protein
Comparison (e) - LR group at L-End versus LR group at G108
Fetuin-B isoform 1 FETUB AOA480SUZ7 2 1.10 <0.001 0.012
Apolipoprotein C-llI APOC3 AOA5G2QLU1 3 0.66 0.016 0.143
Histidine-rich HRG AOA481B9A6 12 0.60 0.010 0.135
glycoprotein
Apolipoprotein A-ll APOA2 AOA4X1VK69 3 0.57 0.016 0.143
Apolipoprotein A-I APOA1 K7GM40 27 0.50 <0.001 0.012
Transthyretin TTR AOA5G2QIE9 2 0.48 0.011 0.135
Afamin AFM F1RUM1 3 0.45 0.024 0.158
Plasma kallikrein * KLKB1 AOA4X1VWY2 3 0.42 0.003 0.071
Complement C8 C8A F15788 3 0.40 <0.001 0.012
alpha chain
SERPIN domain- SERPIND1 AOA4X1UYSO 3 0.24 0.036 0.224
containing protein
Hemopexin HPX P50828 14 0.22 0.005 0.095
SERPIN domain- SERPINF2 AOA4X1U6E7 2 -0.23 0.048 0.279
containing protein
CD5 antigen-like CD5L AOA4X1VVV3 4 -0.49 0.022 0.158
precursor *
IgM heavy chain IGHM AOA287ALC1 22 -0.51 0.019 0.151
constant region *
SERPIN domain- LOC100156325  AOA4X1SGU6 10 -0.61 0.016 0.143

containing protein

'Accession number from UniProt protein database for Sus scrofa. 2log2FC is base 2 logarithm transformed of fold change
value which represents the ratio of abundance levels in the first-mentioned group vs second-mentioned group. Adjusted p-
value followed the Benjamini-Hochberg method. CR: sow diet with w6:w3 ratio=13:1 during gestation, starting from day
28 (G28) and 10:1 during lactation; LR: sow diet with wé:w3 ratio=4:1 from G28 until the end of lactation (L-End). G108 =

day 108 of gestation.
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Protein name Gene names Accession Number log2FC? P-value Adjusted
number’ of p-value
peptides
Comparison (f) - L-End versus G108
Fetuin-B isoform 1 FETUB AOA480SUZ7 2 1.08 <0.001 <0.001
Histidine-rich HRG AOA481B9A6 12 0.70 <0.001 <0.001
glycoprotein
Apolipoprotein C-1lI APOC3 AOA5G2QLU1 3 0.69 <0.001 0.001
Transthyretin TTR AOA5G2QIE9 2 0.52 <0.001 0.006
Apolipoprotein A-ll APOA2 AOA4X1VK69 3 0.52 <0.001 0.002
Apolipoprotein A-l APOA1 K7GM40 27 0.50 <0.001 <0.001
Plasma kallikrein * KLKB1 AOA4X1VWY2 3 0.46 <0.001 0.001
Afamin AFM F1RUM1 3 0.37 0.006 0.033
Complement C8 alpha C8A F1S788 3 0.36 <0.001 <0.001
chain
Apolipoprotein-E * APOE AOA4XTW1F9 8 0.30 0.023 0.099
SERPIN domain- SERPIND1 AOA4X1UYSO 3 0.17 0.014 0.070
containing protein
Transferrin TF P09571 54 0.16 0.007 0.038
C3/C5 convertase CFB K7GPT9 8 -0.15 0.020 0.093
(Complement factor B)
SERPIN domain- SERPINF2 AOA4X1U6E7 2 -0.26 <0.001 0.001
containing protein
Ficolin-2 FCN2 AOA4X1SUF1 5 -0.36 0.033 0.130
Haptoglobin HP Q8SPS7 21 -0.41 0.009 0.045
CD5 antigen-like CD5L AOA4X1VVV3 4 -0.46 <0.001 0.002
precursor *
IgM heavy chain constant IGHM AOA287ALC1 22 -0.53 0.001 0.007
region *
Joining chain of JCHAIN AOA287BQC8 2 -0.55 0.029 0.119
multimeric IgA and IgM
Inter-alpha-trypsin ITIH4 AOA4X1VPB7 18 -0.60 0.001 0.007
inhibitor heavy chain H4
SERPIN domain- LOC100156325  AOA4X1SGU6 10 -0.84 <0.001 0.001
containing protein
SERPIN domain- AOA4X1SGES 11 -1.00 0.004 0.027

containing protein

Accession number from UniProt protein database for Sus scrofa. 2log2FC is base 2 logarithm transformed of fold change
value which represents the ratio of abundance levels in the first-mentioned group vs second-mentioned group. Adjusted p-
value followed the Benjamini-Hochberg method. G108 = day 108 of gestation, L-End = the end of lactation.
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Table 3-2 The differentially abundant proteins (DAPSs) in sow plasma among five comparisons.

Gene Description log2FC
(a) () (d) (e) (f)
LR-G108 LR CR-LEnd LR-LEnd LEnd
vs vs vs vs vs
CR-G108 CR CR-G108 LR-G108 G108
AFM Afamin / / / 0.45 0.37
APCS Serum amyloid P-component / -0.53 / / /
APOA1 Apolipoprotein A-I / / 0.47 0.5 0.5
APOA2 Apolipoprotein A-lI / / 0.46 0.57 0.52
APOC3 Apolipoprotein C-lll / / 0.68 0.66 0.69
APOE Apolipoprotein-E * / / / / 0.3
C4A Complement C4 gamma chain / / -0.2 / /
C8A Complement C8 alpha chain / / 0.3 0.4 0.36
CD5L CD5 antigen-like precursor * / / -0.44 -0.49 -0.46
CFB C3/C5 convertase (Complement / / / / -0.15
factor B)
FCN2 Ficolin-2 / / / / -0.36
FETUB Fetuin-B isoform 1 / / 1.03 1.1 1.08
HP Haptoglobin -0.32 -0.33 -0.4 / -0.41
HPX Hemopexin 0.53 0.49 / 0.22 /
HRG Histidine-rich glycoprotein / / 0.8 0.6 0.7
IGHM IgM heavy chain constant region * / / -0.55 -0.51 -0.53
ITIH1 Inter-alpha-trypsin inhibitor 0.19 0.12 / / /
heavy chain H1
ITIH4 Inter-alpha-trypsin inhibitor / / -0.8 / -0.6
heavy chain H4
JCHAIN Joining chain of multimeric IgA / / / / -0.55
and IgM
KLKB1 Plasma kallikrein * / 0.47 0.42 0.46
SERPIN SERPIN domain-containing / -1.1 / -1
(AOA4X1SGES) protein
SERPIN SERPIN domain-containing / 1.23 -1.06 -0.61 -0.84
(LOC100156325) protein
SERPINA1 Alpha-1-antitrypsin/ Serpin 0.24 / / / /
Family A Member 1
SERPIND1 SERPIN domain-containing / / / 0.24 0.17
protein
SERPINF2 SERPIN domain-containing / / -0.31 -0.23 -0.26
protein
TF Transferrin / 0.17 / 0.16
TTR Transthyretin / 0.56 0.48 0.52

log2FC is base 2 logarithm transformed of fold change value which represents the ratio of abundance levels in the first-
mentioned group vs second-mentioned group. Adjusted p-value followed the Benjamini-Hochberg method. CR: sow diet
with wé:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation; LR: sow diet with w6:w3
ratio=4:1 from G28 until the end of lactation (L-End). G108 = day 108 of gestation.
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3.7.1.1 DAPs in the comparisons between LR and CR groups

Comparison (a): Plasma from low dietary wé:w3 ratio (LR) group at G108 showed
4 DAPs; 3 increased and one decreased) when compared to plasma from the
control dietary wé:w3 ratio (CR) group at G108 (Table 3-1, p < 0.05). In comparison
(b), plasma from LR sows at L-End versus CR sows at L-End gave no DAP. For
comparison (c), plasma from LR sows versus CR sows regardless of sampling time
yielded 5 DAPs (2 increased and 3 decreased) (Table 3-1, p < 0.05). Of these
proteins, hemopexin (HPX) and inter-alpha-trypsin inhibitor heavy chain H1 (ITIH1)
were increased, and haptoglobin (HP) was decreased in both (a) and (c)
comparisons (p < 0.05, Table 3-1 and Table 3-2). Alpha-1-antitrypsin (SERPINAT)
was up-regulated in comparison (a) and serum amyloid P-component (APCS) was
down-regulated in comparison (c) (p < 0.05, Table 3-1). The separating and
overlapping DAPs between comparisons (a) and (c) are shown in the Venn diagram

(Figure 3-3A) and heatmap (Figure 3-4).

A) B)

Comparison (a) Comparison (c) Comparison (d) Comparison (e)

4 APOAL
1 APOAZ
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Figure 3-3 Venn diagram representing separated and overlapped differentially abundant
proteins (DAPs) among: A) Comparison (a) - LR group versus CR group at G108 and
comparison (c) - LR group versus CR group; and B) Comparison (d): CR group at L-End
versus CR group at G108, comparison (e): LR group at L-End versus LR group at G108, and
comparison (f): both CR and LR groups at L-End versus both groups at G108. CR: sow diet
with w6:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation;
LR: sow diet with w6:w3 ratio=4:1 from G28 until the end of lactation (L-End). G108 = day 108
of gestation.
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Figure 3-4 Heatmap of the 27 significant differentially abundant proteins (DAPs) among five
comparisons : LR-G108 vs CR-G108 (yellow bar, (a)); LR vs CR (purple bar, (c)); CR-LEnd vs
CR-G108 (baby blue bar, (d)); LR-LEnd vs LR-G108 (baby green bar, (e)); LEnd vs G108 (pink
bar, (f)). CR: sow diet with w6:w3 ratio=13:1 during gestation, starting from day 28 (G28) and
10:1 during lactation; LR: sow diet with w6:w3 ratio=4:1 from G28 until the end of lactation
(L-End). G108 = day 108 of gestation.
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The DAPs between LR and CR groups at G108 - comparison (a) are shown in a

volcano plot (Figure 3-5A). A mixed distribution with some overlaps of the samples
based on the DAPs of this comparison is visualized in the PCA, with a high
explained variance of 88.11% (Figure 3-5B), and the DAPs are shown in the

hierarchically clustered heatmaps (Figure 3-5C).
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Figure 3-5 A- Principal Components Analysis (PCA) plot, B-Volcano plot, C-Heatmap in
comparison (a) - LR versus CR at G108. A, B, and C show the clustering of samples, the
differentially abundant proteins (DAPSs), and highlighting the proteins changing, respectively.
In the PCA, the ellipses represent 95% confidence region. Significant increased proteins in
red, significant decreased proteins in blue, and non-significant proteins in grey. CR: sow diet
with w6:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation;
LR: sow diet with w6:w3 ratio=4:1 from G28 until the end of lactation. G108 = day 108 of
gestation.
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3.7.1.2 DAPs in the comparisons between L-End and G108 sampling time

Looking at the sampling time, comparison (d) examined CR plasma at L-End
compared to CR plasma at G108 and showed 17 DAPs (9 increased and 8 decreased)
(Table 3-1, p < 0.05). Comparison (e) examined LR plasma at L-End versus LR
plasma at G108 and yielded 15 DAPs (11 increased and 4 decreased) (Table 3-1, p
< 0.05). Comparison (f) determined plasma from L-End versus G108 regardless of
dietary treatment and found 22 DAPs (12 increased and 10 decreased) (Table 3-1,
p < 0.05). Of these proteins, there are 8 proteins increased, and 4 proteins
decreased in both (d) and (e); 10 proteins increased, and 4 proteins decreased in
both (e) and (f); 9 proteins increased, and 7 proteins decreased in both (d) and (f)
(Table 3-2). In all three comparisons, several proteins were all up-regulated such
as apolipoprotein A1, A2, and C3 (APOA1, APOA2, APOC3); complement C8 alpha
chain (C8A), fetuin-B isoform 1 (FETUB), and histidine-rich glycoprotein (HRG) and
some proteins were all down-regulated including CD5 antigen-like precursor
(CD5L) and SERPIN domain-containing proteins (SERPINF2 and SERPIN
(LOC100156325)). The overlapped DAPs among these three comparisons are
represented in the Venn diagram (Figure 3-3B) and heatmap (Figure 3-4).

The DAPs in comparisons (d), (e), and (f) are displayed in the volcano plots (Figures
3-6A, 3-7A, and 3-8A). The PCA plots show clear separations between samples in
(d), (e), and (f), with the explained variances of 76.98% (Figure 3-6B), 75.95%
(Figure 3-7B), and 62.63% (Figure 3-8B), respectively. The distinct proteome
profiles of these comparisons are shown in the hierarchically clustered heatmaps
(Figures 3-6C, 3-7C, and 3-8C, respectively).
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Figure 3-6 A- Principal Components Analysis (PCA) plot, B-Volcano plot, C-Heatmap in
comparison (d) - CR at L-End versus CR at G108. A, B, and C show the clustering of samples,
the differentially abundant proteins (DAPs), and highlighting the proteins changing,
respectively. In the PCA, the ellipses represent 95% confidence region. Significant increased
proteins in red, significant decreased proteins in blue, and non-significant proteins in grey.
CR: sow diet with w6:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1
during lactation. G108 = day 108 of gestation. L-End = the end of lactation.
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Principal Components Analysis (PCA) plot, B-Volcano plot, C-Heatmap in
comparison (e) - LR at L-End versus LR at G108. A, B, and C show the clustering of samples,
the differentially abundant proteins (DAPs), and highlighting the proteins changing,
respectively. In the PCA, the ellipses represent 95% confidence region. Significant increased
proteins in red, significant decreased proteins in blue, and non-significant proteins in grey.
LR: sow diet with w6:w3 ratio=4:1 from G28 until the end of lactation (L-End). G108 = day 108
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Figure 3-8 A-Principal Components Analysis (PCA) plot, B-Volcano plot, C-Heatmap in
comparison (f) - L-End versus G108. A, B, and C show the clustering of samples, the
differentially abundant proteins (DAPSs), and highlighting the proteins changing, respectively.
In the PCA, the ellipses represent 95% confidence region. Significant increased proteins in
red, significant decreased proteins in blue, and non-significant proteins in grey. G108 = day
108 of gestation, L-End =the end of lactation.
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3.7.1.3 Gene ontology (GO) enrichment of all identified proteins

The protein-protein interaction (PPl) network of all 87 master proteins kept in this
work comprises 59 nodes and 628 edges (p < 1.0e-16). The functional enrichments
showed 49, 19, and 8 GO terms on BP, MF, and CC, respectively (Table 3-3). The
DAPs were primarily involved in response to stimulus [GO:0065007], response to
stress [GO:0044238], and organonitrogen compound metabolic process
[GO:1905907]. The main functions of these DAPs were serine-type endopeptidase
activity [GO:0004252], enzyme regulator activity [G0O:0030234], and lipoprotein
particle receptor binding [GO:0070325]. They were primarily localized in the
cellular anatomical entity [GO:0110165], extracellular space [GO:0005615], and
protein-containing complex [G0:0032991]. The top 20, 10, and 5 GO terms in BP,

MF, and CC categories, respectively, are illustrated in Figure 3-9.

3.7.1.4 Gene ontology enrichment in the comparisons between LR and CR
groups

The DAP PPI network between LR and CR plasma at G108 - comparison (a) contains
4 nodes and 5 edges (p = 8.93e-10). Their list of enriched GO terms is presented
in Table 3-4 and Figure 3-10. Regardless of sampling time, the PPl network in the
DAPs between LR and CR plasma - comparison (c) contains 5 nodes and 3 edges (p
= 1.68e-06), but no significant pathway enrichment was observed. GO analysis on
the DAPs in comparison (a) disclosed the interaction between SERPINA1 and ITIH1
in the extracellular region and their contributions to the inhibitor activity of

serine-type endopeptidase.

3.7.1.5 Gene ontology enrichment in the comparisons between L-End and
G108 sampling times

The PPl network of comparison (d) (CR at L-End versus CR at G108), comparison
(e) (LR at L-End versus LR at G108), and comparison (f) (L-End versus G108)
contains 16 nodes and 43 edges, 15 nodes and 41 edges, and 21 nodes and 59 edges
(p < 1.0e-16). The annotated GO terms corresponding to the DAPs of comparisons
(d), (e), and (f) is presented in Tables 3-5, 3-6, and 3-7 (comparisons (d) and (e)
do not have GO term in the BP category). The top 20, 5, and 3 leading GO terms
in BP, MF, and CC categories, of the PPl network of DAPs in comparison (f), are

illustrated in Figure 3-11.
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Briefly, GO enrichment analysis on the DAPs in comparisons (d), (e), and (f)

highlighted the role of APOA1 in the receptor-binding activity of high-density
lipoprotein through its functionally linked to APOC3 in the extracellular space. GO
analysis of comparison (f) underlined the interaction between APOA1, APOC3,
APOE, complement factor B (CFB), HP, ITIH4 (pig-MAP), and transthyretin (TTR)
and their participation in the metabolic process of the organonitrogen compound.
APOA1 and APOC3 also contributed to chemical homeostasis through their
interactions with transferrin (TF). Furthermore, CFB, HP, and ITIH4 (pig-MAP) play
a role in defence response via their interactions with Ficolin-2 (FCN2); and the
response to stimulus through their communication with FCN2, APOC3, and TTR. In
addition, the contribution of HP and ITIH4 in the acute phase response was

demonstrated.

To give an overview of the interaction between the DAPs and significantly enriched
GO-BP terms, a network among three main comparisons (i.e. (a), (d), and (e)) was
designed (Figure 3-12). In this network, up- and down-regulated proteins
separately in each comparison and shared between two of them were mapped

with their associated enriched GO terms.
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Table 3-3 Gene Ontology (GO) terms on biological processes, molecular function and cellular components of all 87 master proteins kept in sow proteomics

study.
GO term ID Description Adjusted Gene Matching proteins in PPl network
p-value count
GO Biological Process (n = 49)
G0:0043933  Biological regulation 1.29E-12 22 CFB, SERPINA1, HP, APOE, PLG, AMBP, C5, ALB, FGB, CLU, ITIH1,
ITIH4, TF, AHSG, F2, C3, HPX, APOC3, APOA1, FCN2, TTR, F12
GO0:0065007 Response to stimulus 1.46E-10 18 CFB, HP, PLG, C5, HBA, ALB, FGB, CLU, ITIH4, AHSG, F2, C3, HBB,
APOC3, FCN2, TTR, F12, VTN

GO0:0050896 Regulation of biological 2.67E-10 19 CFB, SERPINA1, HP, APOE, PLG, AMBP, C5, ALB, CLU, ITIH1, ITIH4,
process AHSG, F2, C3, APOC3, APOA1, FCN2, TTR, F12

G0:0044238 Response to stress 1E-09 13 CFB, HP, PLG, C5, ALB, FGB, CLU, ITIH4, AHSG, F2, C3, FCN2, F12

G0:1905907 Organonitrogen 8.1E-09 14 CFB, HP, APOE, PLG, AMBP, ITIH1, ITIH4, F2, HPX, APOC3, APOA1,
compound metabolic ENSSSCG00000016483, TTR, F12
process

GO0:1905952  Regulation of biological 1.63E-07 12 PLG, ALB, FGB, CLU, TF, F2, C3, HPX, APOC3, APOA1, TTR, F12
quality

GO0:0030212  Negative regulation of 2.29E-07 7 SERPINA1, AMBP, ITIH1, ITIH4, AHSG, C3, APOC3
hydrolase activity

G0:0033700 Macromolecule metabolic  3.61E-07 12 CFB, HP, APOE, PLG, AMBP, ITIH1, ITIH4, F2, APOC3, APOA1,
process ENSSSCG00000016483, F12

GO0:0006950 Regulation of hydrolase 5.78E-07 8 SERPINA1, AMBP, ITIH1, ITIH4, AHSG, C3, APOC3, APOA1
activity

GO0:0002376  Regulation of proteolysis  9.22E-07 7 SERPINA1, AMBP, CLU, ITIH1, ITIH4, AHSG, C3

GO0:0008152  Regulation of response to  1.04E-06 10 CFB, PLG, C5, CLU, AHSG, F2, C3, APOC3, FCN2, F12
stimulus

GO0:1900221 Inflammatory response 1.05E-06 7 HP, C5, CLU, ITIH4, AHSG, F2, C3

GO0:0051179  Cellular process 1.29E-06 17 HP, APOE, AMBP, HBA, ALB, CLU, ITIH1, ITIH4, TF, F2, C3, HPX, HBB,

APOC3, APOA1, TTR, VTN
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GO term ID Description Adjusted Gene Matching proteins in PPl network
p-value count

GO0:0051239  Transport 1.96E-06 10 APOE, HBA, CLU, TF, HPX, HBB, APOC3, APOA1, TTR, VTN

G0:0032501  Regulation of molecular 2.33E-06 11 SERPINA1, APOE, AMBP, CLU, ITIH1, ITIH4, AHSG, C3, APOC3, APOAT1,
function TTR

GO0:0019538  Protein metabolic process 2.41E-06 10 CFB, HP, APOE, PLG, AMBP, F2, APOC3, APOAT,

ENSSSCG00000016483, F12

GO0:0009605 Primary metabolic 6.69E-06 12 CFB, HP, APOE, PLG, AMBP, F2, C3, APOC3, APOA1,
process ENSSSCG00000016483, TTR, F12

GO:0010941  Regulation of cellular 1.43E-05 13 SERPINA1, HP, APOE, AMBP, ALB, CLU, ITIH1, ITIH4, AHSG, C3,
process APOC3, APOA1, TTR

G0:0090207  Acute phase response 2.08E-05 4 HP, ITIH4, AHSG, F2

GO0:1901564 Complement activation 2.08E-05 4 CFB, C5, C3, FCN2

GO0O:0051004 Response to external 2.65E-05 8 CFB, HP, C5, ALB, FGB, CLU, C3, FCN2
stimulus

GO0:0044237  Positive regulation of 3.32E-05 10 CFB, HP, APOE, C5, CLU, AHSG, F2, C3, APOA1, FCN2
biological process

G0:0048518  Cellular metabolic 7.05E-05 11 APOE, AMBP, HBA, ITIH1, ITIH4, C3, HPX, HBB, APOC3, APOA1, TTR
process

GO0:0006952  Blood coagulation 7.28E-05 4 PLG, FGB, F2, F12

GO0:0002252  Immune effector process  9.56E-05 5 CFB, C5, CLU, C3, FCN2

GO0:0032101  Regulation of cellular 0.00016 9 SERPINA1, AMBP, CLU, ITIH1, ITIH4, AHSG, C3, APOC3, APOA1
metabolic process

GO0O:0006629 Defense response to 0.00016 6 CFB, HP, C5, FGB, C3, FCN2
other organism

GO0:0034382  Multicellular organismal 0.00049 9 APOE, PLG, FGB, CLU, F2, APOC3, APOA1, ENSSSCG00000016483, F12
process

GO0:0050794 Cholesterol efflux 0.00058 3 APOE, APOC3, APOA1

GO:0098869 Innate immune response 0.00061 5 CFB, C5, FGB, C3, FCN2
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GO term ID Description Adjusted Gene Matching proteins in PPl network
p-value count

GO0:0071704  Regulation of vesicle- 0.00098 4 CLU, AHSG, APOC3, APOAT1
mediated transport

GO:0043170 Lipoprotein metabolic 0.0014 3 APOE, APOC3, APOA1
process

GO0:0048878  Organic substance 0.004 5 APOE, CLU, HPX, APOC3, APOA1
transport

GO0:0048519  Regulation of transport 0.0062 5 CLU, AHSG, C3, APOC3, APOAT1

GO0:0065009  Regulation of lipid 0.0076 3 C3, APOC3, APOAT
localization

G0:0097006 Cellular oxidant 0.009 3 HP, HBA, HBB
detoxification

GO0:0044281  Cellular lipid metabolic 0.0097 4 C3, APOC3, APOA1, TTR
process

G0:0009987  Phospholipid efflux 0.0118 2 APOC3, APOA1

GO0:0044255 High-density lipoprotein 0.0164 2 APOE, APOA1
particle assembly

GO:0071827  Plasma lipoprotein 0.0217 2 APOC3, APOA1
particle remodelling

GO0:0042157 Regulation of lipoprotein 0.0217 2 APOC3, APOA1
lipase activity

GO0:0065008 Complement activation, 0.0258 2 C5, C3
classical pathway

GO0:0030162  Regulation of cholesterol 0.0258 2 APOC3, APOA1
transport

GO0:0048583  Adaptive immune 0.0303 3 C5, FGB, C3
response

GO:0006826 Iron ion transport 0.0309 2 TF, HPX
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GO term ID Description Adjusted Gene Matching proteins in PPl network
p-value count

GO0:0031329  Regulation of cellular 0.0309 3 CLU, APOC3, APOA1

catabolic process
GO0:0006066  Alcohol metabolic 0.0323 3 APOE, APOA1, TTR

process
G0:0033036 Macromolecule 0.0348 4 APOE, CLU, APOC3, APOA1

localization
GO:0042744  Hydrogen peroxide 0.0359 2 HBA, HBB

catabolic process

GO Molecular Function (n = 19)
G0:0005488 Binding 7.83E-08 18 HP, APOE, AMBP, HBA, ALB, CLU, TF, F2, C3, HPX, HBB, APOC3,
APOA1, ENSSSCG00000016483, FCN2, TTR, F12, VTN

G0:0004252  Serine-type 4.64E-07 6 CFB, HP, PLG, F2, ENSSSCG00000016483, F12

endopeptidase activity
GO0:0030234 Enzyme regulator activity 4.64E-07 8 SERPINA1, AMBP, ITIH1, ITIH4, AHSG, C3, APOC3, APOA1
G0:0043167  lon binding 4.64E-07 13 APOE, HBA, ALB, TF, F2, HPX, HBB, APOC3, APOAT1,

ENSSSCG00000016483, FCN2, F12, VTN

GO0:0070325 Lipoprotein particle 1.5E-06 4 APOE, CLU, APOC3, APOA1

receptor binding
G0:0043169  Cation binding 4.32E-06 10 HBA, ALB, TF, F2, HPX, HBB, APOA1, ENSSSCG00000016483, FCN2,

F12

G0:0098772  Molecular function 3.33E-05 9 SERPINA1, AMBP, ITIH1, ITIH4, AHSG, C3, APOC3, APOA1, TTR

regulator
GO0:0046872  Metal ion binding 3.93E-05 9 HBA, ALB, TF, F2, HPX, HBB, ENSSSCG00000016483, FCN2, F12
G0:0005515  Protein binding 0.00015 10 HP, APOE, AMBP, CLU, C3, HBB, APOC3, APOA1, FCN2, TTR
G0:0016787  Hydrolase activity 0.00026 7 CFB, HP, PLG, F2, HPX, ENSSSCG00000016483, F12
GO0:0005102  Signalling receptor 0.00027 7 APOE, CLU, C3, APOC3, APOA1, FCN2, TTR

binding
GO0:0043177  Organic acid binding 0.0065 3 HBA, ALB, HBB
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GO term ID Description Adjusted Gene Matching proteins in PPl network
p-value count
GO0:0008289 Lipid binding 0.0082 4 APOE, ALB, APOC3, APOA1
GO0:0070653  High-density lipoprotein 0.0091 2 APOC3, APOA1
particle receptor binding
GO0:0030492 Hemoglobin binding 0.014 2 HP, HBB
G0:0020037 Heme binding 0.0202 3 AMBP, HBA, HBB
GO0:0005344  Oxygen carrier activity 0.0273 2 HBA, HBB
GO0:0019825  Oxygen binding 0.0273 2 HBA, HBB
G0:0001540 Amyloid-beta binding 0.0424 2 APOE, CLU
GO Cellular Component (n = 8)
GO0:0005576  Extracellular region 1.76E-23 24 CFB, SERPINA1, HP, APOE, PLG, AMBP, C5, ALB, FGB, CLU, ITIH1,
ITIH4, TF, AHSG, F2, C3, HPX, APOC3, APOA1, ENSSSCG00000016483,
FCN2, TTR, F12, VTN
GO0:0005615  Extracellular space 2.69E-16 17 SERPINA1, HP, APOE, ALB, CLU, TF, AHSG, F2, C3, HPX, APOC3,
APOA1, ENSSSCG00000016483, FCN2, TTR, F12, VTN
GO0:0110165  Cellular anatomical 4.34E-14 26 CFB, SERPINA1, HP, APOE, PLG, AMBP, C5, HBA, ALB, FGB, CLU,
entity ITIH1, ITIH4, TF, AHSG, F2, C3, HPX, HBB, APOC3, APOAT1,
ENSSSCG00000016483, FCN2, TTR, F12, VTN
GO0:0031012  Extracellular matrix 0.001 4 APOE, AHSG, F2, FCN2
GO0:0032991  Protein-containing 0.001 8 APOE, HBA, ALB, CLU, HBB, APOC3, APOA1, FCN2
complex
GO:0034363 Intermediate-density 0.0097 2 APOE, APOC3
lipoprotein particle
GO0:0005833  Hemoglobin complex 0.0205 2 HBA, HBB
GO0:0031838 Haptoglobin-hemoglobin 0.0205 2 HBA, HBB

complex
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Figure 3-9 Top 20, 10, and 5 GO terms on biological processes, molecular function, and
cellular component of all 87 sow plasma proteins with their corresponding gene count inside
each term and their associated adjusted p-value (expressed as -log10), respectively.
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Table 3-4 Gene Ontology (GO) terms on biological processes, molecular function and cellular
components in comparison (a) - LR versus CR at G108.

GO term ID Description Adjusted p- Gene Matching proteins in
value count PPl network
GO Biological Process (n = 1)
GO0:0065007 Biological regulation 0.0314 4 SERPINA1, HP, ITIH1,
HPX

GO Molecular Function (n = 1)

G0:0004867 Serine-type endopeptidase 0.023 2 SERPINA1, ITIH1
inhibitor activity

GO Cellular Component (n = 2)

GO0:0005576  Extracellular region 0.0002 4 SERPINA1, HP, ITIH1,
HPX
GO:0005615  Extracellular space 0.007 3 SERPINA1, HP, HPX

CR: sow diet with wé:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during
lactation; LR: sow diet with w6:w3 ratio=4:1 from G28 until the end of lactation. G108 = day 108
of gestation.

Comparison (a) - LR-G108 vs CR-G108

— GO Biological Process GO Cellular Component GO Molecular Function
=
E Extracellular region GO:0005576 o
§ Extracellular space GO:0005615 e
E Serine—type endopeptidase inhibitor activity GO:0004867 9
8 Biological regulation GO:0065007 9
0 1 2 3 4 0 1 2 3 0 1 2 3
Values

Figure 3-10 Gene ontology analysis of DAPs in comparison (a) - LR versus CR at G108 , with
their corresponding gene count inside each term and their associated adjusted p-value
(expressed as -log10). CR: sow diet with w6:w3 ratio=13:1 during gestation, starting from day
28 (G28) and 10:1 during lactation; LR: sow diet with w6:w3 ratio=4:1 from G28 until the end
of lactation. G108 = day 108 of gestation.
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Table 3-5 Gene Ontology (GO) terms on biological processes, molecular function and cellular components in comparison (d) - CR at L-End versus CR at
G108.

GO term ID Description Adjusted p-value Gene count Matching proteins in PPl network
GO Molecular Function (n = 1)
GO0:0070653 High-density lipoprotein particle receptor binding 0.0161 2 APOC3, APOA1
GO Cellular Component (n = 3)
GO0:0005576 Extracellular region 0.00041 6 HP, ITIH4, TF, APOC3, APOA1, TTR
GO0:0005615 Extracellular space 0.00091 5 HP, TF, APOC3, APOA1, TTR
G0:0042627 Chylomicron 0.0063 2 APOC3, APOA1

CR: sow diet with wé:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation. G108 = day 108 of gestation.
L-End = the end of lactation.

Table 3-6 Gene Ontology (GO) terms on biological processes, molecular function and cellular components in comparison (e) - LR at L-End versus LR at G108.

GO term ID Description Adjusted p-value Gene count Matching proteins in PPl network
GO Molecular Function (n = 1)
GO0:0070653 High-density lipoprotein particle receptor binding 0.0141 2 APOC3, APOAT
GO Cellular Component (n = 2)
G0:0042627 Chylomicron 0.0165 2 APOC3, APOAT
GO0:0005615 Extracellular space 0.0166 4 HPX, APOC3, APOA1, TTR

LR: sow diet with wé:w3 ratio=4:1 from G28 until the end of lactation (L-End). G108 = day 108 of gestation.
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GO term ID Description Adjusted p- Gene Matching proteins in PPl network
value count
GO Biological Process (n = 27)
GO0:0065007 Biological regulation 0.00042 9 CFB, HP, APOE, ITIH4, TF, APOC3, APOA1, FCN2, TTR
GO:1901564 Organonitrogen compound metabolic 0.00052 7 CFB, HP, APOE, ITIH4, APOC3, APOA1, TTR
process
GO0:0071827 Plasma lipoprotein particle 0.00055 3 APOE, APOC3, APOA1
organization
GO0:0097006 Regulation of plasma lipoprotein 0.00055 3 APOE, APOC3, APOA1
particle levels
GO0:0042157 Lipoprotein metabolic process 0.00056 3 APOE, APOC3, APOA1
GO0:0043170  Macromolecule metabolic process 0.0013 6 CFB, HP, APOE, ITIH4, APOC3, APOA1
GO0:0006629 Lipid metabolic process 0.0045 4 APOE, APOC3, APOA1, TTR
GO:0006810  Transport 0.0047 5 APOE, TF, APOC3, APOA1, TTR
GO0:0019538 Protein metabolic process 0.0047 5 CFB, HP, APOE, APOC3, APOA1
GO0:0034382 Chylomicron remnant clearance 0.0047 2 APOE, APOC3
GO0:0044238 Primary metabolic process 0.0054 6 CFB, HP, APOE, APOC3, APOA1, TTR
G0:0033700 Phospholipid efflux 0.0063 2 APOC3, APOA1
GO0:0006066  Alcohol metabolic process 0.0084 3 APOE, APOA1, TTR
GO0:0006952 Defence response 0.0087 4 CFB, HP, ITIH4, FCN2
GO0:0010896 Regulation of triglyceride catabolic 0.0087 2 APOC3, APOA1
process
GO0:0050896 Response to stimulus 0.0087 6 CFB, HP, ITIH4, APOC3, FCN2, TTR
GO:0051004 Regulation of lipoprotein lipase 0.01 2 APOC3, APOA1
activity
GO:0065009 Regulation of molecular function 0.01 5 APOE, ITIH4, APOC3, APOA1, TTR
G0:0032374 Regulation of cholesterol transport 0.011 2 APOC3, APOA1




Chapter 3 Plasma proteome changes in sows receiving a low dietary wé:w3 ratio

89

GO term ID Description Adjusted p- Gene Matching proteins in PPl network
value count
G0:0048518 Positive regulation of biological 0.0114 5 CFB, HP, APOE, APOA1, FCN2
process
GO0O:0050794 Regulation of cellular process 0.0128 6 HP, APOE, ITIH4, APOC3, APOA1, TTR
G0:0009987  Cellular process 0.0137 7 HP, APOE, ITIH4, TF, APOC3, APOA1, TTR
GO0:0044281 Small molecule metabolic process 0.0153 4 APOE, ITIH4, APOA1, TTR
GO0:0044255 Cellular lipid metabolic process 0.0163 3 APOC3, APOA1, TTR
GO:0006953  Acute phase response 0.0178 2 HP, ITIH4
GO0:0044237  Cellular metabolic process 0.0359 5 APOE, ITIH4, APOC3, APOA1, TTR
G0:0048878 Chemical homeostasis 0.0383 3 TF, APOC3, APOA1
GO Molecular Function (n = 7)
GO0:0070325 Lipoprotein particle receptor binding 0.00014 3 APOE, APOC3, APOA1
GO0:0005102  Signalling receptor binding 0.0028 5 APOE, APOC3, APOA1, FCN2, TTR
G0:0005515  Protein binding 0.0073 6 HP, APOE, APOC3, APOA1, FCN2, TTR
GO0:0070653 High-density lipoprotein particle 0.0073 2 APOC3, APOA1
receptor binding
G0:0005488 Binding 0.0142 7 HP, APOE, TF, APOC3, APOA1, FCN2, TTR
G0:0008289 Lipid binding 0.0331 3 APOE, APOC3, APOA1
G0:0043167 lon binding 0.0464 5 APOE, TF, APOC3, APOA1, FCN2
GO Cellular Component (n = 3)
G0:0005576  Extracellular region 7.41E-08 9 CFB, HP, APOE, ITIH4, TF, APOC3, APOA1, FCN2, TTR
GO0:0005615  Extracellular space 3.08E-06 7 HP, APOE, TF, APOC3, APOA1, FCN2, TTR
GO0:0034363 Intermediate-density lipoprotein 0.0015 2 APOE, APOC3

particle

G108 = day 108 of gestation. L-End = the end of lactation.
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Figure 3-11 Gene ontology analysis of DAPs in comparison (f) - L-End versus G108, with their
corresponding gene count inside each term and their associated adjusted p-value (expressed
as -log10). Top 20, 5, and all GO terms on biological processes, molecular function, and
cellular component, respectively, are illustrated. CR: sow diet with w6:w3 ratio=13:1 during
gestation, starting from day 28 (G28) and 10:1 during lactation; LR: sow diet with w6:w3
ratio=4:1 from G28 until the end of lactation (L-End). G108 = day 108 of gestation.
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Figure 3-12 Network of DAPs among comparisons (a), (d), and (e) with significantly enriched
Gene Ontology-Biological Process terms. Comparison (a) - LR versus CR at G108; (d) - CR at
L-End versus CR at G108; and (e) - LR at L-End versus LR at G108. CR: sow diet with w6:w3
ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation; LR: sow diet
with w6:w3 ratio=4:1 from G28 until the end of lactation (L-End). G108 = day 108 of gestation.
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3.7.2 Validation of proteomics results

Results of validation assays for apolipoprotein A1 (APOA1), haptoglobin (HP), and
ITIH4 (pig-MAP), together with their respective protein abundance values
determined by proteomics; is presented in Table 3-8 and visualized in Figure 3-
13. In addition, plasma levels of total cholesterol, high-density lipoprotein (HDL)
cholesterol, low-density lipoprotein (LDL) cholesterol, and triglyceride (TG) in
four groups of sows are also shown in Figure 3-13.

3.7.2.1 Apolipoprotein Al

Western blot images of APOA1 in plasma samples from two groups of sows at two
sampling times are presented in Figure 3-13A1. Clear bands corresponding to
APOA1 (Mw 26 kDa) were detected in all samples. Statistical analysis of the band
intensity for each group showed significant increases of APOA1 at L-End compared
to G108 sampling time (Table 3-8, p = 0.001). However, there was no significant
difference in APOA1 concentration between LR plasma compared to CR plasma.
Moreover, no effect of interaction between sow diet and time was found. A
significantly higher concentration of APOA1 was determined at L-End compared to
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G108 within CR group (Table 3-8, p = 0.011), within LR group (Table 3-8, p =

0.037); in LR compared to CR groups and vice versa (Table 3-8, both p = 0.011).
The relative abundance quantified by proteomics showed a similar increasing
pattern of APOA1 at L-End compared to G108 (Figure 3-13A2, p < 0.001), as
observed in validated APOA1 concentration. The overall evaluation found a strong
correlation between validated APOA1 concentration and APOA1 proteomics
relative abundance (Figure 3-14A, R = 0.68, p = 0.0013).

3.7.2.2 Haptoglobin (HP) and ITIH4 (pig-MAP)

HP and ITIH4 concentrations were significantly decreased at L-End compared to
G108 (Figure 3-13B1 and 3-13C1, respectively, both p = 0.01). A significant
decrease of HP concentration from G108 to L-End was found when compared CR
group at G108 to LR group at L-End (Table 3-8, p = 0.015). The proteomics relative
abundance showed a similar decreasing pattern of HP and ITIH4 at L-End compared
to G108 (Figure 3-13B2 and 3-13C2, p = 0.0009 and p = 0.0003, respectively); as
shown in their validated concentrations. The proteomics abundance pattern of HP
was supported by a strong correlation between HP abundance and validated HP
concentration (Figure 3-14B, R = 0.85, p = 2.3e-06). Similarly, validated ITIH4
concentration was strongly correlated to ITIH4 proteomics abundance (Figure 3-
14C, R = 0.96, p = 4.2e-11). No effect of either sow diet or sow diet - time
interaction was revealed.

3.7.2.3 Total cholesterol, HDL- and LDL-cholesterol, and triglyceride

Total cholesterol level significantly increased at L-End compared to G108 sampling
time (Figure 3-13D1, p = 0.0001). A highly significant increase of total cholesterol
at L-End compared to G108 was observed in the CR group (p = 0.002), in the LR
group (p = 0.006), in LR compared to CR groups and vice versa (both p = 0.002).
Effects of sow diet and sow diet-time interaction on total cholesterol level were
not found. HDL-cholesterol significantly increased at L-End compared to G108
sampling time (Figure 3-13D2, p = 1.353e-06). A highly significant increase of HDL-
cholesterol at L-End compared to G108 was observed in the CR group (Table 3-8,
p = 0.001), in the LR group (Table 3-8, p = 0.001); in LR compared to CR groups,
and vice versa (Table 3-8, both p < 0.001). Additionally, HDL-cholesterol level in
plasma was not affected by either sow diet or sow diet-time interaction.
Moreover, there were no significant differences between groups or sampling times
for LDL-cholesterol and TG (Figure 3-13E1 and 3-13E2, respectively).
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Table 3-8 Results of validation assays for the concentrations of apolipoprotein A1 (APOA1), haptoglobin (HP), and pig-MAP (ITIH4) are presented with their
respective protein abundance values determined by proteomics. In addition, plasma levels of total cholesterol, high-density lipoprotein (HDL) cholesterol,
low-density lipoprotein (LDL) cholesterol, and triglyceride (TG) in four groups of sows are shown. Difference between groups was analyzed separately for
each tested protein and validation method.

Sow diet (S) SEM P-value
Time point (T) CR LR CR LR S T S*T LR-G108 CR-LEnd LR-LEnd CR-LEnd LR-LEnd LR-LEnd
(LSM) (LSM) (LSM) (LSM) Vs Vs Vs Vs Vs Vs
CR-G108 CR-G108 CR-G108 LR-G108 LR-G108 CR-LEnd
APOA1 Proteomics (relative 6.922 7.022 7.47° 7.47° 0.11 0.616  <0.001  0.626 0.583 0.018 0.012 0.018 0.026 0.992
abundance)
Western blot assay (optical 98842 96952 17882° 21076° 713.00 0.890 0.001 0.412 0.626 0.011 0.011 0.011 0.037 0.591
density - arbitrary units)
HP Proteomics (relative 7.53¢ 7.21% 7.13% 6.782 0.12 0.064 <0.001  0.894 0.109 0.016 0.007 0.652 0.016 0.109
abundance)
ELISA assay (mg/mL) 1.70° 1.28% 1.15% 0.96° 0.15 0.080 0.010 0.400 0.110 0.061 0.015 0.550 0.211 0.448
pig-MAP Proteomics (relative 7.34° 7.13° 6.54% 6.732 0.16 0.964 <0.001  0.071 0.394 0.002 0.031 0.031 0.031 0.394
(ITIH4) abundance)
ELISA assay (mg/mL) 1.352 1.152 0.70° 0.85° 0.18 0.902 0.010 0.274 0.520 0.114 0.182 0.182 0.327 0.549
Total Total cholesterol 1.14° 1.28° 2.19° 2.10° 0.15 0.885 <0.001  0.423 0.615 0.002 0.002 0.002 0.006 0.661
cholesterol measurement (mmol/L)
HDL HDL cholesterol assay 0.43° 0.42° 1.10° 1.13° 0.09 0.926  <0.001  0.842 0.940 0.001 <0.001 <0.001 0.001 0.940
cholesterol (mmol/L)
LDL LDL cholesterol (mmol/L) 0.64% 0.792 1.012 0.892 0.13 0.951 0.058 0.238 0.524 0.233 0.454 0.454 0.524 0.524
cholesterol
Triglyceride  Triglyceride measurement 0.312 0.36° 0.42° 0.432 0.07 0.662 0.229 0.788 0.742 0.742 0.742 0.742 0.742 0.904
(mmol/L)

CR: sow diet with wé:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation; LR: sow diet with w6:w3 ratio=4:1 from G28 until the end of lactation (L-End). G108 = day 108 of
gestation. LSM = least square mean, SEM = standard error of the mean.
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Figure 3-13 Boxplots of validation assays for the concentrations of apolipoprotein Al
(APOA1), haptoglobin (HP), and ITIH4 (pig-MAP) are presented with their respective
abundance values determined by proteomics. Comparisons are Al and A2 for APOAL; B1 and
B2 for HP; C1 and C2 for ITIH4 (pig-MAP). In addition, plasma levels of total cholesterol, high-
density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, and
triglyceride in four groups of sows are shown in D1, D2, E1, and E2, respectively. CR: sow
diet with w6:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during
lactation; LR: sow diet with w6:w3 ratio=4:1 from G28 until the end of lactation (L-End). G108
= day 108 of gestation.
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Figure 3-14 Correlations between relative protein abundance and validated protein
concentration for A- apolipoprotein A1 (APOAL), B- haptoglobin (HP), and C- ITIH4 (pig-MAP).
CR: sow diet with w6:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1
during lactation; LR: sow diet with w6:w3 ratio=4:1 from G28 until the end of lactation (L-
End). G108 = day 108 of gestation.
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3.8 DISCUSSION

While the dietary effects on sows have been well-studied
[94,95,101,104,137,145,166,182,183,201] there have been a few previous studies
on the plasma proteome beyond gestation, and this is the first report describing
plasma proteome changes between late gestation and late lactation stages in sows
supplemented with low dietary wé:w3 ratio. For several proteins, highly
significant differences in abundance between G108 and L-End were observed;
however other more modest differences (non-adjusted p-value < 0.05) may still
be considered relevant, especially for guiding future research where larger group

size or targeted quantitative proteomics would confirm significant differences.

3.8.1 Effect of sow dietary treatments: LR versus CR during G108
and L-End

Investigation of the effect of sows’ diet, 4 and 5 proteins were changed in
abundance following the change in the ratio between w6 and w3 PUFAs at G108
and regardless of time, respectively. Hemopexin (HPX) and alpha-1-antitrypsin
(SERPINA1), implicated in inflammatory response regulation, and SERPINA1 and
Inter-alpha-trypsin inhibitor heavy chain H1 (ITIH1), implicated in protease
inhibition, were upregulated. Haptoglobin (HP) and Serum amyloid P-component
(APCS), implicated in immune and inflammatory responses, were down-regulated.
These observations support the hypothesis that low dietary wé:w3 fatty acids can

modify the protein profile of plasma in sows during late gestation and lactation.

Haptoglobin (HP) is a specific positive acute phase protein (APP) with normal
plasma levels ranging from 0.3 to 3 mg/mL [202]. HP primarily acts as an
antioxidant and anti-inflammatory molecule by binding to free hemoglobin (HB)
to detoxify HB and prevent its peroxidative side reactions to tissues [203]. In
addition, HP functions as an immunomodulator in innate and adaptive cellular and
humoral immune responses [204] by modulating helper T cell and lymphocyte
function (that assists wound repair with minor cellular damage), inhibiting Th2
cytokine (anti-inflammatory) release, and weakly inhibiting Th1 cytokine (pro-
inflammatory) release [205]. The ELISA assay validated the decreased abundance
of HP in the plasma of LR-fed sows and showed a strong correlation with HP

abundance quantified by proteomics.
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In an earlier report in humans, the consumption of a low wé:w3 ratio was shown

to lower plasma concentrations of HP and APCS, implying the activating effect of
a low wb6:w3 ratio intake on anti-inflammatory mechanisms [206]. Consistent with
this observation, we also noticed the downregulation of HP and APCS in LR sows,
suggesting that the anti-inflammatory mechanism was activated in these animals

by the effect of a low wé:w3 ratio.

In contrast to the downregulation of HP and APCS, we found up-regulation of
SERPINA1 in the plasma of LR sow. SERPINA1 is also an acute phase protein that
inhibits proteases and stimulates the inflammatory response [207]. The increased
abundance of SERPINA1 in plasma could be considered as a defence mechanism

against excessive tissue damage at the final weeks of pregnancy.

3.8.2 Effect of time point: L-End versus G108 for LR and CR,
separately and overall

The protein profile of sow plasma was measured in late gestation when the
metabolic rate and energy expenditure in pregnant females is highest to meet the
highest metabolic demand in the fetus [208], and proteome changes were found
to move towards increased adipose tissue metabolism [86]. The lactating sows
undergo accelerated catabolism because of the continued growth of mammary
glands to produce a high milk yield, which can be a source of excessive oxidative
stress [180]. Generally, sows in their late pregnancy and lactation suffer
decreased antioxidative capacity and increased damage to immune cells due to
excessive DNA oxidative attack [180]. An early study suggested that supplementing
antioxidants can help fight against elevated oxidative stress and inflammation and

restore the antioxidant defences of gestating and lactating sows [209].

Significant shifts were found over the late gestation-late lactation period affecting
the plasma lipoproteins and the acute phase proteins. Related to the former,
apolipoprotein A-1 (APOA1), A-2 (APOA2), and C-3 (APOC3) were all increased by
L-End. They are soluble-multifunctional proteins that play a crucial role in lipid
metabolism through regulating critical enzymes activity and acting as ligands to
lipoprotein receptors [210]. Over the same period, positive acute phase proteins
in pigs, haptoglobin (HP), and ITIH4 (or pig-MAP) were decreased in abundance.
These findings imply that the end of preghancy is associated with an acute phase
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reaction demonstrated by the rise in the abundance of positive acute phase
proteins and a decrease in negative acute phase proteins such as APOA1, while by
the end of lactation, this acute phase reaction has dissipated. Western blot or
immunoassay confirmed the changes of the plasma proteins in these groups. These
findings support the hypothesis that plasma proteome profiles in pigs could be
significantly altered during late gestation and lactation.

Apolipoproteins A1 (APOA1) and C3 (APOC3) are closely linked together because
they are both in the same gene cluster, which was proposed to regulate the
immune response to inflammation in pigs [211]. This effect is expressed by the
decrease in HDL and the increase in TG and LDL [211]. Although no changes in TG
and LDL were observed for sows at late gestation in our study, the mechanism of
this action was partly shown because there was a decrease in plasma total
cholesterol and HDL- cholesterol level in late gestating sows compared to late
lactating sows. Indeed, this finding is further supported by the Gene Ontology
enrichment analysis in which the interaction between APOA1 and APOC3 was
shown in the HDL particle’s receptor-binding activity.

APOA1 is a major negative APP in pigs due to its decreased level when the host is
infected with bacteria [212], and this decrease is associated with decreased HDL
levels in different acute phase responses (APR) [211]. Similar behavior of APOA1
during acute inflammation has been reported in humans [213], mice [214], and
cows [215], suggesting APOA1 contribution in modulating some of the host acute
phase reactions [213]. A chronic APR is caused by improper nutrient management
and tissue stress or malfunction [216]. In the present work, a reduction of sow
plasma HDL, APOA1, and APOA2 (the second most abundant HDL protein) was
observed in late gestation versus late lactation, suggesting that sows had
undergone elevated chronic systemic inflammation, oxidative damage, and lipid
oxidation in late gestation versus late lactation. These observations support the
hypothesis that the inflammatory responses changed in sows during different
stages of reproduction. A Western blot assay confirmed the alteration in the
proteomics result of APOA1, and the HDL-cholesterol assay showed a similar
changing pattern on HDL cholesterol level.

APOC3 is primarily presented on the surface of chylomicrons, very low-density
proteins (VLDL), and HDL [217], so it participates in regulating TG-rich lipoprotein
[218] and plasma VLDL metabolism, also act as a pro-inflammatory factor in vivo
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[219,220]. Comparing to plasma APOC3 levels in humans (~6 mg/dL) [221], mice

(~4-5 mg/dL) [222] and cows (-6 mg/dL, in non-lactating stage); the pig has an
unusual low level of ~50 ug/dL and consequently, a low circulating TG level [211].
Although the concentration of APOC3 was not measured in this study, HDL
measurement showed a significantly lower level of ~7.7 mg/dL at G108 compared
to ~20 mg/dL at L-End. HDL can promote cholesterol efflux and act as an
antioxidant molecule in plasma, although this contribution is relatively small (1-
2%) to the plasma’s total antioxidant capacity [71]. HDL also has anti-
inflammatory properties [71]. Therefore, this study’s higher HDL level in late
lactation contributes to decreased oxidative stress and inflammation in lactating
sows compared to gestating sows.

Acute phase proteins, notably HP and ITIH4, were higher in abundance in plasma
at G108 than L-End, and Gene Ontology enrichment analysis confirmed an
interaction between these two main positive APPs. They both contributed to the
organization of the extracellular region and participated in several biological
processes, particularly acute phase and defence responses of the host to stimulus.
Indeed, a significant correlation between plasma HP and ITIH4 concentrations was
found (R =0.62, p = 0.0037 for proteomics abundance; and R = 0.68, p = 0.001 for
validated concentration, Figure 3-15A and B, respectively). The validation showing
elevated HP and ITIH4 concentrations in the sows, particularly at late gestation,
supports previous studies on the porcine APP [223]. The validated concentrations
of HP and ITIH4 had strong correlations with the proteomics abundance, providing
a reference for further research examining the role of the acute phase response
in swine reproduction.
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Figure 3-15 Correlations between ITIH4 (pig-MAP) and haptoglobin (HP) concentrations for
A) proteomics abundance and B) validation assays. CR: sow diet with w6:w3 ratio=13:1
during gestation, starting from day 28 (G28) and 10:1 during lactation; LR: sow diet with
w6:w3 ratio=4:1 from G28 until the end of lactation (L-End). G108 = day 108 of gestation.
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Previous studies reported the crucial role of HP in modulating gamete interaction

and early embryo development because it is up-regulated in the female
reproductive fluid of pigs (in vitro study) [224], cows [225], and humans [226]. A
recent study on sows confirmed the vital role of HP in early embryo development:
it is excreted by the epithelium lining the oviduct and uterus throughout different
stages of the oestrus cycle [227]. Linking HP function on lymphocyte modulation,
it’s increase in the oviduct and uterus throughout the luteal phase (and reaching
a maximum on d 12 of pregnancy) implies HP’s vital role in regulating maternal-
embryonic communication [227]. These could be the underlying mechanism and
explain the higher abundance of HP in late gestation compared to late lactation
in this study. This finding is further validated by ELISA assay showing a similar

altering pattern and a strong correlation with the proteomics result.

ITIH4 has an antiprotease activity and is also involved in the modulation of cell
migration and proliferation [228], increasing rapidly in stressful conditions such as
an injection, surgical trauma, or transportation [229,230]. In addition, ITIH4 may
play a role in immune protection within the pig uterus and, thus, in
pregnancy establishment [231]. These roles could explain a higher abundance of
sow plasma ITIH4 in late gestation compared to late lactation in the present work.
Moreover, ITIH4 concentrations of sows in this study agree with previous studies.
ITIH4 concentration in healthy sows was 0.5 mg/mL (average at ~0.8 mg/mL [223])
and will be increased to 1.25 mg/mL at parturition; which are all below acute
pathology level (6.11 mg/mL) [229].

3.9 CONCLUSIONS

The results revealed that low wé:w3 fatty acids ratio altered the plasma levels of
several acute phase proteins in late gestating and late lactating sows. HP,
SERPINA1, and APCS might be involved in protective mechanisms against
accelerated oxidative impairment at later stages of gestation and lactation.
Furthermore, the plasma proteome profile in sows was changed between late
gestation and late lactation periods, in particular the relative abundance of
apolipoproteins such as APOA1, APOA2, and APOC3 and positive acute phase
proteins such as HP and ITIH4 (pig-MAP). These findings provide novel insights into
animal adaptation’s molecular mechanisms to changing stressors in different

reproduction stages.
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4.1 HIGHLIGHTS

* Maternal low dietary wé:w3 ratio (4:1) and offspring dietary seaweed

supplementation affected the serum proteome in post-weaned piglets.

* Transferrin (TF) was significantly altered in abundance in comparison between
two maternal dietary treatments and between weaning versus day 21 post-

weaning.

* Acute phase proteins and apolipoproteins in serum were altered significantly in

abundance between weaning versus day 21 post-weaning.

* The key pathways involved were coagulation cascade, platelet metabolism, and

haemostasis in serum.
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4.2 SIGNIFICANCE

This novel proteomic study in post-weaned piglets addresses the interplay
between maternal and offspring nutritional interventions in a context of rapid and
dynamic alterations in piglet metabolic status around weaning. This study also
provides new insights into piglet serum proteome regulation during post-weaning,

a critical development period in swine.
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4.3 GRAPHICAL ABSTRACT
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4.4 ABSTRACT

This study examines whether maternal low wé:w3 ratio diet and offspring seaweed
(SW) supplementation can improve offspring immunity and performance by
elucidating the effects on piglet serum proteome. A total of 16 sows were given
either a standard (CR, 13:1) or low wé:w3 ratio diet (LR, 4:1) during pregnancy
and lactation and their male weaned piglets were supplemented with SW powder
(4 g/kg, SW) or not (CT) in a 21-day post-weaning (PW) diet. Four PW piglet groups
were then identified based on dam and piglet treatment, namely CRCT, CRSW,
LRCT, and LRSW (n = 10 each). Piglet serum collected at weaning and d21 PW were
analysed (n = 5 each) using TMT-based quantitative proteomics and validated by
appropriate assays. The differentially abundant proteins (n = 122) displayed
positive effects of maternal LR diet on anti-inflammatory properties and innate
immune stimulation. Progeny SW diet activated coagulation pathway, metabolism
of platelets, and haemostasis, thus contributing to the cross-talk between
coagulation cascade and inflammation. These data demonstrate the value of
decreasing wé6:w3 ratio in maternal diet and SW supplementation in PW piglet’s

diet to boost their immunity and anti-inflammation properties.

Keywords: pig proteome, weaning, wé:w3 fatty acids, seaweed, immunity, acute

phase proteins, apolipoproteins, haemostasis
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4.5 INTRODUCTION

Weaning is a critical familiarisation (adaptive) period in a pig’s life to grow and
develop fully in adulthood [232]. During weaning at an early age of ~3-4 weeks
[233], piglets are trained to build a gradual adaptation to the introduction of solid
feed [234], new social relationships, and a changing housing environment [235].
This permits adaptation of physiological and behavioural responses against
different stressors and can thus ameliorate the effects of stress. During this
sensitive growth stage, invading pathogens and inflammatory stimuli can
negatively affect the biological system, so the host defence responses play a
critical role in maintaining the balance of biological pathways [236]. The host
defence consists of activated functions of non-specific innate and specific
adaptive immune cells to preserve tissue homeostasis in response to inflammatory
reactions caused by various stimuli [236]. Pathogens and tissue injuries from birth
can stimulate innate immune cells [237-240] while long-lasting immune responses
are maintained thanks to adaptive immune cells [241]. Nutritional intervention
such as supplementation with antioxidant compounds might reduce weaning-
related stress and intestinal barrier dysfunction in pigs [162], thus supporting the

immune system.

Maternal dietary treatments drastically affect the growth and metabolic patterns
of the offspring’s prenatal, early postnatal, and juvenile growth and, in turn,
mature phenotype [242,243]. Many studies in humans have shown the benefits of
a low dietary ratio of omega 6:omega 3 (wé:w3) polyunsaturated fatty acids
(PUFAs) on diminishing inflammation severity, particularly in the long-term
[173,206], due to the anti-inflammatory and antioxidant properties of w3 PUFAs
[244,245]. Lowering the dietary ratio of wé:w3 in sows through increasing w3
PUFAs from linseed oil has been reported to enhance their piglet’s growth
performance [246], levels of plasma immunoglobulins and hepatic gene expression
[247].

In piglets, diet at weaning serves an essential role in controlling gut function,
shaping the adaptive immune response, assisting the host defence against stimuli,
and consequently contributing to the overall performance and health status [248].

In recent years, supplementing piglet diet with in-feed antibiotics alternatives
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from sustainable sources has been rapidly developed [248]. Ascophyllum nodosum

is a brown seaweed (SW) species, rich in bioactive ingredients such as
phlorotannins and polyphenols [128,249-251]; and polysaccharides (laminarin,
fucoidans and alginates [128], and ascophyllan [252]). Thus, it is a natural dietary
source of antioxidants [168], antimicrobials and prebiotics [128,253], anti-
inflammatory and immune regulators [127,254]. A. nodosum supplementation has
been reported for its health benefits in pigs, mainly through its enhancement of
gut health against pathogens and, consequently, has been proposed as an
alternative to nutritional (in-feed) antibiotics [128,168,255]. However, the
mechanism underlying the benefits of supplementing SW in pig diet has not been

addressed so far.

An extensive review on the effects of alternatives to in-feed antibiotics in post-
weaned piglets suggested that this type of study should pay equal attention to
both physiological - functional approaches and gene expression [248]. Moreover,
further investigations on the long-term effects of early- (prenatal to early
postnatal or pre-weaning) and later- (post-weaning) nutritional programming are
required to understand the underlying mechanisms of these dietary treatments in
weaned piglet health and growth [248]. Studies considering the interplay between
early- and later-life nutritional interventions will add to our understanding of the

critical role of maternal diet in offspring growth and development [256].

This novel study describes the interplay between maternal low wé:w3 ingestion
and offspring seaweed supplementation on offspring’s serum (Chapter 4) and ileal
protein profiles (Chapter 5) by quantitative proteomics, a method increasingly
being used in studies of pig nutrition [110,257,258] here using the tandem mass
tagged (TMT) approach. This study aims to provide a reference for future research
on improving the life-long immune system of pigs. It is hypothesized that the
mother’s low wb6:w3 diet and offspring seaweed supplementation diet will be
suggestive of an additive effect on the offspring’s immunity and growth. This
chapter covers the protein profiles in serum of weaned piglets in exploring the
underlying mechanisms, while Chapter 5 examines changes in the ileum proteome

in the same piglets.
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4.6 MATERIALS AND METHODS

4.6.1 Animals and sample collection

The feeding trial on piglets was conducted at the Animal Production Research and
Teaching Centre of the Department of Veterinary Medicine and Animal Science,
University of Milan (Lodi, Italy). The study protocol was approved by the Ethical
Committee of the University of Milan (OPBA 67/2018) and the Italian Ministry of
Health (authorization n. 168/2019 PR). The experimental design, growth

performance, and blood oxidative status results were detailly described [183].

Briefly, a total of 40 male weaned piglets were designated from different mothers
within a group, amongst two maternal dietary treatments containing either a
control ratio of wé6:w3 PUFAs (CR, 13:1 during gestation and 10:1 during lactation)
or a low ratio of wé:w3 PUFAs (LR, 4:1, during gestation and lactation). Piglets
were weaned at day 26 (+ 1.76) of age with an average body weight of 6.46 kg (+
0.15) (mean * SE). Piglets were fed a meal-based commercial diet (Table 2-3,
Chapter 2) and supplemented with or without 4g seaweed powder (A. nodosum;
Prodotti Arca S.r.l, Monza, lItaly) per kg of feed, namely SW and CT groups,
respectively. Four groups (n = 10 each) were formed: CRCT; CRSW; LRCT; and
LRSW.

Blood samples were collected from the jugular vein from each piglet on weaning
(d0) and day 21 post-weaning (d21 PW) using BD Vacutainer tubes (10 mL, REF
367896, BD-Plymouth, PL678P, UK). Blood samples were left to clot for a minimum
of 60 min at room temperature, centrifuged (15 min; 3000x g; room temperature),
and subsequently kept at -80 °C until analysis. Serum was selected because it is
the standard source of biomaterials, and it contains slightly higher lipid levels

compared to plasma [259].
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4.6.2 Protein Identification and Quantification using the TMT
approach

4.6.2.1 Protein quantification

Total protein concentration of the serum samples was measured by Bradford assay
(Bio-Rad Protein Assay Dye Reagent Concentrate, Bio-Rad Laboratories GmbH,

Michen, Germany) using bovine serum albumin as standard.

4.6.2.2 Protein digestion and Isobaric labelling —tandem mass tag

The proteomic profiling of serum samples was performed using Tandem Mass Tag
(TMT) labelling quantitative approach as described earlier [184]. For each sample,
37 ug protein was digested with trypsin using filter-aided sample preparation
(FASP) [260] with 10 kDa molecular weight cut-off filters. Digesting proteins into
peptides was executed overnight using 1 pg of trypsin (20 pg/mL, Promega,
Madison, WI, USA) resuspended in 0.05 M ammonium bicarbonate (NH4HCO3)
buffer, at 1:37 w/w, at 37 °C. The remaining peptides were collected using 10%
ACN in water. Trypsin activity was inhibited by acidification with 1%
trifluoroacetic acid (TFA, CF3COOH) before entirely drying at 45 °C under a high

vacuum.

Next, the peptides pellets obtained were diluted using 0.1 M triethylammonium
bicarbonate (TEAB, Thermo Fisher Scientific, Rockford, USA) before being tagged
using a freshly prepared TMT10plex Label Reagent set followed manufacturers
instructions (Thermo Fisher Scientific, Rockford, IL, USA). All TMT-modified
peptide samples were combined in equal amounts into a new microcentrifuge
tube, aliquoted, SpeedVac lyophilized, and kept at -80 °C before tandem mass
spectrometry analysis. In addition, an equal quantity of peptides from every
sample was pooled and labelled by a TMT tag before adding to each TMT
multiplexed sample as an internal standard (or linker) between multiple TMT sets.
Five TMT10plex experiments were performed for a total of 40 samples (5 animals

per group x 4 groups x 2 time points).
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4.6.2.3 Liquid chromatography tandem mass spectrometer (LC-MS/MS)

Before analysis, peptides were dissolved in 20 pL of 5% (v/v) ACN with 0.5% (v/v)
formic acid using the auto-sampler of a nanoflow uHPLC system (Thermo Fisher
Scientific RSLCnano, Horsham, UK). Peptide ions were detected and characterized
using electrospray ionisation (ESI) mass spectrometry MS/MS with an Orbitrap Elite
MS (Thermo Fisher Scientific, Horsham, UK). LC eluent was ionized by interfacing
the LC coupling device to a NanoMate Triversa (Advion Bioscience, Harlow, UK)
with an electrospray voltage of 1.7 kV. Online desalting and trapping of peptides
(5 pL) were performed for 12 min on the trap column (0.3 x 5 mm) using a flow
rate of 25 pyL/min with 1% ACN and 0.1% formic acid.

After desalting, the purified peptide was further separated on a Pepmap C18
reversed-phase column (50 cm x 75 pm, particle size 3 pm, pore size 100 A,
Thermo Fisher Scientific, Horsham, UK) using mobile phase A and B at a fixed flow
rate of 0.3 pyL/min for the analytical column. Mobile phase A was 0.1% formic acid
in water and mobile phase B was 0.08% formic acid in 80% ACN and 20% water. The
peptides were fractionated with a series of mobile phase B gradients: 4% v/v for
10 min, 4-60% v/v for 170 min, 60-99% v/v for 15 min, and held at 99% v/v for 5
min. The column was adjusted to the initial conditions and re-equilibrated under

that condition for 10 min before the next sample injection.

Eluting peptides were analysed on an Orbitrap Elite mass spectrometer. Each MS
scan (380 - 1800 m/z) was acquired at a resolution of 60000 FWHM, followed by
CID fragmentation and detection of the top three precursor ions from the MS scan
in the linear ion trap. The top three precursor ions are also subjected to HCD in
the HCD collision cell, followed by detection in the Orbitrap at a resolution of
30000 FWHM, as defined at 400 m/z. Selected precursors were added to a dynamic

exclusion list for 180s and single-charged ions were omitted from selection.

4.6.2.4 MS/MS data processing

Raw MS/MS spectra were processed in Proteome Discoverer (version 2.4, Thermo
Fisher Scientific). The UniProtKB database was searched to identify and quantify
proteins using the Sequest HT algorithm against Sus scrofa FASTA files (104,940

sequences; downloaded on 18/02/2021). Precursor ion mass tolerance of 10 ppm
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and fragment tolerance of 0.02 Da were applied. Trypsin was selected as the

enzyme with the option of two missed cleavage sites. Carbamidomethyl (C) was
stated as the fixed modification. The dynamic modifications contain oxidation (M),
deamidation (N, Q), and TMT six-plex (K, peptide N-terminus) were specified. The
peptides were identified using the Percolator algorithm based on the search
results against a decoy database. A false discovery rate (FDR) was set at 1% on the
peptide level. At least two peptides and 5% FDR were required to report
confidently identified proteins. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via PRIDE [185] partner repository
with the dataset identifier PXD032327.

4.6.3 Validation of proteomics results

For a comprehensive validation of proteomics results, alterations in the non-
depleted sample contents of APOA1, HDL-cholesterol, SAA, and TF were
determined. These proteins were selected based on their significant alterations
in abundance analysis by TMT-based proteomic and accounting for their biological

significance.

The concentration of APOA1 in serum was measured using Western blot according
to a previous method [193]. In brief, 10 pg of proteins of each sample (5
samples/group/time point) was denatured, followed by electrophoresis
separation before transferring into nitrocellulose membranes. Membranes were
then blocked in blocking solution and probed with rabbit polyclonal antibody to
porcine APOA1 at 1:20,000 dilution (PAA519P0o01, Cloud-Clone Corp, USA) by
overnight incubation at 4°C. This primary antibody was later probed with
secondary antibody HRP conjugated anti-rabbit 1gG to horseradish peroxidase
(1:10,000; ab6721, Abcam Ltd. UK) in T-TBS containing 5% milk powder for 1 h at
room temperature. ECL substrate was added for protein detection (Thermo Fisher
Scientific™, Meridian Rd., Rockford, USA) and ECL image was visualized using
radiographic film (Hyperfilm ECL, Amersham Biosciences). The protein band

intensity was measured using Image J NIH software (https://imagej.nih.gov/ij/).

HDL-cholesterol level was quantitatively analysed using the HDL-cholesterol assay

kit (ab65390; Abcam, Cambridge, UK) following the manufacturer's instructions.


https://imagej.nih.gov/ij/
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The HDL component was preliminarily separated using chemical precipitation from

other lipoproteins. Then, the cholesterol contained by the HDL was determined

using a colorimetric assay.

The quantification of SAA was implemented by ELISA using species-specific kits
(Life Diagnostics pig SAA ELISA, Life Diagnostics Inc., West Chester, US). The assay
uses peptide-specific pig SAA antibody for solid-phase immobilization. Pig SAA

antibody conjugated with horseradish peroxidase (HRP) was used for detection.

The concentration of TF was estimated using Sodium-dodecyl Sulphate
Polyacrylamide Gel Electrophoresis (SDS-PAGE), followed by Coomassie blue
staining, and the band representing protein TF was subsequently confirmed by
mass spectrometry. Generally, 20 pg of proteins of each sample (5
samples/group/time point) was denatured at 95 °C for 4 min in 4x Laemmli buffer
and 1 M dithiothreitol (DTT). Serum proteins separated in polyacrylamide gel (4-
12% Bis-Tris precast Criterion XT, Bio-Rad, USA) were stained using 0.1% Coomassie
blue staining solution for 1 h at room temperature. Next, the gel was de-stained
in acetic acid/methanol/distilled water (3:8:29, v/v). After visualizing the protein
bands with Coomassie blue stain and scanning, gel images were measured using
Image J NIH software to obtain protein band intensity. The TF band (~76.5 kDa)
was above the albumin band (~69 kDa) in the gel. As described in detail below, a
linear mixed model was used to evaluate TF band volume differences between
treatments. To confirm the identity of the TF band protein-stained bands of ~76.5
kDa (n = 5/group/time point) were excised for in-gel digestion and subjected to

MS identification, as described previously [261].

4.6.4 Statistical and Bioinformatics Analysis
4.6.4.1 Statistical analysis for proteomics data

The statistical analyses were performed using peptide spectrum match (PSM)-level
data based on linear mixed-effects models with Empirical Bayes moderation using
MSstatsTMT package version 2.0.0 [186] in R version 4.1.0 [187]. Proteins were
quantified using unique peptides and summarized using the median polish method.
Individual protein was normalized with the pooled internal standard channel. The

Benjamini-Hochberg method was used to correct multiple pairwise comparisons (p
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< 0.05). The statistical analysis used master proteins only. Significantly

differentially abundant proteins were determined at an adjusted p-value < 0.05,

and possibly changed proteins were determined at a p-value < 0.05.

The volcano plots were generated using packages ggplot2 version 3.3.3 [188] and
ggrepel version 0.9.1, PCA plots used ggplot2 version 3.3.3 [188], and heatmaps
used pheatmap version 1.0.12. Venn diagrams were generated using web tool
Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/) [189].

4.6.4.2 Bioinformatics analysis

The accession numbers of identified master protein were converted into the
corresponding gene ID using the UniProt retrieve/ID mapping tool. Undefined
proteins were replaced with the best match on Sus scrofa orthologue annotated
genes of minimum 70% identity using SmartBLAST tool
(https://blast.ncbi.nlm.nih.gov/smartblast/). STRING database version 11.5 [190]

was used to retrieve the protein-protein interaction (PPl) network, Reactome

pathways, Gene Ontology (GO) analysis containing Biological Process (BP),
Molecular Function (MF), and Cellular Component (CC). Enriched GO terms were
further filtered using the REVIGO [192] webserver (revigo.irb.hr) to remove the
redundant terms, applying the following settings: whole UniProt as the database,
SimRel as semantic similarity measure considering a small similarity threshold of
0.5 at which the term was removed from the list and assigned to a cluster.
Interactions between desired Reactome pathways and proteins with significantly
different abundances between comparisons were mapped through Cytoscape
software v3.8.2 [191].

4.6.4.3 Statistical analysis for validation data

The APOA1, SAA, and TF validation data were analysed and compared with results
measured by proteomics. Before the data analysis, the normality of the data
distribution for each variable was examined using the Shapiro-Wilk test and
homogeneity of variance was checked using Levene's test. Difference between
groups was investigated applying the linear mixed model, and multiple pairwise
comparisons were corrected using the Benjamini-Hochberg false discovery control

procedure. Fixed effects were sow diet, piglet diet, time, and their interactions.


https://bioinfogp.cnb.csic.es/tools/venny/
https://blast.ncbi.nlm.nih.gov/smartblast/
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The random effect was an individual animal. Pearson correlation analysis was

applied to assess the association between proteomics and validation results for
APOA1 concentrations. Spearman correlation was used for the validation data of
SAA (data was normally distributed, but the variances were not equal) and

abundance data of TF (not normally distributed).

The experimental design, pipeline for proteomics analysis (containing sample
preparation, TMT labelling, and LC-MS/MS, data analysis, and quantitation), and

validation of proteomics results are illustrated in Figure 4-1.

Experimental design Proteomics pipeline
n R w63 PUFAS ratio - 4:1 (@  Peptide preparation, TMT labeling & LC-MS/MS
rom 0 G-En I "
from G28 until L-End
- from LOto L'Emj' (nfﬂ‘ (n=8, |1 - Low ratio diet) ~F
| Sow diets | - Control ratio diet) Protein T3 ~ T AP
Soybean oil Linseed ol Pooled | extraction 33:3 pigestion "'~ labeling | A" >
k3 ® ~7Y Y}
~
/ \" / \ samples Sy 3 ~ vf\f’ Labeled
k] ~ ide mi
H Basal diet Basal diet + Basal diet Basal diet + peptide mix
(n=10, seaweed (n=10, seaweed |
| Piglet diets | cn (n=10, © "SW) cn (n=10, | 'SW) LGS/ s
Weaning Post-weaning
Days 26 (d0) 48 Ed‘ﬂl il |~
1 ]

T

AJ @ Data analysis and quantitation

| % STRING
In proteomics analysis: 7 comparisons R REVIGO

Comparison Details Identify & quantify Linear mixed effects model with Gene ontology (GO) & Reactome pathway
proteins Empirical Bayes moderation analysis
(a) vs atdo
(b) vs Clatd21 Validation of proteomics results

(c) vs GE

(d) SWvs CT at d21

(e) atd21vs Citatdo " -

{f) atd21vs | [ atdO

& d21 vs dO Westem blot, ELISA, and colorimetric techniques

Figure 4-1 The experimental design, proteomics pipeline and validation of proteomics results.
Proteomics pipeline contains: (1) Peptide preparation, TMT labelling, and LC-MS/MS analysis,
(2) Data analysis and quantitation: protein identification and quantitation using Proteome
Discoverer, statistical analysis based on the linear mixed-effects model with empirical Bayes
moderation (R package MSstatsTMT), bioinformatics analysis (Gene Ontology (GO) and
Reactome pathway enrichment analysis).

4.7 RESULTS

4.7.1 Proteomic analysis

The TMT mass spectrometry-based relative quantitation found 12832 features and
mapped 2675 unique peptides, which represented 489 proteins and 260 master
proteins. Proteins matched with no unique peptide or only one peptide were

excluded. The master protein - primary translation product of the coding sequence
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and expresses at least one of the known protein isoforms, coded by the canonical

sequence [197], was used for statistical analysis. As a result, 122 master proteins

have been quantified and remained for statistical analysis.

The principal component analysis (PCA) score plot displays the clustering of
samples from 4 groups of piglets at 2 sampling times (Figure 4-2). The PCA
disclosed that the samples of 4 groups clustered more closely at the same sampling
time, whereas the samples of 4 groups at day 21 post-weaning (d21 PW) versus
those at weaning (d0) were more homogeneous, with the first two principal

components (PCs) explaining 45.81% of the total variance (Figure 4-2).



Chapter 4 Serum proteome changes associated with maternal dietary low
w6:w3 ratio in piglets supplemented with seaweed
118

CRCT-d0 CRSW-d0 LRCT-d0 LRSW~-d0
CRCT-d21 [@] CRSW-d21 [[] LRCT-d21 [[] LRSW-d21

10 :

o

PC2 (18.84%)

=10 1

-20 0 20 40
PC1 (26.97%)

Figure 4-2 Principal component analysis (PCA) score plots showing the clustering of samples
from four groups of piglet serum at two sampling time. Four groups contain CRCT: piglets
fed no seaweed (SW, Ascophyllum nodosum), which nursed by sows fed dietary w6:w3 ratio
=13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation at weaning day
(bisque dots) and d21 post-weaning (dark orange dots); CRSW: piglets fed SW, which nursed
by sows fed dietary w6:w3 ratio = 13:1 during gestation and 10:1 during lactation at weaning
day (light green dots) and d21 post-weaning (dark green dots); LRCT: piglets fed no SW,
which nursed by sows fed dietary w6:w3 ratio = 4:1 from G28 until the end of lactation at
weaning day (plum dots) and d21 post-weaning (purple dots); LRSW: piglets fed SW, which
nursed by sows fed dietary w6:w3 ratio = 4:1 from G28 until the end of lactation at weaning
day (light blue dots) and d21 post-weaning (blue dots). The ellipses represent 95% confidence
region.

The differentially abundant proteins (DAPs) in 7 comparisons are summarised in
Table 4-1 (details are presented in Table 4-2) including (a) - LR vs CR at dO; (b) -

LR vs CR at d21 PW; (c) - LR vs CR; (d) - SW vs CT at d21 PW; (e) - CR at d21 PW
vs CR at dO; (f) - LR at d21 PW vs LR at dO; and (g) - d21 PW vs dO.



Chapter 4 Serum proteome changes associated with maternal dietary low
w6:w3 ratio in piglets supplemented with seaweed
119

Table 4-1 The differentially abundant proteins (DAPs) in piglet serum among seven
comparisons : (a) LR vs CR at weaning (d0); (b) LR vs CR at day 21 post-weaning (d21 PW);
(c)-LRvs CR; (d) - SWvs CT at d21 PW; (e) - CR at d21 PW vs CR at dO; (f) - LR at d21 PW vs
LR at dO; and (g) - d21 PW vs dO.

Protein name Gene names log2FC
Comparisons
(a) (b) (©) (d) (e) (f) ()]
LR-dO LR-d21 LR SW-d21 CR-d21 LR-d21 d21
Vs Vs Vs Vs Vs Vs Vs

CR-dO CR-d21 CR CT-d21  CR-dO LR-dO do
Alpha-1- AMBP / / / / -0.29 / -0.21
microglobulin
Apolipoprotein A-I APOA1 / / / / -0.18 / -0.17
Apolipoprotein A-IV* APOA4 / / / / -1.36 -1.21 -1.29
Apolipoprotein B APOB / 0.19 / / -1.02 -0.66 -0.84
Apolipoprotein C-llI APOC3 / / / / -0.76 / -0.63
Apolipoprotein-E* APOE / / / / -0.75 -0.53 -0.64
Apolipoprotein F APOF / / / / / / -0.33
precursor*
Complement C3 C3 -0.20 / / / / / /
Complement C4A C4A / / / / -0.63 -0.57 -0.60
Complement C5a C5 / / / 0.24 / / /
anaphylatoxin
CD5 Molecule Like* CD5L / / / / / -0.48 -0.36
Complement factor CFH -0.37 / -0.20 / -0.24 / /
H isoform a
C-type lectin CLEC3B / / / / / -0.47 -0.42
domain family 3
member B
Ceruloplasmin® CpP / / / 0.16 -0.52 -0.24 -0.38
Coagulation factor F12 0.23 / / / / / /
Xl
Coagulation factor F2 / / / / -0.31 / -0.23
Il
Ficolin-1 FCN1 / / -1.67 / / / /
Fetuin-B isoform 1 FETUB / / / / 0.97 1.15 1.07
Fibronectin FN1 / / -0.21 / / / /

log2FC is base 2 logarithm transformed of fold change value which represents the ratio of expression levels in the first-
mentioned group vs second-mentioned group. Protein names marked with * were shown as “Uncharacterized protein” in
the UniProt Sus scrofa database and thus were substituted with the best match on Sus scrofa database, using SMARTBLAST
tool. CR: piglet born from sow fed diet with wé6:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during
lactation; LR: piglet born from sow fed diet with w6:w3 ratio=4:1 from G28 until the end of lactation (L-End). G108: day
108 of gestation.
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(cont. 1)
Protein name Gene names log2FC
Comparisons
(a) (b) (<) (d) (e) (f) (2)
LR-dO LR-d21 LR SW-d21 CR-d21 LR-d21 d21
Vs Vs Vs Vs Vs Vs Vs

CR-dO CR-d21 CR CT-d21 CR-dO LR-dO do
Glutathione peroxidase GPX3 / 0.46 / / / / 0.81
3 precursor®
Gelsolin GSN / / / / / 0.29
Haemoglobin subunit HBA / / -0.56 / / / /
alpha
Haptoglobin HP / / / / / / -0.79
Histidine-rich HRG / / / / 1.51 1.67 1.60
glycoprotein
IgA heavy chain constant IGHA1 0.47 0.74 0.61 / 0.89 1.16 1.03
region*
IgG heavy chain IGHG -0.79 / -0.58 / 0.68 0.73 0.71
Ig-like domain- / / / / 0.65 0.90 0.78
containing protein
IgM heavy chain constant IGHM / / / -0.22 / -0.34 -0.24
region*
Immunoglobulin kappa / / / / / / 0.18
chain**
Immunoglobulin kappa IGKV1-5 / / / / 1.41 / 1.11
variable region®
Immunoglobulin lambda- IGLL5 / / / / 0.61 0.64 0.62
like polypeptide 5
isoform 1*
Inter-Alpha-Trypsin ITIH3 / / / / -0.73 -0.47 -0.60
Inhibitor Heavy Chain 3*
Inter-alpha-trypsin ITIH4 / / / / -1.45 / -1.05
inhibitor heavy chain H4
isoform 1
Joining chain of JCHAIN / 0.35 0.32 / / / /
multimeric IgA and IgM
Plasma kallikrein* KLKB1 / -0.27 / / / / /
Kininogen 1* KNG1 / / / 0.18 / / /
Galectin-3-binding LGALS3BP / -0.57 / / / / /
protein

log2FC is base 2 logarithm transformed of fold change value which represents the ratio of expression levels in the first-
mentioned group vs second-mentioned group. Protein names marked with * were shown as “Uncharacterized protein” in
the UniProt Sus scrofa database and thus were substituted with the best match on Sus scrofa database, using SMARTBLAST
tool. Proteins ** were shown as “Uncharacterized protein” in the UniProt Sus scrofa database and cannot find the best
match on Sus scrofa database, thus were substituted with the best match on Homo sapiens database, using SMARTBLAST
tool. CR: piglet born from sow fed diet with wé:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during
lactation; LR: piglet born from sow fed diet with w6:w3 ratio=4:1 from G28 until the end of lactation (L-End). G108: day
108 of gestation.
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Protein name Gene names log2FC
Comparisons
(a) (b) () (d) (e) (f) ()]
LR-d0  LR-d21 LR SW-d21 CR-d21 LR-d21 d21
Vs Vs Vs Vs Vs Vs Vs

CR-d0  CR-d21 CR CT-d21  CR-dO LR-dO do
SERPIN domain- LOC100156325 / / / / -0.84 -1.00 -0.92
containing protein
Ig-like domain- LOC100523213 / / / / / / -0.67
containing protein
SERPIN domain- LOC106504547 / / / / -1.72 -1.30 -1.51
containing protein
Amine oxidase LOC110256000 / / -0.26 / / / /
SERPIN domain- LOC396684 / / / / -1.05 -0.76 -0.90
containing protein
Alpha-1 acid ORM1 / / / / / 0.40 0.35
glycoprotein
Plasminogen PLG / / / / -0.36 / -0.40
Perilipin 5 PLINS / / / / -0.55 -0.54 -0.55
Alpha-2- PZP / / 1.23 / -0.66 -0.40 -0.49
Macroglobulin
Serum amyloid A SAA / 1.18 / / -3.08 -1.95 -2.52
Alpha-1- SERPINA1 / / / / / 0.29 0.21
antitrypsin/Serpin
Family A Member 1
Serpin A3-8* SERPINA3 / -0.24 -0.21 / -2.14 -1.35 -1.74
Alpha-1- SERPINA3-2 / / / / -0.32 / /
antichymotrypsin 2
Serpin A3-5* SERPINA3-5 / / / / -0.84 -0.83 -0.84
Antithrombin-II| SERPINC1 0.26 / 0.20 / / / /
SERPIN domain- SERPIND1 / / / / / 0.29 0.20
containing protein
Serpin family G SERPING1 / / / / -0.37 -0.36 -0.36
member 1
Transferrin (B3CLO6) TF -3.14 -3.32 -3.33 / / / /
Transferrin (P09571) TF / 0.78 0.79 / 1.43 1.41 1.42
Transthyretin TTR / / / / 0.67 0.97 0.83
Vitronectin VTN / / / / / 0.32 0.28

log2FC is base 2 logarithm transformed of fold change value which represents the ratio of expression levels in the first-
mentioned group vs second-mentioned group. Protein names marked with * were shown as “Uncharacterized protein” in
the UniProt Sus scrofa database and thus were substituted with the best match on Sus scrofa database, using SMARTBLAST
tool. CR: piglet born from sow fed diet with wé6:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during
lactation; LR: piglet born from sow fed diet with w6:w3 ratio=4:1 from G28 until the end of lactation (L-End). G108: day
108 of gestation.
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Table 4-2 Detailed differentially abundant proteins (DAPs) in piglet serum of seven
comparisons : (a) LR vs CR at weaning (d0); (b) LR vs CR at day 21 post-weaning (d21 PW);
(c)-LRVvs CR; (d) - SWvs CT at d21 PW; (e) - CR at d21 PW vs CR at dO; (f) - LR at d21 PW vs

LR at dO; and (g) - d21 PW vs dO.

. Number .

Protein name Gene names ﬁﬁﬁ;:‘ﬂn of log2FC? P-value A_dg:lsjgd
peptides p

Comparison (a) - LR vs CR at dO
'rgegigﬁf"y chain constant IGHAT AOA480QMR6 4 0.47  0.045 0.771
Antithrombin-II| SERPINC1 AOA5G2QUEO 10 0.26 0.037 0.771
Coagulation factor XII F12 AOA287BIP4 3 0.23 0.034 0.771
Complement C3 C3 I3LTB8 57 -0.20 0.030 0.771
Complement factor H
isoform a CFH AOA480TLF3 10 -0.37 0.021 0.771
IgG heavy chain IGHG L8BOT2 9 -0.79 0.026 0.771
Transferrin TF B3CL0O6 51 -3.14 0.007 0.771
Comparison (b) - LR vs CR at d21 PW
Serum amyloid A SAA AOA480PRQO 2 1.18 0.007 0.283
Transferrin TF P09571 51 0.78 0.006 0.283
'rgegigﬁfvy chain constant IGHA1 AOA480QMR6 4 0.74  0.003 0.283
Glutathione peroxidase 3
precursor* GPX3 AOA4X1TQP5 6 0.46 0.026 0.461
Joining chain of
multimeric IgA and IgM JCHAIN AOA287BQC8 2 0.35 0.045 0.559
Apolipoprotein B APOB AOA4X1U273 25 0.19 0.037 0.522
Serpin A3-8* SERPINA3 AOA4X15G20 14 -0.24 0.029 0.461
Plasma kallikrein* KLKB1 AOA4X1VWY2 2 -0.27 0.025 0.461
gf‘olf;.tr‘]”'}b‘”d‘”g LGALS3BP AOA5G2RLP2 5 057  0.048 0.559
Transferrin TF B3CLO6 51 -3.32 0.009 0.283
Comparison (c) - LR vs CR
Alpha-2-Macroglobulin PzP AOA287A1B4 40 1.23 0.015 0.378
Transferrin TF P09571 51 0.79 0.029 0.475
'rgegi';f]?vy chain constant IGHA1 AOA480QMR6 4 0.61 0.012  0.378
Joining chain of multimeric
lgA and IgM JCHAIN AOA287BQC8 2 0.32 0.042 0.475
Antithrombin-II| SERPINC1 AOA5G2QUEO 10 0.20 0.012 0.378
Complement factor H
isoform a CFH AOA480TLF3 10 -0.20 0.043 0.475
Fibronectin FN1 F15S24 18 -0.21 0.047 0.475
Serpin A3-8* SERPINA3 AOA4X15G20 14 -0.21 0.007 0.378
Amine oxidase LOC110256000 AOA5G2RD43 6 -0.26 0.049 0.475
Hemoglobin subunit alpha HBA P01965 7 -0.56 0.039 0.475
IgG heavy chain IGHG L8BOT2 9 -0.58 0.048 0.475
Ficolin-1 FCN1 AOA480N8FO 4 -1.67 0.027 0.475
Transferrin TF B3CLO6 51 -3.33 <0.001 0.042

'Accession number from UniProt protein database for Sus scrofa. 2log2FC is base 2 logarithm transformed of fold change
value which represents the ratio of expression levels in the first-mentioned group vs second-mentioned group. Protein
names marked with * were shown as “Uncharacterized protein” in the UniProt Sus scrofa database and thus were substituted
with the best match on Sus scrofa database, using SMARTBLAST tool. CR: piglet born from sow fed diet with w6:w3
ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation; LR: piglet born from sow fed diet with

w6:w3 ratio=4:1 from G28 until the end of lactation.
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(cont. 1)
. Number .

Protein name Gene names ACCGSS]?" of log2FC? P-value Adjusted

number . p-value

peptides

Comparison (d) - SW vs CT at d21 PW
Complement C5a cs FISMET 3 0.24  0.012  0.856
anaphylatoxin
Kininogen 1* KNG1 AOA4X1UF91 6 0.18 0.027 0.856
Ceruloplasmin® CP K7GKN3 21 0.16 0.024 0.856
'rge";‘igﬁf"y chain constant IGHM AOA287ALCA 18 022 0034  0.856
Comparison (e) - CR at d21 PW vs CR at dO
Histidine-rich glycoprotein HRG AOA481B9A6 14 1.51 <0.001 <0.001
Transferrin TF P09571 51 1.43 <0.001 0.004
Immunoglobulin kappa IGKV1-5 AOA286ZYQ7 4 141 0.010  0.045
variable region
Fetuin-B isoform 1 FETUB AOA480SUZ7 2 0.97 <0.001 0.003
'rge’;gﬁf"y chain constant IGHA1 AOA480QMR6 4 0.89  <0.001  0.008
IgG heavy chain IGHG L8B149 8 0.68 0.023 0.082
Transthyretin TTR AOA5G2QIE9 3 0.67 0.008 0.037
Lgrg‘t';?n“ma‘”'CO“ta‘”‘”g AOAO75B7H9 3 0.65  0.007  0.036
Immunoglobulin lambda- IGLL5 AOA287A1M4 4 0.61 0.025 0.085
like polypeptide 5 isoform
1*
Apolipoprotein A-I APOA1 K7GM40 24 -0.18 0.015 0.060
Complement factor H CFH AOA480TLF3 10 -0.24 0.044 0.133
isoform a
Alpha-1-microglobulin AMBP AOA480P2R0 2 -0.29 0.017 0.067
Coagulation factor Il F2 B3STX9 5 -0.31 0.033 0.109
Alpha-1-antichymotrypsin 2 SERPINA3-2 QI9GMA6 11 -0.32 0.023 0.083
Plasminogen PLG AOA4X1VQL9 19 -0.36 0.050 0.147
Serpin family G member 1 SERPING1 AOA5K1UES53 4 -0.37 0.020 0.077
Ceruloplasmin CP K7GKN3 21 -0.52 <0.001 <0.001
Perilipin 5 PLIN5 AOA5G2QKC5 2 -0.55 0.042 0.130
Complement C4A C4A AO0A4X1VBD2 18 -0.63 0.005 0.028
Alpha-2-Macroglobulin * PZP AOA287BDU7 41 -0.66 0.002 0.010
Inter-Alpha-Trypsin ITIH3 AOA4X1VPM1 2 -0.73 <0.001 0.001
Inhibitor Heavy Chain 3*
Apolipoprotein-E* APOE AOA4XTW1F9 9 -0.75 0.002 0.010
Apolipoprotein C-llI APOC3 AO0A5G2QLU1 2 -0.76 0.001 0.009
SERPIN domain-containing LOC100156325 F1SCC6 12 -0.84 0.001 0.009
protein
Serpin A3-5* SERPINA3-5 AOA4X1SH92 17 -0.84 0.002 0.013
Apolipoprotein B APOB AO0A4X1U273 25 -1.02 <0.001 <0.001

'Accession number from UniProt protein database for Sus scrofa. 2log2FC is base 2 logarithm transformed of fold change
value which represents the ratio of expression levels in the first-mentioned group vs second-mentioned group. Protein
names marked with * were shown as “Uncharacterized protein” in the UniProt Sus scrofa database and thus were substituted
with the best match on Sus scrofa database, using SMARTBLAST tool. CR: piglet born from sow fed diet with w6:w3
ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation; LR: piglet born from sow fed diet with
wb6:w3 ratio=4:1 from G28 until the end of lactation. SW: piglet diet with seaweed supplementation, CT: piglet diet without

seaweed supplementation.
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(cont. 2)

Protein name Gene names A . Number P-value Adjusted
ccession f log2FC2 -val
number! or 08 p-value
peptides

Comparison (e) - CR at d21 PW vs CR at dO (cont., 1)
SERPIN domain-containing LOC396684 F1SCC7 17 -1.05 0.001 0.009
protein
Apolipoprotein A-1V* APOA4 AOA4X1T1LO 13 -1.36 <0.001 <0.001
Inter-alpha-trypsin inhibitor ITIH4 AOA480IL91 28 -1.45 <0.001 0.005
heavy chain H4 isoform 1
SERPIN domain-containing LOC106504547  AOA287AGWO 14 -1.72 <0.001 0.003
protein
Alpha-1-antichymotrypsin SERPINA3 AOA480Y8T9 13 -2.14 <0.001 <0.001
Serum amyloid A SAA AOA480PRQO 2 -3.08 <0.001 <0.001
Immunoglobulin lambda-like IGLL5 AOA287A1M4 4 0.61 0.025 0.085
polypeptide 5 isoform 1*
Apolipoprotein A-1 APOA1 K7GM40 24 -0.18 0.015 0.060
Complement factor H CFH AOA480TLF3 10 -0.24 0.044 0.133
isoform a
Alpha-1-microglobulin AMBP AOA480P2R0 2 -0.29 0.017 0.067
Coagulation factor Il F2 B3STX9 5 -0.31 0.033 0.109
Alpha-1-antichymotrypsin 2 SERPINA3-2 Q9GMA6 11 -0.32 0.023 0.083
Plasminogen PLG AOA4X1VQL9 19 -0.36 0.050 0.147
Serpin family G member 1 SERPING1 AOA5K1UE53 4 -0.37 0.020 0.077
Ceruloplasmin Ccp K7GKN3 21 -0.52 <0.001 <0.001
Perilipin 5 PLIN5 AOA5G2QKC5 2 -0.55 0.042 0.130
Complement C4A C4A AOA4X1VBD2 18 -0.63 0.005 0.028
Alpha-2-Macroglobulin * Pzp AOA287BDU7 11 -0.66 0.002 0.010
Inter-Alpha-Trypsin Inhibitor ITIH3 AOA4X1VPM1 2 -0.73 <0.001 0.001
Heavy Chain 3*
Apolipoprotein-E* APOE AOA4X1W1F9 9 -0.75 0.002 0.010
Apolipoprotein C-llI APOC3 AOA5G2QLU1 2 -0.76 0.001 0.009
SERPIN domain-containing LOC100156325 F1SCCé 12 -0.84 0.001 0.009
protein
Serpin A3-5* SERPINA3-5 AOA4X1SH92 17 -0.84 0.002 0.013
Apolipoprotein B APOB AOA4X1U273 25 -1.02 <0.001 <0.001
SERPIN domain-containing LOC396684 F1SCC7 17 -1.05 0.001 0.009
protein
Apolipoprotein A-IV* APOA4 AOA4X1T1LO 13 -1.36 <0.001 <0.001
Inter-alpha-trypsin inhibitor ITIH4 AOA480IL91 28 -1.45 <0.001 0.005
heavy chain H4 isoform 1
SERPIN domain-containing LOC106504547  AOA287AGWO 14 -1.72 <0.001 0.003
protein
Alpha-1-antichymotrypsin SERPINA3 AOA480Y8T9 13 -2.14 <0.001 <0.001
Serum amyloid A SAA AO0A480PRQO 2 -3.08 <0.001 <0.001

Accession number from UniProt protein database for Sus scrofa. 2log2FC is base 2 logarithm transformed of fold change
value which represents the ratio of expression levels in the first-mentioned group vs second-mentioned group. Protein
names marked with * were shown as “Uncharacterized protein” in the UniProt Sus scrofa database and thus were substituted
with the best match on Sus scrofa database, using SMARTBLAST tool. CR: piglet born from sow fed diet with wé6:w3
ratio=13:1 during gestation, starting from day 28 and 10:1 during lactation.
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(cont. 3)
Protein name Gene names Accession Number log2FC? P-value Adjusted

number’ of p-value

peptides

Comparison (f) - LR at d21 PW vs LR at dO
Histidine-rich glycoprotein HRG AOA481B9A6 14 1.67 <0.001 <0.001
Transferrin TF P09571 51 1.41 0.005 0.040
IgA heavy chain constant IGHA1 AOA480QMR6 4 1.16 <0.001 0.003
region*
Fetuin-B isoform 1 FETUB AOA480SUZ7 2 1.15 <0.001 0.002
Transthyretin TTR AOA5G2QIE9 3 0.97 0.003 0.039
Ig-like domain-containing AOAQ075B7H9 3 0.90 0.001 0.023
protein
IgG heavy chain IGHG L8B149 0.73 0.003 0.039
Immunoglobulin lambda-like IGLL5 AOA287A1M4 4 0.64 0.013 0.066
polypeptide 5 isoform 1*
Alpha-1 acid glycoprotein ORM1 Q29014 11 0.40 0.019 0.087
Vitronectin VTN P48819 0.32 0.005 0.040
SERPIN domain-containing SERPIND1 AOA4X1UYSO 3 0.29 0.039 0.143
protein
Gelsolin GSN AOA287A6P1 2 0.29 0.039 0.143
Alpha-1-antitrypsin/Serpin SERPINA1 P50447 8 0.29 0.031 0.120
Family A Member 1
Ceruloplasmin CcP K7GKN3 21 -0.24 0.030 0.120
IgM heavy chain constant IGHM AOA287ALC1 18 -0.34 0.031 0.120
region*
Serpin family G member 1 SERPING1 AOA5K1UES3 4 -0.36 0.007 0.042
Alpha-2-Macroglobulin * PZP AOA287A1B4 40 -0.4 0.008 0.042
C-type lectin domain family CLEC3B F1SRC8 3 -0.47 0.018 0.083
3 member B
Inter-Alpha-Trypsin Inhibitor ITIH3 AOA4X1VPM1 2 -0.47 0.001 0.010
Heavy Chain 3*
CD5 Molecule Like* CD5L AOA4X1VVV3 4 -0.48 0.014 0.066
Apolipoprotein-E* APOE AOA4X1W1F9 9 -0.53 0.004 0.040
Perilipin 5 PLINS AOA5G2QKC5 2 -0.54 0.027 0.114

'Accession number from UniProt protein database for Sus scrofa. 2log2FC is base 2 logarithm transformed of fold change
value which represents the ratio of expression levels in the first-mentioned group vs second-mentioned group. Protein
names marked with * were shown as “Uncharacterized protein” in the UniProt Sus scrofa database and thus were substituted
with the best match on Sus scrofa database, using SMARTBLAST tool. CR: piglet born from sow fed diet with w6:w3
ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation; LR: piglet born from sow fed diet with

w6:w3 ratio=4:1 from G28 until the end of lactation.
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(cont. 4)
Protein name Gene names Accession Number log2FC? P-value Adjusted

number?’ of p-value

peptides

Comparison (f) - LR at d21 PW vs LR at dO (cont.)
Complement C4A C4A AOA4X1VBD2 18 -0.57 <0.001 0.010
Apolipoprotein B APOB AO0A4X1U273 25 -0.66 <0.001 <0.001
SERPIN domain-containing LOC396684 F1SCC7 17 -0.76 0.007 0.042
protein
Serpin A3-5* SERPINA3-5 AOA4X1SH92 17 -0.83 0.005 0.040
SERPIN domain-containing LOC100156325 F1SCC6 12 -1.00 0.008 0.042
protein
Apolipoprotein A-1V* APOA4 AOA4X1T1LO 13 -1.21 <0.001 <0.001
SERPIN domain-containing LOC106504547  AOA287AGWO 14 -1.30 0.023 0.101
protein
Alpha-1-antichymotrypsin SERPINA3 AOA480Y8T9 13 -1.35 0.007 0.042
(Fragment)
Serum amyloid A SAA AO0A480PRQO 2 -1.95 0.004 0.040
Comparison (g) - d21 PW vs dO
Histidine-rich glycoprotein HRG AOA481B9A6 14 1.60 <0.001 <0.001
Transferrin TF P09571 51 1.42 <0.001 <0.001
Immunoglobulin kappa IGKV1-5 AOA286ZYQ7 4 1.1 0.003 0.012
variable region*
Fetuin-B isoform 1 FETUB A0A480SUZ7 2 1.07 <0.001 <0.001
IgA heavy chain constant IGHAT1 AOA480QMR6 4 1.03 <0.001 <0.001
region*
Transthyretin TTR AOA5G2QIE9 3 0.83 <0.001 <0.001
Glutathione peroxidase 3 GPX3 AOA4X1TQPS 6 0.81 0.015 0.043
Ig-like domain-containing AOA075B7H9 3 0.78 <0.001 <0.001
protein
IgG heavy chain IGHG L8B149 8 0.71 <0.001 <0.001
Immunoglobulin lambda-like IGLL5 AOA287A1M4 4 0.62 <0.001 0.003
polypeptide 5 isoform 1*
Alpha-1 acid glycoprotein ORM1 Q29014 11 0.35 0.002 0.007
Vitronectin VTN P48819 6 0.28 0.003 0.011
Alpha-1-antitrypsin/Serpin SERPINA1 P50447 8 0.21 0.013 0.042
Family A Member 1
SERPIN domain-containing SERPIND1 AOA4X1UYSO 3 0.20 0.026 0.070
protein
Immunoglobulin kappa chain** AOA4X1W4H6 9 0.18 0.043 0.106

'Accession number from UniProt protein database for Sus scrofa. 2log2FC is base 2 logarithm transformed of fold change
value which represents the ratio of expression levels in the first-mentioned group vs second-mentioned group. Protein
names marked with * were shown as “Uncharacterized protein” in the UniProt Sus scrofa database and thus were substituted
with the best match on Sus scrofa database, using SMARTBLAST tool. LR: piglet born from sow fed diet with w6:w3 ratio=4:1
from G28 until the end of lactation.
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(cont. 5)
Protein name Gene names Accession Number log2FC? P-value Adjusted

number?’ of p-value

peptides

Comparison (g) - d21 PW vs dO (cont.)
Apolipoprotein A-I APOA1 K7GM40 24 -0.17 0.002 0.007
Alpha-1-microglobulin AMBP AOA480P2R0 2 -0.21 0.011 0.035
Coagulation factor Il F2 B3STX9 5 -0.23 0.019 0.053
IgM heavy chain constant IGHM AOA287ALC1 18 -0.24 0.025 0.067
region*
Apolipoprotein F precursor*® APOF AOA4X1W718 2 -0.33 0.007 0.024
CD5 Molecule Like* CD5L AOA4X1VVV3 4 -0.36 0.028 0.073
Serpin family G member 1 SERPING1 AOA5K1UE53 4 -0.36 <0.001 0.001
Ceruloplasmin Cp K7GKN3 21 -0.38 <0.001 <0.001
Plasminogen PLG AOA4X1VQL9 19 -0.40 0.014 0.043
C-type lectin domain family 3 CLEC3B F1SRC8 3 -0.42 0.008 0.026
member B
Alpha-2-Macroglobulin * PZP AOA287BDU7 41 -0.49 <0.001 0.003
Perilipin 5 PLIN5 AOA5G2QKC5 2 -0.55 0.002 0.008
Inter-Alpha-Trypsin Inhibitor ITIH3 AOA4X1VPM1 2 -0.60 <0.001 <0.001
Heavy Chain 3*
Complement C4A C4A AOA4X1VBD2 18 -0.60 <0.001 <0.001
Apolipoprotein C-llI APOC3 AOA5G2QLU1 2 -0.63 <0.001 0.001
Apolipoprotein-E* APOE AOA4XTW1F9 9 -0.64 <0.001 <0.001
Ig-like domain-containing LOC100523213 F1RLO6 3 -0.67 0.020 0.057
protein
Haptoglobin HP Q8SPS7 16 -0.79 0.015 0.043
Serpin A3-5* SERPINA3-5 AOA4X1SH92 17 -0.84 <0.001 <0.001
Apolipoprotein B APOB AO0A4X1U273 25 -0.84 <0.001 <0.001
SERPIN domain-containing LOC396684 F1SCC7 17 -0.90 <0.001 <0.001
protein
SERPIN domain-containing LOC100156325 F1SCCé 12 -0.92 <0.001 <0.001
protein
Inter-alpha-trypsin inhibitor ITIH4 AOA480IL91 28 -1.05 0.001 0.006
heavy chain H4 isoform 1
Apolipoprotein A-IV* APOA4 AOA4X1T1LO 13 -1.29 <0.001 <0.001
SERPIN domain-containing LOC106504547  AOA287AGWO 14 -1.51 <0.001 <0.001
protein
Alpha-1-antichymotrypsin SERPINA3 AOA480Y8T9 13 -1.74 <0.001 <0.001
Serum amyloid A SAA AO0A480PRQO 2 -2.52 <0.001 <0.001

'Accession number from UniProt protein database for Sus scrofa. 2log2FC is base 2 logarithm transformed of fold change
value which represents the ratio of expression levels in the first-mentioned group vs second-mentioned group. Protein
names marked with * were shown as “Uncharacterized protein” in the UniProt Sus scrofa database and thus were substituted
with the best match on Sus scrofa database, using SMARTBLAST tool. Proteins ** were shown as “Uncharacterized protein”
in the UniProt Sus scrofa database and cannot find the best match on Sus scrofa database, thus were substituted with the
best match on Homo sapiens database, using SMARTBLAST tool.
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4.7.1.1 DAPsin LR vs CR groups (comparisons (a), (b), (c))

On dO, serum in LR piglets gave 7 DAPs (3 increased and 4 decreased) when
compared to CR piglets (comparison (a), Table 4-1, p < 0.05), while on d21 PW,
LR piglets exhibited 10 DAPs (6 increased and 4 decreased) when compared to CR
piglets (comparison (b)). Irrespective of sampling time, LR piglets generated 13
DAPs (5 increased and 8 decreased) if compared to CR piglets (comparison (c),
Table 4-1, p < 0.05). Among these proteins, transferrin (TF, B3CL06) was
decreased in all three comparisons (a), (b), and (c), while TF (P09571) was
increased in (b) and (c). Antithrombin-IIl (SERPINC1) was increased in both (a) and
(c). Several DAPs were identified distinctly for each of the three comparisons,
such as complement C3 (C3) was decreased, and coagulation factor XII (F12) was
increased in (a). In (b), apolipoprotein B (APOB) and serum amyloid A protein (SAA)
were increased while plasma kallikrein (KLKB1) was decreased. In (c), fibronectin
(FN1) was decreased while alpha-2-Macroglobulin (PZP) was increased. The DAPs
separated and overlapped among three comparisons (a), (b), and (c) are

represented in the Venn diagram (Figure 4-3A) and heatmap (Figure 4-4).
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Figure 4-3 Venn diagram representing separated and overlapped differentially abundant
proteins (DAPs) among six comparisons of piglet serum : A) Comparison (a) - LR vs CR at
weaning (d0); Comparison (b) - LR vs CR at day 21 post-weaning (d21 PW); and Comparison
(c) - LR vs CR; B) Comparison (e) - CR at d21 PW vs CR at d0; Comparison (f) - LR at d21 PW
vs LR at dO; and Comparison (g) —d21 PW vs d0. CR: piglet born from sow fed diet with w6:w3
ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation; LR: piglet
born from sow fed diet with w6:w3 ratio=4:1 from G28 until the end of lactation. SW: piglet
diet with seaweed supplementation, CT: piglet diet without seaweed supplementation.
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Figure 4-4 Heatmap of the significant differentially abundant proteins (DAPs) among seven
comparisons of piglet serum : (a) - LR vs CR at dO; (b) - LR vs CR at d21 PW; (c) - LR vs CR;
(d) - SWvs CT at d21 PW; (e) - CR at d21 PW vs CR at dO; (f) - LR at d21 PW vs LR at dO; and
(g) - d21 PW vs d0. CR: piglet born from sow fed diet with w6:w3 ratio=13:1 during gestation,
starting from day 28 (G28) and 10:1 during lactation; LR: piglet born from sow fed diet with
w6:w3 ratio=4:1 from G28 until the end of lactation. SW: piglet diet with seaweed

supplementation, CT: piglet diet without seaweed supplementation.
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A mixed distribution with more overlaps of the samples between CR and LR groups
towards the end of the post-weaning period is presented in the PCA of comparison
(@), (b), and (c) (Figures 4-5A, 4-6A, and 4-7A, respectively). The total variance
explained in the PCA procedure was gradually decreased from weaning (70.51%)
to d21 PW (62.78%) and regardless of sampling time (50.30%). The volcano plots
of DAPs in (a), (b), and (c) are shown in Figures 4-5B, 4-6B, and 4-7B, respectively.
The hierarchical cluster heatmaps of the DAPs clearly showed a mixed distribution
between LR and CR serum in (a), (b), and (c) (Figures 4-5C, 4-6C, and 4-7C,

respectively).

LR-serum-d0 vs CR-serum-d0
CR-serum-d0 [ LR-serum-d0 ¢ Down - Nochange * Up
6 3
3
= 2 TF(BECIOS)
= i
g 2 CFH
o T S
Q0 L C3 12
< o IGHG (L8BOT2) ~ | \e
o~ =1 - L (]
o =2 y HAT
a o] |
¥ I VSERPINC1
L i
-3
6 0 Y
-io -5 0 5 10 -4 -2 0 2 4
PC1 (46.71%) Fold change (log2)

T ]

HEN BN B B = = W Treatments

=... . gEl_glglNC‘l Abundance Treatments
. !4 CR.serum.d0
... m giH 2 B LR.serum.d0
0
L] B IGHG (L8BOT2) kg .,
O BEN > 2
L] | TF(B3CLOS6)
NONWDL NMAONOMEN—FTRRW = O
OO0 O00000000000000 ™.
T9OUTT TOUTCO0UUO0UUTOUTTUTTTUTUO
oy rerrrrrr XYy Xy wr o
o%oo 4Jdd0-440404040-400

Figure 4-5 A-Principal Components Analysis (PCA) plot, B-Volcano plot, C-Heatmap in
comparison (a) - LR versus CR at weaning day (d0). A, B, and C show the clustering of
samples, the differentially abundant proteins (DAPSs), and highlighting the proteins changing,
respectively. In the PCA, the ellipses represent 95% confidence region. Significant increased
proteins in red, significant decreased proteins in blue, and non-significant proteins in grey.
CR: piglet born from sow fed diet with w6:w3 ratio=13:1 during gestation, starting from day
28 (G28) and 10:1 during lactation; LR: piglet born from sow fed diet with w6:w3 ratio=4:1
from G28 until the end of lactation.
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Figure 4-6 A-Principal Components Analysis (PCA) plot, B-Volcano plot, C-Heatmap in
comparison (b) - LR versus CR at day 21 post-weaning (d21). A, B, and C show the clustering
of samples, the differentially abundant proteins (DAPs), and highlighting the proteins
changing, respectively. In the PCA, the ellipses represent 95% confidence region. Significant
increased proteins in red, significant decreased proteins in blue, and non-significant proteins
in grey. CR: piglet born from sow fed diet with w6:w3 ratio=13:1 during gestation, starting
from day 28 (G28) and 10:1 during lactation; LR: piglet born from sow fed diet with w6:w3
ratio=4:1 from G28 until the end of lactation.
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Figure 4-7 A-Principal Components Analysis (PCA) plot, B-Volcano plot, C-Heatmap in
comparison (c) - LR versus CR. A, B, and C show the clustering of samples, the differentially
abundant proteins (DAPs), and highlighting the proteins changing, respectively. In the PCA,
the ellipses represent 95% confidence region. Significant increased proteins in red,
significant decreased proteins in blue, and non-significant proteins in grey. CR: piglet born
from sow fed diet with w6:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1
during lactation; LR: piglet born from sow fed diet with w6:w3 ratio=4:1 from G28 until the

end of lactation.
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4.7.1.2 DAPs in SWvs CT groups (comparison (d))

Taking into account the effect of the piglet diet, comparison (d) examined SW
serum vs CT serum at d21 PW, and it yielded 4 DAPs (p < 0.05, Tables 4-1 and 4-
2). As shown in Figure 4-8B, the volcano plot indicates three upregulated proteins
comprising Complement Cba anaphylatoxin (C5), kininogen 1 (KNG1), and
ceruloplasmin (CP), and one downregulated protein, IgM heavy chain constant
region (IGHM). The PCA analysis showed a mixed cluster between SW and CT
samples, with the first two components explaining a high rate (78.06%) of data
variation (Figure 4-8A). This mixed cluster is also shown in the hierarchical cluster

heatmaps of the DAPs between SW and CT serum (Figure 4-8C).
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Figure 4-8 A-Principal Components Analysis (PCA) plot, B-Volcano plot, C-Heatmap in
comparison (d) - SW versus CT at day 21 post-weaning (d21). A, B, and C show the clustering
of samples, the differentially abundant proteins (DAPs), and highlighting the proteins
changing, respectively. In the PCA, the ellipses represent 95% confidence region. Significant
increased proteins in red, significant decreased proteins in blue, and non-significant proteins
in grey. SW: piglet diet with seaweed supplementation, CT: piglet diet without seaweed
supplementation.
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4.7.1.3 DAPs in d21 PW vs dO (comparisons (e), (f), (9))

Considering the sampling time, comparison (e) investigated CR serum at d21 PW
versus CR serum at dO and disclosed 32 DAPs (9 increased and 23 decreased) (Table
4-1, p < 0.05). Comparison (f) analysed LR serum at d21 PW versus LR serum at dO
and found 31 DAPs (13 increased and 18 decreased) (Table 4-1, p < 0.05).
Irrespective of dietary treatment, comparison (g) determined serum from d21 PW
versus dO and revealed 42 DAPs (15 increased and 27 decreased) (Table 4-1, p <
0.05). A heatmap (Figure 4-4) showed that, among these proteins, there are 8
proteins increased, and 15 proteins decreased in both (e) and (f) comparisons; 11
proteins increased, and 18 proteins decreased in both (f) and (g); 8 proteins
increased, and 21 proteins decreased in both (e) and (g). Moreover, these three
comparisons (e, f, g) share similar increased-abundant proteins such as transferrin
(TF, P09571), histidine-rich glycoprotein (HRG), fetuin-B isoform 1 (FETUB),
transthyretin (TTR) and similar decreased-abundance proteins such as serum
amyloid A (SAA), serpin-containing proteins; apolipoprotein A-IV, B and E (APOA4,
APOB, APOE). The Venn diagram also illustrated the overlapped DAPs among these

three comparisons (Figure 4-3B).

As shown in the PCA plots, the serum at dO and d21 PW were distinctly clustered
in comparisons (e), (f), and (g), with the explained variances of 68.56% (Figure 4-
9A), 55.66% (Figure 4-10A), and 57.30% (Figure 4-11A), respectively. The
hierarchically clustered heatmaps also displayed the distinct proteome profiles of
these comparisons (Figures 4-9C, 4-10C, and 4-11C, respectively). The increased-
and decreased- abundance proteins in (e), (f), and (g) are highlighted in the

volcano plots (Figures 4-9B, 4-10B, and 4-11B, respectively).
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Figure 4-9 A-Principal Components Analysis (PCA) plot, B-Volcano plot, C-Heatmap in
comparison (e) - CR at day 21 post-weaning (d21) versus CR at weaning day (d0). A, B, and
C show the clustering of samples, the differentially abundant proteins (DAPs), and
highlighting the proteins changing, respectively. In the PCA, the ellipses represent 95%
confidence region. Significant increased proteins in red, significant decreased proteins in
blue, and non-significant proteins in grey. CR: piglet born from sow fed diet with w6:w3
ratio=13:1 during gestation, starting from day 28 and 10:1 during lactation.



Chapter 4 Serum proteome changes associated with maternal dietary low
w6:w3 ratio in piglets supplemented with seaweed
136

[ LR-serum-d0 [ LR-serum-d21 LR-serum-d21 vs LR-serum-d0

* Down - Nochange + Up

APOAL HRG
4 1 SAA
K

o

o APOE
SERPINA3

cP
.

FETUB

PC2(12.21%)

B
SERPIN (LOC106504547) ITIH3

.
fring  pzP p TF (POSST1)

SERPINA3-5 # 1GH
Twike (ADAOTSBTHS) iy 15
T SR e

o
p-value (-log10)
£

N

10 5 0 5 10 -4 -2 0 2 4
PC1 (43.45%) Fold change (log2)

[ [ (1] []] — Treatments
| | |CLEC3B
APOB
SERPING1
APOA4
ITIH3
SERPINA3-5
C4A
cP
IGHM
APOE
u CD5L
PLIN5

SAA Abundance Treatments
| SERPIN (LOC106504547% -4 B LR serum.d0
2

SERPINA3 (AOA480Y8TY
H: SERPIN (LOC100156325) B LR serum.d21

] SERPIN (LOC396684)

E 0
] PZP (AOA287A1B4) I -2
% o HSERPINM 4

TF (P09571)
IGHG (L8B149)
ORM!1

I%—Iike (AOAOT5B7H9)
IGHA1

IGLL5

GSN

FETUB

n HRG

N SERPIND1
TTR

| VTN

—O0NMROINOTO OO —O<TNMO

SOO0O000T: e e

o0
TTTOTOTTOO NN OO NN —

Figure 4-10 A-Principal Components Analysis (PCA) plot, B-Volcano plot, C-Heatmap in
comparison (f) — LR at day 21 post-weaning (d21) versus LR at weaning day (d0). A, B, and C
show the clustering of samples, the differentially abundant proteins (DAPs), and highlighting
the proteins changing, respectively. In the PCA, the ellipses represent 95% confidence region.
Significant increased proteins in red, significant decreased proteins in blue, and non-
significant proteins in grey. CR: piglet born from sow fed diet with w6:w3 ratio=13:1 during
gestation, starting from day 28 and 10:1 during lactation.
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Figure 4-11 A-Principal Components Analysis (PCA) plot, B-Volcano plot, C-Heatmap in
comparison (g) —day 21 post-weaning (d21) versus weaning day (d0). A, B, and C show the
clustering of samples, the differentially abundant proteins (DAPs), and highlighting the
proteins changing, respectively. In the PCA, the ellipses represent 95% confidence region.
Significant increased proteins in red, significant decreased proteins in blue, and non-
significant proteins in grey. CR: piglet born from sow fed diet with w6:w3 ratio=13:1 during
gestation, starting from day 28 and 10:1 during lactation.
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4.7.1.4 GO enrichment of all identified serum proteins

The analysis of protein-protein interaction (PPI) enrichment illustrates an
association among 122 master proteins with 78 nodes and 1171 edges (p < 1.0e-
16). The functional enrichments highlighted 99, 28, and 19 GO terms on biological
processes (BP), molecular function (MF), and cellular components (CC),
respectively. The top three enriched GO-BP terms were regulation of proteolysis
[GO:0030162], vesicle-mediated transport [GO:0016192], and regulation of
immune effector process [GO:0002697]. The top three enriched GO-MF terms were
enzyme regulator activity [GO:0030234], heparin-binding [GO:0008201], and lipid
binding [GO:0008289]. The top three enriched GO-CC terms were blood
microparticle [G0:0072562], extracellular space [GO:0005615], and vesicle
[GO:0031982]. The top 20, 10, and 5 GO terms on BP, MF, and CC, respectively,

are shown in Figure 4-12.
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Figure 4-12 Gene ontology analysis of all 122 proteins kept in serum proteomics study with
their corresponding gene count inside each term and their associated adjusted p-value

(expressed as -log10).
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4.7.1.5 GO and Reactome pathway enrichment in LR vs CR groups
(comparisons (a), (b), (c))

The DAP PPI network between LR and CR serum at dO - comparison (a) contains 5
nodes and 6 edges (p = 7.7e-09). No enriched GO terms on BP and MF were found.
The list of enriched GO terms on CC and Reactome pathways is presented in Table
4-3. The PPI network in the LR serum compared to CR serum at d21 PW -
comparison (b) comprises 8 nodes and 7 edges (p = 6.81e-08). The list of enriched
GO terms on CC and Reactome pathways is presented in Table 4-4. Regardless of
sampling time, the PPI network in the DAP between LR and CR serum - comparison
(c) contains 9 nodes and 7 edges (p = 1.31e-05). No enriched GO terms on BP and
Reactome pathways were observed. The list of enriched GO terms on MF and CC

are presented in Table 4-5.

Reactome pathway analysis in comparison (a) highlighted the interaction among
C3, SERPINC1, and TF in the regulation of Insulin-like Growth Factor (IGF)
transport and uptake by Insulin-like Growth Factor Binding Proteins (IGFBPs) [HSA-
381426], and post-translational protein phosphorylation [HSA-8957275]. In
comparison (b), three Reactome pathways were enriched containing haemostasis
[HSA-109582], binding and uptake of ligands by scavenger receptors [HSA-
2173782], and scavenging by class B receptors [HSA-3000471].

4.7.1.6 GO and Reactome pathway enrichment in SW vs CT groups
(comparisons (d))

The DAP PPl network between SW and CT serum at d21 PW - comparison (d)
contains only 3 nodes and 1 edge (p = 0.038), and no significant pathways were
detected. However, when the network is expanded with maximum 5 interactors
shown in the first shell, 8 nodes and 17 edges were found (p = 3.75e-05). Moreover,
their list of enriched GO terms on BP, CC, and Reactome pathways are presented
in Table 4-6 underlined the role of C5 in regulating complement cascade [HSA-
977606] and terminal pathway of complement [HSA-166665].



Table 4-3 Gene Ontology (GO) terms on biological processes, molecular function and cellular components in comparison (a) - LR versus CR at weaning. CR:
piglet born from sow fed diet with w6:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation; LR: piglet born from sow fed diet
with w6:w3 ratio=4:1 from G28 until the end of lactation.

GO term ID Description Adjusted Gene Matching proteins in PPl network
p-value count
GO Cellular Component (n = 2)

G0:0072562 Blood microparticle 1.6E-05 4 C3, CFH, SERPINC1, TF
G0:0005783 Endoplasmic reticulum 4.9E-02 4 C3, F12, SERPINC1, TF
Pathway
Reactome Pathways (n = 2)
HSA-381426 Regulation of Insulin-like Growth Factor (IGF) transport 3.0E-02 3 C3, SERPINC1, TF
and uptake by Insulin-like Growth Factor Binding Proteins
(IGFBPs)

HSA-8957275  Post-translational protein phosphorylation 3.0E-02 3 C3, SERPINC1, TF
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Table 4-4 Gene Ontology (GO) terms on cellular component and Reactome pathways in comparison (b) - LR versus CR at day 21 post-weaning. CR: piglet
born from sow fed diet with w6:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation; LR: piglet born from sow fed diet with
w6:w3 ratio=4:1 from G28 until the end of lactation.

GO term ID Description Adjusted Gene Matching proteins in PPl network
p-value count
GO Cellular Component (n = 5)
G0:0072562 Blood microparticle 5.5E-05 4 JCHAIN, LGALS3BP, SERPINA3, TF
G0:0031983 Vesicle lumen 1.7E-03 4 APOB, LGALS3BP, SERPINA3, TF
GO0:0071682 Endocytic vesicle lumen 9.2E-03 2 APOB, SAA
G0:0034364 High-density lipoprotein particle 1.7E-02 2 APOB, SAA
G0:0034774 Secretory granule lumen 4.0E-02 3 LGALS3BP, SERPINA3, TF
Pathway
Reactome Pathways (n = 3)
HSA-109582 Haemostasis 4.2E-04 6 APOB, JCHAIN, LGALS3BP, KLKB1,
SERPINA3, TF
HSA-2173782  Binding and Uptake of Ligands by Scavenger 5.1E-03 3 APOB, JCHAIN, SAA
Receptors

HSA-3000471  Scavenging by Class B Receptors 2.4E-02 2 APOB, SAA
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Table 4-5 Gene Ontology (GO) terms on biological processes, molecular function and cellular components in comparison (c) - LR versus CR. CR: piglet born
from sow fed diet with w6:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation; LR: piglet born from sow fed diet with w6:w3
ratio=4:1 from G28 until the end of lactation.

GO term ID Description Adjusted Gene Matching proteins in PPl network
p-value count
GO Molecular Function (n = 1)
GO:0061134 Peptidase regulator activity 1.2E-02 4 PZP, FN1, SERPINC1, SERPINA3
GO Cellular Component (n = 6)
G0:0072562 Blood microparticle 2.7E-11 7 JCHAIN, PZP, FN1, CFH, SERPINC1, SERPINA3, TF
GO0:0005615 Extracellular space 4.8E-03 8 JCHAIN, PZP, FN1, CFH, SERPINC1, FCN1, SERPINA3,
TF
G0:0031232 Extrinsic component of external side of plasma  4.8E-03 2 FCN1, TF
membrane
G0:0031982 Vesicle 4.8E-03 8 JCHAIN, PZP, FN1, CFH, SERPINC1, FCN1, SERPINA3,
TF
GO0:0034774 Secretory granule lumen 4.8E-03 4 FN1, FCN1, SERPINA3, TF
G0:0062023 Collagen-containing extracellular matrix 4.8E-03 4 FN1, SERPINC1, FCN1, SERPINA3
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Table 4-6 Gene Ontology (GO) terms on biological processes, molecular function and cellular components in comparison (d) - SW versus CT at day 21 post-
weaning. The interaction network is expanded with maximum 5 interactors shown in the first shell. SW: piglet diet with seaweed supplementation, CT: piglet
diet without seaweed supplementation.

GO term ID Description Adjusted p-value Gene count Matching proteins in PPl network

GO Biological Process (n = 6)

G0:0019835 Cytolysis 2.4E-08 5 C5, C9, C6, C8A, C8B

G0:0006959 Humoral immune response 4.0E-07 6 C5, C9, C6, KNG1, C8A, C8B

G0:0006952 Defence response 5.8E-05 7 C5, €9, C6, KLKB1, KNG1, C8A, C8B

GO0:0051707 Response to other organism 1.7E-03 6 C5, €9, C6, KNG1, C8A, C8B

G0:0007597 Blood coagulation, intrinsic pathway 1.5E-02 2 KLKB1, KNG1

G0:0048584 Positive regulation of response to stimulus 3.1E-02 6 C5, C9, C6, KLKB1, C8A, C8B

GO Cellular Component (n = 3)

G0:0005579 Membrane attack complex 4.6E-12 5 C5, C9, C6, C8A, C8B

G0:0072562 Blood microparticle 3.7E-05 4 C9, CP, KNG1, C8A

G0:0005886 Plasma membrane 6.6E-03 8 C5, €9, C6, CP, KLKB1, KNG1, C8A, C8B
Reactome pathways (n = 2)

HSA-166665 Terminal pathway of complement 5.2E-11 5 C5, €9, C6, C8A, C8B

HSA-977606 Regulation of Complement cascade 5.3E-08 5 C5, C9, C6, C8A, C8B




4.7.1.7 GO and Reactome pathway enrichment in d21 PW vs d0O
(comparisons (e), (f), (9))

The PPl network in the DAPs of CR group at d21 PW versus d0 - comparison (e)
contains 23 nodes and 148 edges (p < 1.0e-16). The PPI network in the DAPs of LR
group at d21 PW versus dO - comparison (f) comprises 23 nodes and 116 edges (p
< 1.0e-16). Regardless of dietary treatments, the PPl network in d21 versus d0
serum - comparison (g) contains 31 nodes and 243 edges (p < 1.0e-16). The top 10
leading GO terms on BP, MF, and CC, and Reactome pathways of the PPl network
of DAPs in (e), (f), and (g); are illustrated in Figures 4-13, 4-14, 4-15, respectively.
For full GO terms and Reactome pathways list, see Appendix Tables 51, 52, S3.

Briefly, the pathways analysis in comparisons (e), (f), and (g) underscored the
interactions of DAPs in multiple Reactome pathways such as platelet degranulation
[HSA-114608], regulation of Insulin-like growth factor (IGF) transport and uptake
by Insulin-like growth factor binding proteins (IGFBPs) [HSA-381426], haemostasis
[HSA-109582], innate immune system [HSA-168249], and metabolism of proteins
[HSA-392499].

Furthermore, a network among three main comparisons (i.e. (c), (d), and (g))
gives an overview of the interaction between the DAPs and significantly enriched
Reactome pathways (Figure 4-16). In this network, the up- and down-regulated
proteins with and between each comparison are shown with their related enriched
Reactome pathways such as plasma lipoprotein remodelling [HSA-8963899], post-
translational modification [HSA-597592], and complement cascade [HSA-166658].



Comparison (e) - CR serum at day 21 post-weaning versus CR serum at
weaning day
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Figure 4-13 Gene ontology and Reactome pathways analysis of DAPs in comparison (e) - CR
at day 21 post-weaning versus CR at weaning day , with their corresponding gene count
inside each term and their associated adjusted p-value (expressed as -log10). Top 10 GO
terms on biological processes, molecular function, and cellular component; and Reactome
pathways are illustrated. CR: piglet born from sow fed diet with w6:w3 ratio=13:1 during

gestation, starting from day 28 (G28) and 10:1 during lactation.
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Figure 4-14 Gene ontology analysis of DAPs in comparison (f) - LR at day 21 post-weaning
versus LR at weaning day , with their corresponding gene count inside each term and their
associated adjusted p-value (expressed as -log10). Top 10 GO terms on biological processes
and cellular component; Reactome pathways; and 6 GO terms on molecular function are
illustrated. LR: piglet born from sow fed diet with w6:w3 ratio=4:1 from G28 until the end of
lactation.
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Figure 4-15 Gene ontology analysis of DAPs in comparison (g) - day 21 post-weaning versus
weaning day , with their corresponding gene count inside each term and their associated
adjusted p-value (expressed as -log10). Top 10 GO terms on biological processes, molecular
function, and cellular component; and Reactome pathways are illustrated.
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Figure 4-16 Network of the DAPs among comparisons (c), (d), and (g) of piglet serum with
significantly enriched Reactome pathways. Comparison (c) - LR vs CR; (d) - SW vs CT at day
21 post-weaning; and (g) - day 21 post-weaning versus weaning day. CR: piglet born from
sow fed diet with w6:w3 ratio=13:1 during gestation, starting from day 28 (G28) and 10:1
during lactation; LR: piglet born from sow fed diet with w6:w3 ratio=4:1 from G28 until the
end of lactation. SW: piglet diet with seaweed supplementation, CT: piglet diet without
seaweed supplementation.

4.7.2 Validation of proteomics results

Results of validation assays for apolipoprotein A1 (APOA1), serum amyloid A (SAA),
and transferrin (TF) in serum samples, together with their respective protein
abundance data determined by proteomics, are shown in Table 4-7 and visualized
in Figure 4-17. Furthermore, serum levels of high-density lipoprotein (HDL)
cholesterol in 4 groups of piglets at dO and d21 PW are displayed in the same Table

and Figure.



Table 4-7 Results of validation assays for the concentrations of apolipoprotein A1 (APOA1), serum amyloid A (SAA) and transferrin (TF) in serum samples
are presented with their respective protein abundance values determined by proteomics. In addition, serum levels of high-density lipoprotein (HDL)
cholesterol in eight groups of piglets are shown. Difference between groups was analysed separately for each tested protein and validation method.

Time point (T) Sow diet Piglet APOA1 SAA TF HDL cholesterol
©) diet (P) Proteomics Western Proteomics ELISA Proteomics” Proteomics Coomassie HDL cholesterol
(relative blot assay (relative assay” (P09571, (B3CLO6, blue and assay” (mmol/L)
abundance) (optical abundance) (ng/mL) relative relative targeted MS
density - abundance)  abundance) (optical
arbitrary density -
units) arbitrary
units)
Weaning CR CT 6.34 15870¢d 7.58¢ 1.71bde 5.62° 6.82 203842 1.24
(d0) SW 6.46 120180 5.98¢de 1.51cde 5.43 4.86 205012 1.00
LR CT 6.29 14905¢d 6.94de 2.14¢ 6.312bc 2.91 239442b 1.28
SW 6.37 165644 6.73¢ 1.99de 6.352b 4.07 221522b 1.32
d21 post-weaning CR CT 6.20 90012b 3.80% 0.973¢ 6.84bcd 7.01 24217° 0.95
(d21PW) SW 6.24 74667 3.60° 0.92% 7.07b<d 6.39 24035 0.88
LR CT 6.25 907420 4,44abc 1.222bcd 7.94 3.01 24608P 1.04
SW 6.12 82132b 5.32bcd 1.632bcde 7.57< 3.98 24704 0.90
SEM 0.10 1219 0.50 0.21 0.40 1.13 982 0.11
P-value S ns ns ns 0.031* 0.007 0.022* 0.077 ns
P ns ns ns ns ns ns ns ns
T 0.030 <0.001 <0.001 <0.001 <0.001 ns <0.001 0.002
S*P ns 0.082 ns ns 0.046 ns ns ns
ST ns ns 0.032 ns <0.001 ns 0.066 ns
P*T ns ns 0.020 0.044 0.002 ns ns ns
S*P*T ns ns ns ns 0.001 ns ns ns
CRCTdO-LRCTdO ns ns ns ns ns ns 0.050 ns
CRCTdO-CRSWdO ns 0.060 0.056 ns ns ns ns ns
CRCTdO-LRSWdO ns ns ns ns ns ns ns ns
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APOA1 SAA TF HDL cholesterol
Proteomics Western Proteomics ELISA Proteomics” Proteomics Coomassie HDL cholesterol
blot assay assay” (P09571) (B3CLO6) blue and assay”
targeted MS
P-value (cont.) CRCTdO-CRCTd21 ns 0.001 <.0001 0.005 ns ns 0.030 ns
CRCTdO-LRCTd21 ns 0.001 <0.001 ns 0.006 ns 0.030 ns
CRCTd0-CRSWd21 ns <0.001 <0.001 0.059 0.099 ns 0.049 ns
CRCTd0-LRSWd21 ns <0.001 0.009 ns 0.018 ns 0.030 ns
LRCTdO-CRSWdO ns ns ns ns ns ns 0.055 ns
LRCTdO-LRSWdO ns ns ns ns ns ns ns ns
LRCTdO-CRCTd21 ns 0.004 <0.001 0.007 ns ns ns ns
LRCTdO-LRCTd21 ns 0.005 <0.001 <0.001 ns ns ns ns
LRCTdO-CRSWd21 ns <0.001 <0.001 0.006 ns ns ns ns
LRCTdO-LRSWd21 ns 0.001 0.056 ns ns ns ns ns
CRSWdO-LRSWdO ns 0.026 ns ns ns ns ns ns
CRSWd0-CRCTd21 ns ns 0.011 ns ns ns 0.049 ns
CRSWdO-LRCTd21 ns ns 0.062 ns 0.006 ns 0.030 ns
CRSWd0-CRSWd21 ns 0.026 <0.001 0.010 0.099 ns 0.030 ns
CRSWdO0-LRSWd21 ns 0.060 ns ns 0.018 ns 0.030 ns
LRSWd0-CRCTd21 ns <0.001 0.001 0.012 ns ns ns ns
LRSWdO-LRCTd21 ns <0.001 0.009 0.061 0.072 ns ns ns
LRSWd0-CRSWd21 ns <0.001 <0.001 0.010 ns ns ns ns
LRSWdO0-LRSWd21 ns <0.001 0.021 0.097 ns ns 0.070 ns
CRCTd21-LRCTd21 ns ns ns ns ns ns ns ns
CRCTd21-CRSWd21 ns ns ns ns ns ns ns ns
CRCTd21-LRSWd21 ns ns 0.064 0.097 ns ns ns ns
LRCTd21-CRSWd21 ns ns ns ns ns ns ns ns
LRCTd21-LRSWd21 ns ns ns ns ns ns ns ns
CRSWd21-LRSWd21 ns ns 0.044 0.080 ns ns ns ns
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Figure 4-17 Boxplots of validation assays for the concentrations of apolipoprotein Al
(APOA1), serum amyloid A (SAA), and transferrin (TF) are presented with their respective
abundance values determined by proteomics. Comparisons are Al and A2 for APOA1; B1 and
B2 for SAA; C1, C2 and C3 for TF. Moreover, plasma levels of high-density lipoprotein (HDL)
cholesterol in eight groups of piglets are shown in D. CRCT: piglets fed no seaweed (SW,
Ascophyllum nodosum), which nursed by sows fed dietary w6:w3 ratio = 13:1 during
gestation, starting from day 28 (G28) and 10:1 during lactation. CRSW: piglets fed SW, which
nursed by sows fed dietary w6:w3 ratio = 13:1 during gestation and 10:1 during lactation.
LRCT: piglets fed no SW, which nursed by sows fed dietary w6:w3 ratio = 4:1 from G28 until
the end of lactation. LRSW: piglets fed SW, which nursed by sows fed dietary w6:w3 ratio =
4:1 from G28 until the end of lactation. dO: weaning day, d21: d21 post-weaning.



Chapter 4 Serum proteome changes associated with maternal dietary low
w6:w3 ratio in piglets supplemented with seaweed
154

+ CRCTd0 =™ CRSWd0 4 LRCTd0 e LRSWdO + CRCTd0 ®m CRSWdD 4 LRCTd0 e LRSWd0
SowDiet.PigletDiet. Time

SowDiet.PigletDiet. Time

< CRCTd21 O CRSWd21 A LRCTd21 * LRSWd21 ¢ CRCTd21 O CRSWd21 A LRCTd21 #* LRSWd21

o8 R=047,p=0.0021 _10 R=07,p=1.1e-06
I i
. Lo
g7
g - ;
. " b3
5 ) o LIPS : £t o) — g8
= e o a A .Ao S
3 c 7
K S
3. 3
= e
34 35
= ¢
g5 g
[
g 2 g*®
= 2 o0
g s
3 g2
=1
S g’
a “ 9
<0
0 100 200 300
5000 10000 15000 20000
APOA1 (optical density-arbitrary units, n=5) SAA (ELISA assay, ng/ml, n=5)
« CRCTd0 =™ CRSWd0 4 LRCTd0 @ LRSWdO + CRCTd0 ® CRSWd0 4 LRCTd0 e LRSWd0

SowDiet.PigletDiet. Time SowDiet.PigletDiet. Time

< CRCTd21 O CRSWd21 A LRCTd21 % LRSWd21 < CRCTd21 O CRSWd21 & LRCTd21 * LRSWd21

T 10] R=063p=15e-05 10 R=-0011,p=09
- S
2 § 9
S o
£ Z s ‘.0 O %% o
3 «© . M . <@
8 27 .
2 ko]
s B 6
o
[ g 5
g £ .
E 2 4 . a
8 4
3 =3 “ *
& < L0 - A
- o 2
5 a *
g i
o o
© 20000 25000 20000 25000
TF (optical density-arbitrary units, n=5) TF (optical density-arbitrary units, n=5)

Figure 4-18 Correlations between relative protein abundance and validated protein
concentration for A- apolipoprotein A1 (APOA1), B- serum amyloid A (SAA), and C- transferrin
(TF). CRCT: piglets fed no seaweed (SW, Ascophyllum nodosum), which nursed by sows fed
dietary w6:w3 ratio = 13:1 during gestation, starting from day 28 (G28) and 10:1 during
lactation. CRSW: piglets fed SW, which nursed by sows fed dietary w6:w3 ratio = 13:1 during
gestation and 10:1 during lactation. LRCT: piglets fed no SW, which nursed by sows fed
dietary w6:w3 ratio = 4:1 from G28 until the end of lactation. LRSW: piglets fed SW, which
nursed by sows fed dietary w6:w3 ratio = 4:1 from G28 until the end of lactation. d0: weaning
day, d21: d21 post-weaning.
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Figure 4-19 Images of two Coomassie blue-stained polyacrylamide gels were used to validate
transferrin (TF). CR: piglet born from sow fed diet with w6:w3 ratio=13:1 during gestation,
starting from day 28 (G28) and 10:1 during lactation, dO: weaning day, d21: d21 post-weaning.
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4.7.2.1 Apolipoprotein A1 (APOA1)

Western blot analysis of APOA1 in serum is displayed in Figure 4-17. Clear bands
at 26 kDa indicating the presence of APOA1 were detected in all samples. Protein
band intensity was higher at dO than at d21 PW (Table 4-7, p < 0.001). There were
no significant effects of dietary treatments on the sows and piglets or their
interactions with sampling times on APOA1 concentration. A significantly lower
concentration of APOA1 was determined at d21 PW for all four groups (CRCT,
CRSW, LRCT, and LRSW) compared to CRCT, LRCT, and LRSW at dO (Table 4-7, p
< 0.001). At dO, LRSW serum had a higher APOA1 concentration than CRSW serum
(Table 4-7, p = 0.026). The proteomics relative abundance exhibited a similar
increasing pattern of APOA1 at d21 PW compared to that at dO (Figure 4-17A2, p
= 0.03), as shown by the validated APOA1 concentration. The overall evaluation
found a moderate positive linear correlation between validated APOA1
concentration and APOA1 proteomics relative abundance (Figure 4-18A, R = 0.47,
p = 0.0021).

4.7.2.2 Serum amyloid A (SAA)

Concentrations of SAA was significant decreased at d21 PW compared to dO (Figure
4-17B1, p < 0.001). Furthermore, the LR diet in sows increased the SAA
concentration compared to the CR diet (Figure 4-17B1, p = 0.031). Regarding the
interaction between piglet diets and sampling time, the concentration of SAA was
decreased over time after weaning in both CT and SW groups (Figure 4-17B1, p =
0.044). A significant decrease of SAA concentration from d0 to d21 PW was shown
when comparing CRCT and CRSW at d21 to LRCT and LRSW at dO (Table 4-7, p <
0.05). The relative proteomics abundance presented a similar decreasing pattern
of SAA at d21 compared to dO (Figure 4-17B2, p < 0.001), especially when
considering the effect of piglet diet over time (Figure 4-17B2, p = 0.02); as
observed in the validated SAA concentration. The proteomics abundance pattern
of SAA was supported by a significant correlation with validated SAA concentration
(Figure 4-18B, R = 0.7, p = 1.1e-06).
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4.7.2.3 Transferrin (TF)

The band intensity analysis showed a significant increase of TF at d21 compared
to dO (Figure 4-17C1, p = 0.0001). A highly significant increase of TF at d21 was
shown in all four groups (CRCT, CRSW, LRCT, and LRSW) compared to CRCT and
CRSW at dO (Table 4-7, p < 0.05). Effects of dietary treatments on sow and piglet
and their interactions with sampling time on TF band intensity were not found.
The relative proteomics abundance presented a similar increasing pattern of TF
(P09571) at d21 compared to dO (Figure 4-17C2, p = 0.0001), as observed in the
validated TF. However, this trend was not shown for the relative abundance of TF
(B3CLO6) (Figure 4-17C3, p > 0.05). The proteomics abundance pattern of TF
(P09571) was moderately correlated with TF band intensity (Figure 4-18C1, R =
0.63, p = 1.5e-05). However, no correlation was found between the relative
abundance of TF (B3CL06) and its band intensity (Figure 4-18C2, R = -0.011, p =
0.96). Images of two Coomassie blue-stained polyacrylamide gels used to validate

TF were presented in Figure 4-19.

4.7.2.4 HDL-cholesterol

HDL-cholesterol level significantly decreased at d21 (~0.94 mmol/L) compared to
d0 (~1.20 mmol/L) (Figure 4-17D, p = 0.002). However, the level of HDL-
cholesterol in piglet serum was not affected by either sow diet, piglet diet, or

their interaction with sampling time.

4.8 DISCUSSION

Maternal diet is critical to offspring growth, immune development, and intestinal
functions [262-264]. During pregnancy and lactation, the nutritional program
creates early-life adaptation and development and has long-term (permanent)
effects on adult life [265]. Maternal micronutrients can function as enzyme
substrates or cofactors responsible for the maintenance of genome stability, and
macronutrients can affect the DNA-damage response through physiological
regulation [264]. This is the first proteomics study of newly weaned (d0) and post-
weaned (d21 PW) piglet serum, influenced by the interplay between maternal
nutrition (a marker of early-life programming) and offspring nutrition (later-life
programming). Although many DAPs with adjusted p-values < 0.05 were
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highlighted, DAPs have more modest alterations with raw p-values < 0.05 may still

be relevant for guiding further research if a larger sample size or targeted

quantitative proteomics would prove significant alterations.

4.8.1 Effect of sow dietary treatments: LR vs CR groups
(comparisons (a), (b), (c))

At weaning (d0), the relative abundance of C3, SERPINC1, and TF was influenced
by maternal LR diet. These proteins were annotated by Reactome pathways
associated with the regulation of Insulin-like Growth Factor (IGF) transport and
uptake by Insulin-like Growth Factor Binding Proteins (IGFBPs) and post-
translational protein phosphorylation. Complement component 3 (C3) is a critical
component in the complement system. Complement C3 is well-established for its
pro-inflammatory property, therefore, contributing to the innate and adaptive
inflammation in response to stimuli [267]. The concentration of C3 was increased
in most inflammatory conditions [268]; hence, the down-regulated of C3 in LR
versus CR piglets at weaning in this study may relate to the anti-inflammatory
property of low wé:w3 ratio in their mother’s diet. The up-regulation of protein
C3 in CR piglets may contribute to some key features of inflammation, such as
hypo-fibrinolysis and hyper-coagulation [269]. Indeed, a short-term increased pig
C3 serum level is an immune response during inflammation’s sub-acute phase,

such as after vaccinations/immunizations [270].

On d21 PW, 7 proteins were annotated by Reactome pathways related to
haemostasis, binding and uptake of ligands by scavenger receptors, and
scavenging by class B receptors. In the LR group, APOB, JCHAIN, SAA, and TF
(P09571) were up-regulated while KLKB1, LGALS3BP, SERPINA3, and TF (B3CLO06)
were down-regulated when compared with CR group. Although two accession
numbers of TF were identified, only P09571 was kept for discussion due to the
strong correlation between its relative abundance measured by proteomics and
band intensity validated by SDS-PAGE (Figure 4-18C1, R = 0.63, p = 1.5e-05). At
the same time, there was no similar correlation in B3CLO6 (Figure 4-18C2, R = -
0.011, p = 0.96).



Chapter 4 Serum proteome changes associated with maternal dietary low
w6:w3 ratio in piglets supplemented with seaweed

159

Addressing how maternal diet can affect piglet’s immunity, acute phase proteins

(APPs) are suitable parameters to consider because they regulate the acute phase
response (APR) - the cornerstone of the innate immune system to restore
homeostasis and promote the healing process [271]. Compared to two main
positive APPs in pigs, i.e., pig-MAP and HP, SAA is fast but less prolonged released
in the innate defence system against infection [271-273]. Pro-inflammatory
cytokines (e.g., Interleukin-18 (IL-1B), Interleukin-6 (IL-6), and tumour necrosis
factor-a (TNF-a)) regulate the hepatic release of SAA during the APR [273]. In a
mice study [274], muscle release of SAA could synergize with Interleukin-6 (IL-6)
to impair insulin/IGF-1 signalling and stimulate protein breakdown, thereby
activating proteolytic pathways in muscle. Indeed, SAA can activate innate
immune sensors such as Toll-like receptors 2 and 4 (TLR2 and TLR4), leading to
activation of innate immunity and suppression of excessive inflammation and
tissue damage [275-277]. In the current work, a significantly high level of SAA in
LR piglets at d21 PW reflects that the innate defence system is strongly activated

and participates in the inflammatory response.

In line with the results of the current study, Cai et al. (2005) and Sack Jr (2018)
reported that SAA is a ligand for the scavenger receptor class B type 1 (SR-B1):
SAA can bind to SR-B1 and participate in the selective uptake of high-density
lipoprotein (HDL). During an APR in humans, hepatocytes’ SAA synthesis is quickly
released into the bloodstream, associated with HDL [279], and involved in lipid
metabolism [275]. Acute phase SAA becomes the major apolipoprotein on HDL by
displacing the APOA1 sub-unit, compromising HDL’s role to protect against
oxidation and prevent cholesterol accumulation (by promoting reverse cholesterol
transport) [280]. Following maternal LR diet, serum level of SAA was increased in
piglets at d21 PW compared to piglets on the CR diet and contributed to the host

protective mechanism.

Another APP that participates in innate immune and inflammation regulation is
transferrin (TF), an iron-carrier glycoprotein from the intestine to proliferative
cells through the body [281]. In pigs, under physiological conditions, TF can
prevent the formation of toxic non-TF bound iron ions (Fe?* and Fe3*) [282] by
binding to 2 iron atoms [283] and resulting in ~30% of serum TF being saturated

with iron [284]. Nevertheless, piglets are born with a low serum level of TF, ~1.8
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mg/mL [283,285], and usually faced with an iron deficiency state [286]. Clinical

studies in humans confirmed a low concentration of TF in newborns and their
susceptibility to damage by non-TF bound iron ions [287,288]. Serum TF level will
increase if inadequate iron is stored to meet higher iron requirements for
absorption and transportation [285]. Piglet TF level can increase to ~6.1 mg/mL
at day 42 post-birth [283,285] before staying constant. The gradual increase of TF
was observed in the current study in piglets from weaning (dO PW or d26 of life)
to d21 PW (or d46 of life), and in LR versus CR piglets at d21 PW, reflecting
increased TF synthesis in the liver and total body iron stores. By being actively
involved in the active iron sites, TF is considered as an integral part of the

protection system together with hemoglobin-haptoglobin complexes [289].

Besides the primary role as an iron-transport agent, TF is also regarded as a
negative APP in pigs [271,290,291] and chickens [292]. The concentration of serum
TF was decreased following inflammation to stimulate host defence and immune
regulatory mechanisms [292]. Transferrin can act as an antioxidant and
antimicrobial agent, protecting the host against tissue lipid peroxidation and
pathogenic microorganisms, respectively [285,293]. Furthermore, TF is considered
as a growth-promoting factor because it participates in DNA transcription and
supports cell growth and proliferation [284]. Taken together, a higher level of TF
in LR than CR piglets suggested the role of maternal diet in regulating the host
response against inflammation, but its contribution to the growth rate in piglets

has not been observed.

Regardless of sampling time, the relative abundance of PZP, FN1, SERPINC1,
SERPINA3 was influenced by maternal LR diet. These proteins were annotated by

enriched GO term referred to the regulation of peptidase activity.

Alpha-2-Macroglobulin (or Pregnancy-zone protein, PZP), an endopeptidase
inhibitor, was up-regulated in LR versus CR group but down-regulated in d21 PW
versus dO in this study. The down-regulation of PZP in piglet serum from weaning
to d21 PW in this study may follow the decrease in PZP concentration in their
maternal blood during the lactation period [294]. Rubio-Aliaga et al. [295]
reported that PZP might involve body weight regulation; however, the mechanism

of this effect needs to be further studied. The concentration of fibronectin (FN1)
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- a positive APP was down-regulated in LR versus CR serum, contributing to the

enhanced host protective response [296] that is affected by low wé:w3 ratio in

the maternal diet.

Two members of the serpins (serine proteinase inhibitors) family, Alpha-1-
Antichymotrypsin (SERPINA3) was decreased while Antithrombin-Ill (SERPINC1)
was increased in abundance in LR versus CR serum. Serpins are diverse in their
functions but highly structurally conserved (similar) group of proteins [297] that
are most abundant in humans [298] and higher organisms [299] such as swine, as
shown in this study (Table 4-1). Apart from the central function in cellular
homeostasis maintenance [298], serpins also have non-inhibitory roles related to
various proteolytic pathways such as inflammation, coagulation, tissue
remodelling, and angiogenesis [297,300,301]. SERPINA3 seems to be increased,
and SERPINC1 decreased with the inflammation conditions [298]. So the down-
regulation of SERPINA3 and up-regulation of SERPINC1 in the serum of LR piglets
suggest the anti-inflammatory effect of low w6:w3 ratio in the maternal diet.
Notably, SERPINA3 was strongly decreased in abundance on d21 PW versus dO,
confirming that piglets at weaning time undergone higher inflammation state
compared to the later stage of life, which is in agreement with previous

observations [233].

4.8.2 Effect of piglet dietary treatments: SW vs CT groups
(Comparison (d))

On d21 PW, the relative abundance of C5 and KNG1 was increased in the SW-fed
piglets. These proteins were annotated by enriched GO terms referred to
cytolysis, positive regulation of humoral immune and defence responses to stimuli,
and blood coagulation (intrinsic pathway). The activated complement system
produced anaphylatoxins - proinflammatory agents such as C5a that can activate
innate immune cells, i.e., monocytes and neutrophils, and mediated endothelial
permeability [302]. Additionally, C5a can trigger the endothelium to release
inflammatory mediators such as Interleukin-6 (IL-6), thereby in-directly
stimulating the innate immunity [303,304]. The enrichment of C5a in SW piglets
at d21 PW in the current study suggests the essential role of C5a as a bridge to

connect innate and adaptive immunity to enhance the host defence during
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inflammation conditions [305]. Kininogen-1 (KNG1) is a coagulation factor [306],

so it contributes to the activation of coagulation pathways [307], resulting in the
formation of thrombin and fibrin to ensure the stability of blood clots at the site
of injury [306]. Increased concentration of KNG1 in SW serum suggests an effect
of SW on coagulation cascade regulation, as shown in this study. A similar
observation was reported in a human study where the relationship between the

altered level of KNG1 and blood coagulation was noted [307].

4.8.3 Effect of time point: d21 vs d0 (Comparisons (e), (f), (9))

The protein profiles at d21 PW and those at dO0 were distinguished (as shown in
the PCA score plot, Figure 4-11A), indicating the alterations in the proteomic
patterns of the post-weaned piglets. The day 21 PW, serum lipoproteins (e.g.,
APOA1, APOB, APOE); pro-coagulation proteins (e.g., F2, HRG, ORM1); coagulation
regulator, e.g., PLG; and acute phase proteins (e.g., HP, ITIH4, TF, SAA,
SERPINA1) were changed in their relative abundance, compared to d0. These DAPs
were annotated by 25 Reactome pathways; mostly referred to the metabolism of
platelet, proteins, and Insulin-like Growth Factor (IGF), haemostasis, and innate

immune system; regardless of maternal or offspring dietary treatments.

Apolipoproteins play a critical role in lipid transport throughout the lymphatic
system, which regulates adaptive immunity and inflammation [308,309],
particularly during the critical metabolic adaptation transition periods from
gestation to lactation [308]. The decreased concentration of APOA1 and APOE in
late pregnancy and increased concentration during lactation were reported in
dairy cows [310] and sows - piglets’ mothers of this study (unpublished data).
Consequently, suckling piglets gained relatively high levels of apolipoproteins such
as APOA1, APOB, and APOE from their mother; however, these concentrations fell
considerably in post-weaning, as shown in the current work. Indeed, the changes
in the apolipoprotein concentrations during weaning reflect piglet adaptation to
dynamic and complex metabolic processes [311]. Apolipoproteins A1 containing
lipoproteins (HDL) and APOB containing lipoproteins (chylomicrons, very-low
density lipoprotein or VLDL, and low-density lipoprotein or LDL) are interrelated
in lipoprotein metabolism [312]. Specifically, APOB containing lipoproteins

transport lipids (primarily triglycerides (TG) and cholesterol) to provide energy
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from the intestine and liver to other tissues, while APOA1 containing lipoproteins

eliminate excess lipids (mainly cholesterol) from tissues and transport them to the
liver [312]. Since HDL has multiple biological functions (anti-inflammatory,
antioxidant, anti-thrombotic, and anti-apoptotic) [313]; a higher level of both
APOA1 and HDL-cholesterol in piglets at weaning compared to d21 PW, as observed
in this study, has shown that these changes are two of the host protective
activities against weaning stress. In this study, while numerous apolipoproteins
(APOA1, APOA4, APOB, APOC3, APOE, and APOF) were found to be altered in
abundance between d0 and d21, validation was performed on APOA1 due to
antibody availability, but the level of HDL was estimated via HDL-cholesterol
assay. These methods confirmed that the concentrations of APOA1 and HDL were
decreased towards d21 PW when a higher amount of adipose tissue was deposited
[314].

The high levels of positive APPs (e.g., HP, ITIH4, SAA) and low levels of negative
APPs (e.g., TF, TTR, and SERPINA1) in piglet serum at dO were observed as a
consequence of stress stimuli following separation from the mother,
transportation, change to a new environment and social mixing (regrouping).
These results match those observed in an earlier study [315]. Weaning stress
induces appetite and feed intake suppression [315]. The stress may arise from
accelerating catabolism [315], pushing animals into a state of immune challenge,

negative energy balance, and reduced weight gain [316,317].

The DAPs in LR versus CR serum at d21 PW (i.e., APOB, JCHAIN, LGALS3BP, KLKB1,
SERPINA3, TF); DAPs in CR at d21 PW versus d0 (HRG, APOB, APOA1, ITIH4,
SERPING1, F2, PLG, SERPINA3, TF, ITIH3); DAPs in LR at d21 PW versus dO
(SERPIND1, HRG, APOB, ORM1, SERPING1, CLEC3B, SERPINA3, TF, ITIH3,
SERPINA1); DAPs in d21 PW versus dO (SERPIND1, HRG, APOB, APOA1, ORM1, ITIH4,
SERPING1, CLEC3B, F2, PLG, SERPINA3, TF, ITIH3, SERPINA1) were assigned to the
haemostasis-a pathway that is regulated by coagulation process and platelets to
prevent bleeding caused by injured vessel [318]. Haemostasis is a complicated
physiological process on the cell surfaces (i.e., endothelial cells and platelets),
which represents the centre of the host defence and wound healing system
[319,320]. These two types of cells regulate the coagulation system; hence,

haemostasis in the normal state is an equilibrium between pro- and anti-
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coagulation along with fibrinolysis and anti-fibrinolysis [319]. Impaired tissue

homeostasis leads to fibrin clot formation inside damaged or injured vessels [321].
In humans, the haemostatic system of neonates is immature due to the immature
coagulation system (most coagulation factors are only accounted for ~50% of adult
levels) [322]. Consequently, the neonates are more sensitive and protective in
response to various stimuli [323]. Similar to a previous report [324], multiple DAPs
associated with haemostasis in this study showed the development of the

haemostatic system in piglets from dO to d21 PW.

Pathways related to platelets such as degranulation, activation, signalling, and
aggregation were enriched in d21 PW versus dO for both CR and LR groups with a
series of proteins (HRG, APOA1, ITIH4, SERPING1, PLG, SERPINA3, TF, ITIH3).
Platelets were shown, in previous studies, to be activated following the initiation
of the complement and coagulation system [325]. Consequently, they took part in
inflammatory and immune responses [326], in addition to their critical role in
haemostasis as described above. Plasminogen (PLG), a down-regulated protein in
d21 PW versus dO in this study, is responsible for regulating blood complement
and coagulation cascade system, thereby affecting homeostasis and the ability to
recognize and abolish infectious bacteria [321]. These two cascade pathways
stimulate the defence mechanism and innate immune cells in response to tissue

damage/injury [327].

The data in this study demonstrated a significant difference in DAPs as early-onset
physiological mechanisms to promote adaptation to inflammatory signalling [328].
Fetuin-B, a protease inhibitor that can regulate insulin-like and hepatocyte growth
factors (which in turn are IGF and HGF) following systemic inflammation [329],
was up-regulated in d21 PW versus d0 in both CR and LR groups. Another group of
protease inhibitors such as Inter-alpha-trypsin inhibitor heavy chain (i.e., ITIH3,
mainly) and Alpha-1-microglobulin (AMBP) is also associated with the
inflammatory response with either inflammatory or anti-inflammatory properties,
especially acute inflammation triggered by infection [330]. Indeed, the down-
regulation of ITIH3 and AMBP in d21 PW versus d0 in this study was related to
multiple biological processes such as vesicle-mediated transport and the
regulation of proteolysis, localization, organonitrogen compound metabolic

process. Coagulation factor Xll (F12) was activated in LR versus CR serum at dO to
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quickly create enzymatic activity on the surface of pathological cells in response

to inflammation [331]. Protein F12 also contributes to developing the protective
system in weaning piglets by regulating the cross-talk that links coagulation

pathways and inflammation, particularly in innate immunity [331].

4.9 CONCLUSIONS

The present study provides evidence that nutritional intervention strategies, such
as reducing the wé:w3 ratio in maternal diet, can promote transmission of
protective factors to the offspring, leading to better anti-inflammatory activities,
activation of innate immunity, and contributing to the enhanced host protective
response. Supplementing SW in post-weaned piglets stimulated coagulation
cascade regulation and the connection between innate and adaptive immunity to
enhance the host defence during inflammation conditions. The altered serum
proteome profile between weaning and d21 post-weaning related to platelet
metabolism, haemostasis, cross-talk between coagulation pathways and
inflammation, particularly in the innate immune system. Particularly striking were
the decreases in abundance of acute phase proteins such as serum amyloid and
the increases in apolipoprotein and HDL between weaning and d21 post-weaning.
These findings collectively demonstrate the efficiency of reducing wé:w3 ratio (to
4:1) in maternal diet and SW supplementation in the diet of post-weaned piglets

to boost offspring’s immunity and anti-inflammation properties.
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5.1 HIGHLIGHTS

* Long-term maternal dietary low w6:w3 ratio (4:1) and post-weaned pig diets

supplemented with seaweed modified their ileal proteome.

* Maternal dietary low w6:w3 ratio exerted positive regulation of protein synthesis
process; however, may induce uncontrolled proliferation and overexpression of

cell cycle regulators in the offspring.

* Seaweed supplementation lowered the inflammation severity and promoted ileal
epithelial growth in CRSW piglets but decreased the fat absorptive capacity in
LRSW piglets.
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5.2 SIGNIFICANCE

Weaning piglets undergo significant developmental changes in intestinal
maturation. Present research assists in understanding the molecular mechanism
that allows maternal combined with progeny dietary treatments to support
piglet’s ileal development from weaning to post-weaning. The results highlight
the importance of nutritional management from the early stage (sows and
newborn progeny) until later (post-weaning) to maintain piglet intestinal health

and productivity.
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5.3 GRAPHICAL ABSTRACT
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5.4 ABSTRACT

This study evaluates how long-term dietary low wé:w3 ratio in sows and offspring’s
seaweed (SW) intake affects piglet intestinal function and growth through
modifying ileum proteome. Sows were assigned to either control diet (CR, w6:w3
ratio = 13:1) or treatment diet (LR, w6:w3 = 4:1) during gestation and lactation
(n = 8 each). The male weaned offspring were received a basal diet with or without
SW powder supplementation (4 g/kg) for 21 days, denoted as SW and CT groups,
respectively. In total, four groups of weaned piglets were formed following
maternal and offspring’s diets combination, represented by CRCT, CRSW, LRCT,
and LRSW (n = 10 each). Piglet ileum tissue was collected on day 22 post-weaning
and analysed using TMT-based quantitative proteomics. The differentially
abundant proteins (n = 300) showed the influence of maternal LR diet on protein
synthesis, cell proliferation, and cell cycle regulation. In contrast, the SW diet
lowered the inflammation severity and promoted ileal tissue development in CRSW
piglets but reduced the fat absorption capacity in LRSW piglets. These results
uncovered the mechanism behind the anti-inflammation and intestinal-boosting

effects of maternal LR diet in piglets supplemented with SW.

Keywords: ileal proteome, wé6:w3 fatty acids, seaweed, DNA and protein

synthesis, weaned pigs, epithelial cells
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5.5 INTRODUCTION

In pigs, weaning is a stressful event linked to significant intestinal changes [332].
Weaning stress triggers pro-inflammatory responses and stimulates epithelial
proliferation (renewal) and differentiation, resulting in increased crypt depth,
reduced intestinal villous height, and higher proportion of immature epithelial
cells [332]. This process is essential to ensure an effective barrier function of the
small intestine [333] and to progressively educate the mucosal immune system
upon the antigenic challenge for health and normal growth maintenance [334].
Piglets in this critical phase must be well-equipped to protect the intestines and
immune development, preventing an excessive reduction in feed consumption,

intestinal inflammation, and dysbiosis [335].

Maternal effects include the environment experienced by the mother and
nutrients belonging to the early life period that considerably influences offspring
phenotype and growth [336,337]. Unbalanced maternal nutrition would lead to a
mismatch in the maternal-offspring environment, suboptimal offspring growth
[338], and health problems associated with metabolic dysfunction [339]. In pigs
and mammals, the maternal effects continue during the lactation period and even
for life. Therefore, the role of maternal nutrition is vital for offspring in response
to early life stimuli [340], such as weaning stress. There have been no studies
exploring the wunderlying mechanism of maternal-offspring nutritional

interventions in initiating the development of piglets’ ileal epithelial cells.

A high human modern dietary wé:w3 fatty acid ratio (~20:1) is associated with
elevated pro-inflammatory mediators from w6 and decreased the anti-
inflammatory mediators from w3, leading to excessive inflammation [43,45].
Consequently, lowering the dietary wé:w3 ratio might be a promising approach to
decrease inflammation and allergies [42] and maintain good health [23]. Maternal
dietary low wé:w3 ratio in swine with more w3 fatty acids supplemented from
linseed oil is effective in enhancing weaning survival rate [183], postnatal growth,
and metabolic traits [183,341,342]. In addition, the post-weaning diet program is
a crucial determinant of lifelong health and performance [343]. The brown
seaweed Ascophyllum nodosum is a potential prebiotic and antibacterial dietary

supplement for swine thanks to its high content of bioactive compounds such as



Chapter 5 lleal proteome changes associated with maternal dietary low
w6:w3 ratio in piglets supplemented with seaweed

172

fucoidan (a type of polysaccharide) and laminarin [344]. The combined effects of

maternal low wé6:w3 ratio and offspring Ascophyllum nodosum diets on the
molecular mechanism underlying offspring development are complicated and not

addressed in swine.

Here, to better understand the mechanism behind effects of early- (maternal low
w6:w3 intake) and later-life nutritional programming (offspring seaweed
supplementation) on post-weaned piglet’s ileal development, a Tandem Mass Tag
(TMT)-based quantitative proteomics approach was applied. It was hypothesized
that maternal-offspring dietary treatments would accelerate the ileal
development in weaned piglets and relieve weaning distress through modifying
the ileal protein profile. This study brings new insights into ileal developmental
changes during post-weaning periods, which were affected by the associations
between long-term maternal and offspring dietary treatments. The data in the
current research provides additional evidence on piglets’ dynamic molecular
response to interactions between maternal low wé:w3 intake and post-weaned

seaweed supplementation.

5.6 MATERIALS AND METHODS

5.6.1 Animals and sample collection

A feeding trial was performed with 40 male weaned piglets at the Animal
Production Research and Teaching Centre of the Department of Veterinary
Medicine and Animal Science, University of Milan (Lodi, Italy). The experiment
protocol was approved by the Ethical Committee of the University of Milan (OPBA
67/2018) and the Italian Ministry of Health (authorization n. 168/2019 PR). The
study design and zootechnical data were previously reported by Nguyen et al.
[183].

After separating from the mothers, piglets weighing 6.46 kg (= 0.15) (mean + SE)
at day 26 (+ 1.76) of age were selected from different mothers within a group,
amongst two groups receiving either a control ratio of wé6:w3 fatty acids (CR, 13:1

during gestation and 10:1 during lactation) or a low ratio (LR, 4:1, during gestation



Chapter 5 lleal proteome changes associated with maternal dietary low
w6:w3 ratio in piglets supplemented with seaweed
173

and lactation). Piglets were provided a basal commercial diet [183] and
supplemented with or without 4 g seaweed powder (A. nodosum; Prodotti Arca
S.r.l, Monza, Italy) per kg of feed, namely SW and CT groups, respectively. In
total, four groups (n = 10 each) were formed: CRCT, CRSW, LRCT, and LRSW. At
the end of the post-weaning (PW) period (day 22), piglets were sacrificed to
harvest ileum samples (-3 cm) using 2-mL cryogenic vials (Nalgene™, Thermo
Scientific™). Samples were then frozen immediately and stored at -80 °C until

analysed.

5.6.2 Protein Identification and Quantification using the TMT
approach

5.6.2.1 Protein extraction and quantification

The protein in ileum samples (n = 5 per group x 4 groups) was extracted according
to previously published methods [110,345]. In brief, cold cut frozen ileum tissue
was homogenized using mortar and pestle in liquid nitrogen. Afterward, ~200 mg
of fine ileum powder was sonicated in 500 pL lysis buffer (100 mM TEAB, 2% SDS),
using a probe sonicator (OPTIMA, XL 100K, Germany) at 40% amplitude, following
a sequence of 10-s on and 5-s off, three times on ice. The obtained homogenate
was centrifuged at 14,000x g for 30 min at 4 °C. The supernatants (ileum extract)
were separated from the pellets and total protein concentration was determined
by the bicinchoninic acid method (BCA Assay, Pierce™ BCA Protein Assay Kit,
Thermo Scientific, Meridian Rd., Rockford, IL, USA) with bovine serum albumin as

standard. Samples were prepared and kept at -80 °C before analyses.

5.6.2.2 Protein digestion and TMT labelling

Tandem Mass Tag (TMT) labelling quantitative approach was applied to analyse
the proteomic profiling of ileum samples as described previously [184]. 100 pg of
protein (~4.63 pL) per sample was processed using the “in-solution” filter-aided
sample preparation (FASP) with 10 kDa molecular weight cut-off filters (Merck
Millipore, Carrigtohill, Ireland). Protein was denatured with 4% SDS and reduced
using 0.1 M Tris/HCL pH 7.6 and 0.1 M DTT (Sigma Aldrich, St. Louis, MO, USA).
Alkylation of cysteine residues was performed using 0.05 M IAA (Sigma Aldrich, St.

Louis, MO, USA) in the dark for 20 min at room temperature. Tryptic digestion was
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performed at 37 °C overnight using 1 pg of trypsin (Promega, Madison, WI, USA,

1:37) and then stopped using 1% TFA before vacuum-dried at 45 °C. The obtained
peptides were labelled with freshly prepared TMT11plex (Thermo Fisher
Scientific, Rockford, IL, USA), incubated for 60 min, quenched in 45 min and
vacuum centrifuged until completely dry following the manufacturer’s protocol.
A pooled sample was prepared by taking an equal amount of peptide from each
sample, labelled by a TMT tag and used as an internal standard between two TMT

experiments.

5.6.2.3 Liquid chromatography tandem mass spectrometer (LC-MS/MS)

The labelled peptides were loaded onto a nanoflow uHPLC system (Thermo Fisher
Scientific RSLChano, Horsham, UK), detected using electrospray ionisation (ESI)
mass spectrometry MS/MS with an Orbitrap Elite MS (Thermo Fisher Scientific,
Horsham, UK). HPLC solvents contain 20 pyL of 5% ACN and 0.5% formic acid.
lonization in LC-MS interfaces using a NanoMate Triversa (Advion Bioscience,
Harlow, UK) with an electrospray voltage of 1.7 kV. The peptides (5 pL) were
desalted using 1% ACN and 0.1% formic acid on the trap column (0.3 x 5 mm) at a

flow rate of 25 pL/min for 12 min.

The purified peptides were then enriched on a Pepmap C18 reversed-phase column
(50 cm x 75 um, 3 pm, 100 A, Thermo Fisher Scientific, Horsham, UK), and
separated on an analytical column at a fixed flow rate of 0.3 pyL/min. The solvent
system used 0.1% aqueous formic acid as solvent A and 0.08% formic acid in 80%
ACN as solvent B. Fractionation was run with 4% solvent B for 10 min, followed by
4-60% solvent B for 170 min, 60-99% solvent B for 15 min, and held at 99% solvent
B for 5 min. The column was then adjusted to the initial set-up for re-equilibration

(10 min) before injecting the following sample.

Eluting peptides were subjected to MS/MS analysis on an Orbitrap Elite MS. Each
MS scan was within the m/z range of 380 - 1800. The top three precursor ions were
fragmented using CID and HCD collision cells, detected in the Orbitrap at a
resolution of 30000 FWHM, as defined at m/z 400. Precursor ions chosen were

excluded after every 180s, and single-charged ions were omitted from selection.
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5.6.3 MS/MS data processing

The MS/MS data were searched against the UniProt Sus scrofa database (104,940
sequences; downloaded on 18/02/2021) for protein identification and relative
quantification using Sequest HT search engine in Proteome Discoverer (v2.4,
Thermo Fisher Scientific). The search parameters were as follows: tryptic peptides
with two missed-cleavage allowed, carbamidomethylation at cysteine residue was
stated as fixed modification, oxidation at methionine, deamidation at asparagine
and glutamine residues, and TMT labelling at lysine residue and peptide N-
terminus were stated as variable. The mass tolerance for the precursor ions was
10 ppm and that for fragment ions was 0.02 Da. A false discovery rate (FDR) of 1%
was applied at the peptide level. Proteins were identified containing at least two
peptides with 5% FDR. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via PRIDE [185] partner repository
with the dataset identifier PXD032326.

5.6.4 Validation of proteomics results

To validate ileum proteomics results, evaluating changes in the non-depleted
sample contents of villin-1 (VIL1) and Proliferating cell nuclear antigen (PCNA)
were implemented, which were chosen based on their significant abundance
changes, biological meaning and antibody availability. The concentration of VIL1
and PCNA in ileum extraction samples was quantified using Western blot, detailed
as described elsewhere [193]. Briefly, an amount of 2 pg and 10 pg ileum proteins
per sample was used for VIL1 and PCNA immunoassays, respectively. The presence
of VIL1 in ileum samples was captured and detected using rabbit polyclonal
antibody to villin diluted in 1:1,000 (ab233155, Abcam Ltd. UK), followed by
secondary antibody conjugated donkey anti-rabbit IgG to horseradish peroxidase
(HRP) diluted in 1:10,000 (ab7125, Abcam Ltd. UK). Illeum PCNA was detected
using goat polyclonal antibody raised against synthetic peptide of PCNA at 1:1,000
dilution (pab27564, Abnova, Taipei, Taiwan) as the primary antibody and HRP-
conjugated donkey anti-goat 1gG 1:5,000 as the secondary antibody.
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The experimental design, pipeline for proteomics analysis (containing sample
preparation, TMT labelling, and LC-MS/MS, data analysis, and quantitation), and

validation of proteomics are illustrated in Figure 5-1.

Experimental design Proteomics pipeline
w63 PUFAs ratio = 13:1 wé-w3 PUFAS ratio = 4:1 @ Peptide preparation, TMT labeling & LC-MS/MS
from G268 to G-End & 10:1 f -~
- rom G28 until L-End
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I Sow diets | - Control ratio diet) sosled Protein ' a‘< o ™7 "\’.-\, ~F
: ~
Soybean oil Linseed oil extraction ‘3‘3:\:: Digestion _V::“v labeling '\',\,'\‘ ”
~
5 I o~
/ N\ /N e :33 ~ MV e
~J g
H Basal diet Basal diet + Basal diet Basal diet + peptide mix
(n=10, seaweed (n=10, seaweed |
I Piglet diets I (9] (n=10, C5W) CcT) (n=10, LRSW) i LC-MS/MS
Weaning Post-weaning
¥ +
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Figure 5-1 The experimental design, proteomics pipeline and validation of proteomics results.
Proteomics pipeline contains: (1) Peptide preparation, TMT labelling, and LC-MS/MS analysis,
(2) Data analysis and quantitation: protein identification and quantitation using Proteome
Discoverer, statistical analysis based on the linear mixed-effects model with empirical Bayes
moderation (R package MSstatsTMT), bioinformatics analysis (Gene Ontology (GO) and
Reactome pathway enrichment analysis).
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5.6.5 Statistical and Bioinformatics Analysis
5.6.5.1 Statistical analysis for proteomics data

The peptide spectrum match (PSM)-level data were analysed using linear mixed-
effects models with Empirical Bayes moderation on MSstatsTMT package v2.0.0
[186] in R v4.1.0 [187]. Protein was quantified based on unique peptides only and
summarization using the median polish method. Protein normalization was
performed using the internal standard channel. Only master proteins were
subjected to the statistical analysis. Proteins were significantly changed at an
adjusted p-value < 0.05 and possibly altered at a p-value < 0.05. The Benjamini-

Hochberg correction was applied to adjust the p-values (p < 0.05).

The volcano plots were illustrated using packages ggplot2 v3.3.3 [188] and ggrepel
v0.9.1, PCA plots used ggplot2 v3.3.3 [188], and heatmaps used pheatmap
v1.0.12. Venn diagrams were performed using web tool Venny 2.1

(https://bioinfogp.cnb.csic.es/tools/venny/) [189].

5.6.5.2 Bioinformatics analysis

For identified master protein, the UniProt retrieve/ID mapping tool was used to
convert their accession numbers into the corresponding gene ID. For undefined
proteins, their best match on Sus scrofa orthologue annotated genes (minimum
70% identity) were used instead using the SmartBLAST tool
(https://blast.ncbi.nlm.nih.gov/smartblast/). Differential abundant proteins
(DAPs) were imported into the STRING database v11.5 [190] and retrieved the

protein-protein interaction (PPl) network, Reactome pathways, Gene Ontology

(GO) analysis containing Biological Process (BP), Molecular Function (MF), and
Cellular Component (CC) using the default parameters. Extremely similar GO
terms were filtered using the REVIGO [192] (revigo.irb.hr), with the following
settings: whole UniProt as the database, SimRel as semantic similarity measure at
a threshold of 0.5. The network showing interactions between desired Reactome
pathways and DAPs between comparisons were illustrated using Cytoscape
software v3.8.2 [191].


https://bioinfogp.cnb.csic.es/tools/venny/
https://blast.ncbi.nlm.nih.gov/smartblast/
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5.6.5.3 Statistical analysis for validation data

The validation data on VIL1 and PCNA were analysed and checked for their
correlation with proteomics data. Data normalization and variance homogeneity
were checked by the Shapiro-Wilk and Levene's test. Difference between groups
was discovered using the linear mixed model, and p-values were adjusted using
the Benjamini-Hochberg post hoc pairwise testing. Fixed effects were sow diet,
piglet diet, time, and their interactions. The random effect was an individual
piglet. Spearman correlation analysis assessed the relationship between

proteomics and validation results for both VIL1 and PCNA.

5.7 RESULTS

5.7.1 Proteomic analysis

The proteomics analysis generated 4428 features and mapped 2216 unique
peptides, which represented 1237 proteins and 671 master proteins. After filtering
proteins with no unique peptide, only one peptide, and singly charged ions, 300

master proteins were quantified and reserved for statistical analysis.

5.7.1.1 DAPs in LR vs CR and SW vs CT groups

The DAPs were determined via two comparisons: LR vs CR and SW vs CT (Table 5-
1). Comparison between LR and CR discovered 5 DAPs (4 increased and one
decreased) and comparison SW vs CT revealed 19 DAPs (5 increased and 14
decreased) (Table 5-1, p < 0.05). No DAPs were shared between these two
comparisons (Venn diagram, Figure 5-2A). The DAPs were determined distinctly
for comparison LR vs CR comprising increased-abundant proteins such as
Glutamine--fructose-6-phosphate transaminase (GFPT1), T-complex protein 1
subunit beta (CCT2), and 40S ribosomal protein SA (RPSA), and one decreased-
abundant protein (calmodulin 1, CALM1). In comparison SW vs CT, the leading
increased-abundant protein was proliferating cell nuclear antigen (PCNA) and the
leading decreased-abundant proteins were villin-1 (VIL1) and keratin proteins
(KRT8, KRT19, KRT20) (p < 0.05, Table 5-1).
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Table 5-1 The differentially abundant proteins (DAPS) in piglet ileum at day 22 of post-weaning
of two comparisons: LR vs CR and SW vs CT.

Protein name Gene Accession Number log2FC? P- Adjusted
names number’ of value p-value
peptides
LR vs CR
Glutamine-fructose-6- GFPT1 E1U318 2 0.32 0.042 0.963
phosphate transaminase
(isomerizing)
T-complex protein 1 subunit CCT2 AOA5G2QMG1 2 0.17 0.009 0.963
beta
PDZ and LIM domain protein 7 PDLIM7  AOA4X1SEGO 3 0.16 0.026 0.963
40S ribosomal protein SA RPSA AOA480SME4 4 0.14 0.044 0.963
Calmodulin 1 CALM1 AOA4X1ST02 3 -0.10 0.030 0.963
SWvs CT
Proliferating cell nuclear PCNA X5FB24 2 0.51 0.005 0.368
antigen
Cathepsin D CTSD AOA480M5F4 2 0.29 0.034 0.678
Decorin DCN F15Q10 4 0.19 0.009 0.407
Collagen-binding protein SERPINH1  AOA480U2E1 10 0.09 0.002 0.368
Fructose-bisphosphate ALDOA  AOA4X1UON5 11 0.06 0.046 0.678
aldolase
ATP synthase subunit alpha ATP5A1  AOA287AGU2 13 -0.09 0.023 0.582
ATP synthase subunit beta ATP5B AOA481D142 17 -0.10 0.019 0.573
Aconitate hydratase, ACO2 F1SRC5 2 -0.13 0.036 0.678
mitochondrial (Aconitase)
Creatine kinase CKB AOA4X1TV43 8 -0.13 0.025 0.582
Proteasome activator complex PSME1 Q64194 4 -0.18 0.018 0.573
subunit 1
4- ALDH9A1 F15232 2 -0.23 0.025 0.582
trimethylaminobutyraldehyde
dehydrogenase
Sodium/potassium- ATP1A1  AOA4X1SW39 2 -0.33 0.049 0.678
transporting ATPase subunit
alpha
Creatine kinase U-type, CKMT1B Q29577 2 -0.40 0.048 0.678
mitochondrial
Histone H2A H2AFX  AOA5G2QMX0 3 -0.41 0.037 0.678
Keratin, type | cytoskeletal 19 KRT19 AOA480IFL7 11 -0.47 0.003 0.368
Keratin, type Il cytoskeletal 8 KRT8 AOA4XT1WBI1 18 -0.51 0.006 0.368
Enoyl coenzyme A hydratase 1 ECH1 AOA4X1TOMS 2 -0.53 0.009 0.407
Keratin, type | cytoskeletal 20 KRT20  AOA5G2QPZ4 6 -0.75 0.006 0.368
Villin-1 VIL1 Q29261 2 -0.98 0.018 0.573

Accession number from UniProt protein database for Sus scrofa. 2log2FC is base 2 logarithm transformed of
fold change value which represents the ratio of expression levels in the first-mentioned group vs second-
mentioned group. CR: mother diet with wé:w3 ratio = 13:1 during gestation, starting from day 28 (G28) and
10:1 during lactation; LR: mother diet with w6:w3 ratio = 4:1 from G28 until the end of lactation. SW: piglet
diet with seaweed supplementation, CT: piglet diet without seaweed supplementation.
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Figure 5-2 Venn diagram representing separated and overlapped differentially abundant
proteins (DAPs) between two comparisons of piglet ileum: LR vs CR and SW vs CT. CR: piglet
born from sow fed diet with w6:w3 ratio = 13:1 during gestation, starting from day 28 (G28)
and 10:1 during lactation; LR: piglet born from sow fed diet with w6:w3 ratio = 4:1 from G28
until the end of lactation. SW: piglet diet with seaweed supplementation, CT: piglet diet
without seaweed supplementation. CRCT: piglets fed no seaweed (SW, Ascophyllum
nodosum), which nursed by sows fed dietary w6:w3 ratio = 13:1 during gestation, starting
from day 28 (G28) and 10:1 during lactation. CRSW: piglets fed SW, which nursed by sows
fed dietary w6:w3 ratio = 13:1 during gestation and 10:1 during lactation. LRCT: piglets fed
no SW, which nursed by sows fed dietary w6:w3 ratio = 4:1 from G28 until the end of lactation.

LRSW: piglets fed SW, which nursed by sows fed dietary w6:w3 ratio = 4:1 from G28 until the
end of lactation.
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5.7.1.2 DAPs in the comparisons among all 4 groups (CRCT, LRCT, CRSW,
and LRSW)

The PCA score plot shows a mixed grouping of ileum samples from 4 groups of
piglets at day 22 post-weaning (Figure 5-3), containing CRCT, LRCT, CRSW, and
LRSW groups. The first two PCs contributed a cumulative variance rate of 47.66%
of the overall variance. The DAPs in piglet ileum among these 4 groups are

examined in six comparisons and presented in Table 5-2.

CRCT [] CRsw [0] LRCT [I] LRSW

10

=

PC2 (23.03%)

_1D .

—2“ 4

-10 0 10 20
PC1 (26.59%)

Figure 5-3 Principal component analysis (PCA) score plots showing the clustering of samples
from four groups of piglet ileum containing CRCT: piglets fed no seaweed (SW, Ascophyllum
nodosum), which nursed by sows fed dietary w6:w3 ratio = 13:1 during gestation, starting
from day 28 (G28) and 10:1 during lactation. CRSW: piglets fed SW, which nursed by sows
fed dietary w6:w3 ratio = 13:1 during gestation and 10:1 during lactation. LRCT: piglets fed
no SW, which nursed by sows fed dietary w6:w3 ratio = 4:1 from G28 until the end of lactation.
LRSW: piglets fed SW, which nursed by sows fed dietary w6:w3 ratio = 4:1 from G28 until the
end of lactation. The ellipses represent 95% confidence region.
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Table 5-2 The differentially abundant proteins (DAPS) in piglet ileum at day 22 post-weaning among 4 groups containing CRCT, CRSW, LRCT and LRSW.

Protein name Gene Accession Number log2F(C? P-value
1 f
names  MUMDEIT | epeides | CRSW CRSW LRCT LRSW LRSW LRSW CRSW CRSW LRCT LRSW LRSW LRSW
vs vs \ Vs Vs vs Vs Vs vs vs Vs vs
CRCT LRCT CRCT CRCT CRSW LRCT | CRCT LRCT CRCT CRCT CRSW LRCT
Aconitate hydratase, ACO2 F1SRC5 5 -0.26 / -0.17  -0.18 / / 0.003 / 0.033 0.030 / /
mitochondrial (Aconitase)
Neuroblast differentiation- AHNAK AOA4X1VKL9 -0.16 / / / / / 0.021 / / / / /
associated protein AHNAK 6
isoform X1**
4-rimethylaminobutyraldehyde =~ ALDH9A1 F15232 5 -0.33 / / -0.35 / / 0.044 / / 0.025 / /
dehydrogenase
Fructose-bisphosphate aldolase ALDOA AOA4X1UON5S 11 0.08 / / 0.10 / / 0.039 / / 0.016 / /
AP-2 complex, beta subunit AP2B1 AOA4X1T8Q4 2 / / 0.34 / / / / / 0.017 / / /
Sodium/potassium-transporting ATP1A1 AOA4X1SW39 5 -0.47 / / -0.59 / / 0.038 / / 0.012 / /
ATPase subunit alpha
ATP synthase subunit alpha ATP5A1  A0A287AGU2 13 / / / -0.15 / -0.11 / / / 0.010 / 0.049
ATP synthase subunit beta ATP5B AOA481D142 17 / / / -0.14 / / / / / 0.031 / /
Calmodulin 1 CALM1 AOA4X1STO02 3 / / -0.12  -0.18 / / / / 0.047 0.007 / /
T-complex protein 1 subunit CCT2 AOA5G2QMG1 2 / / / 0.24 0.20 / / / / 0.011  0.025 /
beta
T-complex protein 1 subunit CCT8 A0A480X895 2 0.16 / 0.16 0.21 / / 0.038 / 0.038 0.008 / /
theta

Protein names marked with ** were shown as “Uncharacterized protein” in the UniProt Sus scrofa database and cannot find the best match on Sus scrofa database, thus were substituted with the best match
on Homo sapiens database, using SMARTBLAST tool. 'Accession number from UniProt protein database for Sus scrofa. 2log2FC is base 2 logarithm transformed of fold change value which represents the ratio
of expression levels in the first-mentioned group vs second-mentioned group. CRCT: piglets fed no seaweed (SW, Ascophyllum nodosum), which nursed by sows fed dietary wé:w3 ratio = 13:1 during gestation,
starting from day 28 (G28) and 10:1 during lactation. CRSW: piglets fed SW, which nursed by sows fed dietary wé:w3 ratio = 13:1 during gestation and 10:1 during lactation. LRCT: piglets fed no SW, which
nursed by sows fed dietary w6:w3 ratio = 4:1 from G28 until the end of lactation. LRSW: piglets fed SW, which nursed by sows fed dietary wé:w3 ratio = 4:1 from G28 until the end of lactation.
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(cont., 1).
Protein name Gene Accession Number log2F(C2 P-value
1
names  MUMBET | tides | CRSW CRSW LRCT LRSW LRSW LRSW CRSW CRSW LRCT LRSW LRSW LRSW
Vs Vs Vs Vs Vs Vs Vs Vs Vs Vs Vs Vs
CRCT LRCT CRCT CRCT CRSW LRCT | CRCT LRCT RCT CRCT CRSW LRCT
Creatine kinase U-type, @ CKMT1B Q29577 5 -0.57 / / -0.74 / / 0.036 / / 0.010 / /
mitochondrial
Collagen alpha-2(Vl) COL6A2  ADA480W6(C8 9 0.23 / / / / / 0.048 / / / / /
chain isoform 2C2
Coactosin-like protein 1 CcoTL AOA4X1T354 3 -0.31  -0.25 / / 0.29 / 0.002 0.011 / / 0.004 /
Cathepsin D CTSD AOA480M5F4 2 0.41 / 0.36 0.52 / / 0.021 / 0.042 0.006 / /
Decorin DCN F15Q10 4 0.30 / / 0.23 / / 0.004 / / 0.020 / /
Dihydropyrimidinase- DPYSL2 GI9F6X9 3 -0.16 / -0.20 / / / 0.049 / 0.020 / / /
related protein 2
Enoyl coenzyme A ECH1 AOA4X1TOMS 5 / / / -0.81 / -0.56 / / / 0.005 / 0.039
hydratase 1
Fatty acid binding FABP6 F1RR40 6 / / / -0.55 / / / / / 0.017 / /
protein 6
Glutamine-fructose-6- GFPT1 E1U318 2 / / / / 0.54 / / / / / 0.015 /
phosphate
transaminase
G protein subunit beta GNB1 AOA287A7Q3 2 / / -0.17 / / / / / 0.008 / / /
1
Histone H1.4 HISTIH1E  A0A480QWI4 8 / / / 0.44 / / / / / 0.023 / /
Histone H2A H2AX AOA5G2QMX0 3 / -0.67 / / / / / 0.017 / / / /

'Accession number from UniProt protein database for Sus scrofa. 2log2FC is base 2 logarithm transformed of fold change value which represents the ratio of expression levels in the first-mentioned group vs
second-mentioned group. CRCT: piglets fed no seaweed (SW, Ascophyllum nodosum), which nursed by sows fed dietary wé:w3 ratio = 13:1 during gestation, starting from day 28 (G28) and 10:1 during
lactation. CRSW: piglets fed SW, which nursed by sows fed dietary w6:w3 ratio = 13:1 during gestation and 10:1 during lactation. LRCT: piglets fed no SW, which nursed by sows fed dietary wé6:w3 ratio = 4:1
from G28 until the end of lactation. LRSW: piglets fed SW, which nursed by sows fed dietary wé:w3 ratio = 4:1 from G28 until the end of lactation.
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(cont., 2).
Protein name Gene names Accession Number log2FC? P-value
L f
MUMPET | eptides | CRSW CRSW LRCT LRSW LRSW LRSW | CRSW CRSW LRCT LRSW LRSW LRSW
vs vs \ Vs vs vs vs vs Vs Vs vs vs
CRCT LRCT CRCT CRCT CRSW LRCT { CRCT LRCT CRCT CRCT CRSW LRCT
Hemoglobin subunit alpha HBA P01965 6 0.48 / / / / / 0.005 / / / / /
Hemoglobin subunit beta HBB P02067 8 0.27 / / / / / 0.017 / / / / /
10 kDa heat shock protein, HSPE1 F1SMZ6 4 0.21 / / / / / 0.044 / / / / /
mitochondrial (Chaperonin 10)
Heparan sulfate proteoglycan HSPG2 AOA287ATPO 4 / / / / / 0.24 / / / / / 0.035
2
Immunoglobulin lambda-like IGLL5 AOA4X1TOZ9 5 / / / / 0.93 / / / / / 0.048 /
polypeptide 5 precursor*
Keratin, type | cytoskeletal 19 KRT19 AOA480IFL7 11 / / / -0.72 -0.39 -0.62 / / / 0.001 0.040 0.003
Keratin, type | cytoskeletal 20 KRT20 AOA5G2QPZ4 6 / / / -1.24 / -0.90 / / / 0.001 / 0.012
Keratin, type Il cytoskeletal 8 KRT8 AOA4X1WBI1 18 / / / -0.82 / -0.62 / / / 0.002 / 0.011
GST class-pi LOC100739508 A0A287BQ81 4 / / / -0.15 / / / / / 0.033 / /
Moesin MSN AO0A4X1VQZ3 5 / / / / / 0.10 / / / / / 0.032
Nucleoplasmin domain- NPM1 AOA4X1U9Z4 6 / / / 0.24 / / / / / 0.018 / /
containing protein
Proliferating cell nuclear PCNA X5FB24 2 / 0.54 / / / 0.56 / 0.047 / / / 0.029
antigen
PDZ and LIM domain protein 7 PDLIM7 AOA4X1SEGO 3 / -0.24 / / / / 0.017 / / /
6-phosphogluconate PGD AOA480YSA5 2 -0.32 / / / / 0.046 / / / /

dehydrogenase,
decarboxylating

Protein names marked with * were shown as “Uncharacterized protein” in the UniProt Sus scrofa database, thus were substituted with the best match on Sus scrofa database, using SMARTBLAST tool.
'Accession number from UniProt protein database for Sus scrofa. 2log2FC is base 2 logarithm transformed of fold change value which represents the ratio of expression levels in the first-mentioned group vs
second-mentioned group. CRCT: piglets fed no seaweed (SW, Ascophyllum nodosum), which nursed by sows fed dietary w6:w3 ratio = 13:1 during gestation, starting from day 28 (G28) and 10:1 during
lactation. CRSW: piglets fed SW, which nursed by sows fed dietary w6:w3 ratio = 13:1 during gestation and 10:1 during lactation. LRCT: piglets fed no SW, which nursed by sows fed dietary wé:w3 ratio = 4:1
from G28 until the end of lactation. LRSW: piglets fed SW, which nursed by sows fed dietary wé:w3 ratio = 4:1 from G28 until the end of lactation.
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(cont., 3).
Protein name Gene names Accession Number log2FC? P-value
number! of CRS CRS LRCT LRS LRSW LRS | CRS CRS LRCT LRS LRSW LRS
peptide | wvs Wys Vs W vs Vs Wvs | Wvs  Wys Vs W vs Vs W vs
S CRCT LRCT CRCT CRCT CRSW LRCT { CRCT LRCT CRCT CRCT CRSW LRCT
Plectin (Fragment) PLEC K9IVQé 3 / / / / 0.15 / / / / / 0.047 /
Proteasome activator PSME1 Q64L94 4 -0.23 / / / / / 0.032 / / / / /
complex subunit 1
Ras-related protein Rab- RAB10 AOA4X1TSZ3 2 -0.16 / / / / / 0.033 / / / / /
10
Ras-related protein Rap- RAP1B AOA5G2QA99 2 -0.12 / / / / / 0.045 / / / / /
1b
60S ribosomal protein RPL10A AOA4X1TOHO 2 0.22 / / / / / 0.039 / / / / /
L10A
Ribosomal protein L18 RPL18 QOQEV2 2 / / / / / -0.34 / / / / / 0.033
(Fragment)
Ribosomal protein L24 RPL24 AOA287A286 2 0.35 / / / / / 0.042 / / / / /
40S ribosomal protein RPS3A B6V8C8 3 / / / 0.22 / / / / / 0.036 / /
S3a
40S ribosomal protein RPSA AOA480SME4 4 / / / 0.22 / / / / / 0.027 / /
SA
SERPINE1 mRNA binding SERBP1 AOA5G2QNW 2 / / / / / 0.60 / / / / / 0.045
protein 1 1
Collagen-binding SERPINH1 AOA480U2E1 10 0.12  0.09 / 0.08 / / 0.004 0.016 / 0.033 / /
protein
Superoxide dismutase 1 SOD1 Q95ME5 2 0.32 / / / / / 0.026 / / / / /
(Fragment)
Stress-induced STIP1 AOAOB8RZ32 3 0.16 / 0.20 / / / 0.043 / 0.013 / / /
phosphoprotein 1
Vasodilator-stimulated VASP AOA481C371 2 -0.20 / -0.18 -0.15 / / 0.012 / 0.021 0.047 / /
phosphoprotein
Villin-1 VIL1 Q29261 2 / / / -1.56 / -1.18 / / / 0.007 / 0.014
14-3-3 protein theta YWHAQ AOA5G2QM17 7 / / -0.14 / / / / / 0.042 / / /

Accession number from UniProt protein database for Sus scrofa. 2log2FC is base 2 logarithm transformed of fold change value which represents the ratio of expression levels in the first-mentioned group vs
second-mentioned group. CRCT: piglets fed no seaweed (SW, Ascophyllum nodosum), which nursed by sows fed dietary w6:w3 ratio = 13:1 during gestation, starting from day 28 (G28) and 10:1 during
lactation. CRSW: piglets fed SW, which nursed by sows fed dietary w6:w3 ratio = 13:1 during gestation and 10:1 during lactation. LRCT: piglets fed no SW, which nursed by sows fed dietary wé:w3 ratio = 4:1
from G28 until the end of lactation. LRSW: piglets fed SW, which nursed by sows fed dietary wé:w3 ratio = 4:1 from G28 until the end of lactation.
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Figure 5-4 Heatmap of the significant differentially abundant proteins (DAPs) among four
groups of piglet ileum containing CRCT: piglets fed no seaweed (SW, Ascophyllum
nodosum), which nursed by sows fed dietary w6:w3 ratio = 13:1 during gestation, starting
from day 28 (G28) and 10:1 during lactation. CRSW: piglets fed SW, which nursed by sows
fed dietary w6:w3 ratio = 13:1 during gestation and 10:1 during lactation. LRCT: piglets fed
no SW, which nursed by sows fed dietary w6:w3 ratio = 4:1 from G28 until the end of lactation.
LRSW: piglets fed SW, which nursed by sows fed dietary w6:w3 ratio = 4:1 from G28 until the
end of lactation.
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The unique and shared DAPs in comparing LRCT, CRSW, and LRSW with CRCT

groups are indicated in the Venn diagram (Figure 5-2B) and heatmap (Figure 5-4).
As shown in these two figures, these three comparisons shared 4 similar DAPs (3
increased and one decreased). Groups SW (CRSW and LRSW) versus CRCT group
revealed 6 DAPs (3 increased and 3 decreased). Groups LR (LRCT and LRSW) versus
the CRCT group yielded only one decreased-abundant protein, calmodulin 1 -
CALM1.

Furthermore, the LRSW group was compared to three remaining groups (CRCT,
CRSW, and LRCT) using a Venn diagram (Figure 5-2C) and heatmap (Figure 5-4).
These two figures display only one overlap DAP (keratin19 - KRT19), which was
decreased among the three comparisons. The comparisons between the LRSW
group versus CT groups (CRCT and LRCT) discovered 5 DAPs that were all
decreased in abundances, such as ATP synthase subunit alpha (ATP5A1), keratin
proteins (KRT8, KRT20), and villin-1 (VIL1). Comparing the LRSW group versus CR
groups (CRCT and CRSW) revealed only one DAP (T-complex protein 1 subunit beta

- CCT2), which was increased in abundance.

5.7.1.3 GO enrichment of all identified ileum proteins

The protein-protein interaction (PPl) enrichment analysis shows an association
among 300 master proteins, with 288 nodes and 5696 edges (p < 1.0e-16). The
functional enrichments emphasised 172, 54, and 60 GO terms on biological
processes (BP), molecular function (MF), and cellular components (CC),
respectively. The top three enriched GO-BP terms were symbiotic process
[GO:0044403], cellular localization [GO:0051641], and translational initiation
[GO:0006413]. The DAPs primarily participated in RNA binding [G0:0003723],
structural molecule activity [GO:0005198], and protein binding [GO:0005515]. The
DAPs mostly located in extracellular space [G0O:0005615], vesicle [GO:0031982],
and cytosol [GO:0005829]. The top 20, 10, and 5 GO terms on BP, MF, and CC,

respectively, are presented in Figure 5-5.
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Figure 5-5 Gene ontology analysis of all 300 proteins kept in ileum proteomics study with
their corresponding gene count inside each term and their associated adjusted p-value
(expressed as -logl10). Top 20, 10, and 5 GO terms on biological processes, molecular
function, and cellular component, respectively, are illustrated.
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5.7.1.4 GO and Reactome pathway enrichment in LR vs CR groups

The DAP PPI network enrichment between LR and CR ileum was not significant (p
= 0.407). So, the network was expanded with a maximum of 5 interactors in the
first shell, and the result showed 10 nodes and 21 edges (p = 0.0003). GO analysis
highlighted top three enriched BP terms were translational initiation
[GO:0006413], cytoplasmic translation [GO:0002181], and transport
[GO:0006810]. The top three enriched Reactome pathways were peptide chain
elongation [HSA-156902], SRP-dependent co-translational protein targeting to
membrane [HSA-1799339], and selenocysteine synthesis [HSA-2408557]. Lists of
enriched GO terms and Reactome pathways are presented in Figure 5-6 and
Appendix Table 54.
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Figure 5-6 Gene ontology analysis of DAPs in comparison LR ileum versus CR ileum, with
their corresponding gene count inside each term and their associated adjusted p-value
(expressed as -log10). Interaction networks were created with maximum 5 interactors shown
in the first shell. CR: piglet born from sow fed diet with w6:w3 ratio=13:1 during gestation,
starting from day 28 (G28) and 10:1 during lactation; LR: piglet born from sow fed diet with
w6:w3 ratio=4:1 from G28 until the end of lactation.
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5.7.1.5 GO and Reactome pathway enrichment in SW vs CT groups

The PPl network between SW and CT ileum contains 19 nodes and 16 edges (p =
5.91e-05). Only three GO-CC terms were enriched containing extracellular space
[GO:0005615], extracellular exosome [GO:0070062], and proton-transporting ATP
synthase complex, catalytic core f(1) [GO:0045261]. The expanded network with
maximum 5 interactors in the first shell shows 24 nodes and 31 edges (p = 0.0001).
The DAPs were particularly involved in cristae formation [G0:0042407],
biosynthetic process [GO:0009058], and proton transmembrane transport
[GO:1902600]. The top three enriched Reactome pathways were the formation of
ATP by chemiosmotic coupling [HSA-163210], cristae formation [HSA-8949613],
and the citric acid (TCA) cycle and respiratory electron transport [HSA-1428517].
Lists of enriched GO terms and Reactome pathways are presented in Figure 5-7
and Appendix Table S5.

Additionally, a network among comparisons LR vs CR and SW vs CT provides an
overview of the interaction between the DAPs and significantly enriched Reactome
pathways (Figure 5-8). This network presents the up- and down-regulated proteins
distinctively for each comparison and their association with related Reactome
pathways such as metabolism [HSA-1430728], developmental biology [HSA-
1266738], and peptide chain elongation [HSA-156902].
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Figure 5-7 Gene ontology analysis of DAPs in comparison SW ileum versus CT ileum, with
their corresponding gene count inside each term and their associated adjusted p-value
(expressed as -log10). Top 10 GO terms on biological processes and cellular component;
Reactome pathways; and 4 GO terms on molecular function are illustrated. SW: piglet diet
with seaweed supplementation, CT: piglet diet without seaweed supplementation.
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Figure 5-8 Network of the significant differentially abundant proteins (DAPs) between
comparisons LR vs CR and SW vs CT with significantly enriched Reactome pathways.
Interaction networks were created with maximum 5 interactors shown in the first shell. CR:
piglet born from sow fed diet with w6:w3 ratio=13:1 during gestation, starting from day 28
(G28) and 10:1 during lactation; LR: piglet born from sow fed diet with w6:w3 ratio=4:1 from
G28 until the end of lactation. SW: piglet diet with seaweed supplementation, CT: piglet diet
without seaweed supplementation.

5.7.1.6 GO and Reactome pathway enrichment in LRCT, CRSW, and LRSW
vs CRCT groups

The PPI network enrichment in LRCT - CRCT comparison was not significant (p =
0.221). Thus, maximum 5 interactors were added in the first shell of the network
to have 17 nodes and 22 edges (p = 0.016). The DAPs were involved in 13 BP,
particularly response to stimulus [GO:0050896], regulation of cellular component
organization [G0:0051128], and protein folding [GO:0006457]. The functional
enrichment analysis highlighted 51 Reactome pathways, particularly the
metabolism of proteins [HSA-392499], integration of energy metabolism [HSA-
163685], and transport of small molecules [HSA-382551]. A list of enriched GO

terms and Reactome pathways are shown in Figure 5-9 and Appendix Table Sé.

Comparing CRSW and CRCT ileum, the PPI network contains 26 nodes and 29 edges
(p = 7.95e-08). GO analysis highlighted three enriched BP such as neutrophil
degranulation [GO:0043312], regulated exocytosis [GO:0045055], and export from
cell [GO:0140352]. Seven Reactome pathways were enriched, including immune
system [HSA-168256], neutrophil degranulation [HSA-6798695], and metabolism of
amino acids and derivatives [HSA-71291]. The expanded network with maximum 5

interactors in the first shell shows 31 nodes and 60 edges (p = 2.84e-11). In the
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expanded network, 15 GO-BP terms were highlighted, particularly transport

[GO:0006810], biosynthetic process [GO:0009058], and export from cell
[GO:0140352]. Twenty-three Reactome pathways were enriched, particularly the
metabolism of proteins [HSA-392499], metabolism of amino acids and derivatives
[HAS-71291], and cellular responses to stress [HAS-2262752]. A list of enriched GO

terms and Reactome pathways are shown in Figure 5-10 and Appendix Table S7.

The PPI network in LRSW versus CRCT contains 24 nodes and 27 edges (p = 1.29e-
05). Three significant enriched GO-BP terms were supramolecular fiber
organization [GO:0097435], the establishment of localization in cell
[GO:0051649], and ATP biosynthetic process [GO:0006754]. The expanded
network with maximum 5 interactors in the first shell shows 29 nodes and 51 edges
(p = 1.07e-07). The top three enriched GO-BP terms were organonitrogen
compound biosynthetic process [GO:1901566], transport [GO:0006810], and
nuclear-transcribed mMRNA catabolic process, nonsense-mediated decay
[GO:0000184]. The top three enriched Reactome pathways were metabolism [HSA-
1430728], formation of ATP by chemiosmotic coupling [HSA-163210], and peptide
chain elongation [HSA-156902]. A list of enriched GO terms and Reactome
pathways are shown in Figure 5-11 and Appendix Table S8.
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Figure 5-9 Gene ontology analysis of DAPs in comparison between LRCT and CRCT ileum,
with their corresponding gene count inside each term and their associated adjusted p-value
(expressed as -log10). Top 10 GO terms on biological processes, cellular component, and
Reactome pathways are illustrated. CRCT: piglets fed no seaweed (SW, Ascophyllum
nodosum), which nursed by sows fed dietary w6:w3 ratio = 13:1 during gestation, starting
from day 28 (G28) and 10:1 during lactation. LRCT: piglets fed no seaweed, which nursed by
sows fed dietary w6:w3 ratio = 4:1 from G28 until the end of lactation.
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Figure 5-10 Gene ontology analysis of DAPs in comparison between CRSW and CRCT ileum,
with their corresponding gene count inside each term and their associated adjusted p-value
(expressed as -log10). Top 10 GO terms on biological processes and cellular component;
Reactome pathways; and 8 GO terms on molecular function are illustrated. CRCT: piglets fed
no seaweed (SW, Ascophyllum nodosum), which nursed by sows fed dietary w6:w3 ratio =
13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation. CRSW: piglets fed
SW, which nursed by sows fed dietary w6:w3 ratio = 13:1 from G28 until the end of lactation.
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Figure 5-11 Gene ontology analysis of DAPs in comparison between LRSW and CRCT ileum,
with their corresponding gene count inside each term and their associated adjusted p-value
(expressed as -log10). Top 10 GO terms on biological processes and cellular component;
Reactome pathways; and 7 GO terms on molecular function are illustrated. CRCT: piglets fed
no seaweed (SW, Ascophyllum nodosum), which nursed by sows fed dietary w6:w3 ratio =
13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation. LRSW: piglets fed
SW, which nursed by sows fed dietary w6:w3 ratio = 4:1 from G28 until the end of lactation.
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5.7.2 Validation of proteomics results

Results of validation assays for villin (VIL1) and proliferating cell nuclear antigen

(PCNA) are visualized in Figure 5-12 and shown in Table 5-3.
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Figure 5-12 Boxplots of validation assays for the concentrations of villin (VIL1) and
proliferating cell nuclear antigen (PCNA) in ileum samples are presented with their correlation
with respective protein abundance quantified by proteomics. CRCT: piglets fed no seaweed
(SW, Ascophyllum nodosum), which nursed by sows fed dietary w6:w3 ratio = 13:1 during
gestation, starting from day 28 (G28) and 10:1 during lactation. CRSW: piglets fed SW, which
nursed by sows fed dietary w6:w3 ratio = 13:1 during gestation and 10:1 during lactation.
LRCT: piglets fed no SW, which nursed by sows fed dietary w6:w3 ratio = 4:1 from G28 until
the end of lactation. LRSW: piglets fed SW, which nursed by sows fed dietary w6:w3 ratio =
4:1 from G28 until the end of lactation.
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Table 5-3 Results of validation assays for the concentrations of villin (VIL1) and proliferating

cell nuclear antigen (PCNA) in ileum samples are presented. Their respective protein

abundance values are not shown because of low abundance values were determined by

proteomics. Difference between groups was analysed separately for each tested protein and
validation method.

Sow diet (S) Piglet diet (P) ViL1 PCNA
Western blot assay (optical density - arbitrary units)
CR CT 48415° 106932
SwW 30176 24178°
LR CT 35266 19504°%°
SwW 149322 20750°
SEM 6687 2604
P-value
S 0.0497 * ns
P 0.011* 0.012 *
S*P ns 0.032 *
CRCT-LRCT ns 0.059
CRCT - CRSW ns 0.012 *
CRCT-LRSW 0.016 * 0.044 *
LR CT - CRSW ns ns
LR CT - LR SW ns ns
CR SW - LR SW ns ns

CRCT: piglets fed no seaweed (SW, Ascophyllum nodosum), which nursed by sows fed dietary w6:w3 ratio =
13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation. CRSW: piglets fed SW, which
nursed by sows fed dietary w6:w3 ratio = 13:1 during gestation and 10:1 during lactation. LRCT: piglets fed
no SW, which nursed by sows fed dietary wé:w3 ratio = 4:1 from G28 until the end of lactation. LRSW: piglets
fed SW, which nursed by sows fed dietary wé:w3 ratio = 4:1 from G28 until the end of lactation.

5.7.2.1 Villin (VIL1)

Western blot images for VIL1 in ileum samples from four groups of piglets are
presented in Figure 5-12 and Table 5-3. Clear bands at 93 kDa showing the
presence of VIL1 were detected in all samples. VIL1 band intensity in LR ileum was
lower than in CR ileum (Figure 5-12A1, p = 0.0497), and VIL1 band intensity in SW
ileum was lower than CT ileum (Figure 5-12A1, p = 0.01). A significantly lower
concentration of VIL1 was determined in LRSW compared to CRCT ileum (Table 5-
3, p = 0.016). However, there was no interaction between the sow diet and the
piglet diet. A strong positive linear correlation between validated VIL1
concentration and VIL1 relative abundance (Figure 5-12A2, R = 0.87, p = 0.0027)
suggests an accurate reflection of VIL1 proteomics data level present in four piglet

groups.
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5.7.2.2 Proliferating cell nuclear antigen (PCNA)

Western blot analysis for PCNA is shown in Figure 5-12 and Table 5-3. Clear bands
at 36 kDa representing the presence of PCNA were detected in all samples. PCNA
band intensity in SW ileum was higher than CT ileum (Figure 5-12B1, p = 0.01),
and this trend was shown in CRSW and CRCT groups (Table 5-3, p = 0.012). There
was a significant interaction between the sow diet and the piglet diet (Figure 5-
12B1, p = 0.03): a significantly higher concentration of PCNA was determined in
LRSW than the CRCT ileum (Table 5-3, p = 0.044). The effect of the sow diet on
the concentration of PCNA was not significant. The overall evaluation highlighted
a strong positive linear correlation between the validated PCNA concentration and
PCNA proteomics relative abundance (Figure 5-12B2, R = 0.83, p = 0.0056).

5.8 DISCUSSION

Intestinal protective barrier and nutrient uptake are greatly affected by the
continuous renewal of epithelial cells and crypt-villus structure [346]. Weaning
induced significant alterations in intestinal structure and function [347] and
hampered the immature mucosal immune system [334]. Factors such as maternal
and offspring dietary management could drive mucosal immune development and
progeny performance [262-264]. By investigating the combined effects of dietary
treatments in sows and their offspring on offspring’s development, this study
aimed to stimulate a rapid maturation of the piglet intestine and immune system
to resist weaning challenges. DAPs with modest differences (non-adjusted p-value
< 0.05) were regarded as relevant because they are likely to give valid biological

changes via validation assays on several proteins, as presented later.

5.8.1 Effect of sow dietary treatments: LR vs CR groups

The maternal LR diet affected the relative abundance of GFPT1, CCT2, PDLIM7,
RPSA, and CALM1. Proteins RPSA, CCT2, and GFPT1 were annotated by Reactome
pathways referred to peptide chain elongation, selenocysteine synthesis, and

metabolism of proteins.

Ribosomes are the cellular machines where the message in mRNA is translated to

proteins (also known as protein synthesis) [348]; thus, ribosomes contribute



Chapter 5 lleal proteome changes associated with maternal dietary low
w6:w3 ratio in piglets supplemented with seaweed

200

considerably to the host response to infection [349]. The protein production starts

with the translation initiation step to regulate mRNA translation, followed by the
elongation step to add a newly translated amino acid to the protein chain,
concluding with a stop codon [349]. Each ribosome in humans contains a small
(40S) and large (60S) subunit [350]. The 40S ribosomal protein SA (RPSA) can
contribute to the initiation step of mRNA translation and trans-translation events
[351]. It also participates in the maturation of the 185 rRNA element of the 40S
ribosomal subunit [352]. The increased abundance of protein RPSA in LR versus CR
ileum in this study may relate to the positive regulation of protein synthesis

process [348], thereby contributing to immune response activation [349].

Chaperonin-containing T-complex protein 1 (CCT) is a macromolecular protein
folding complex that consists of eight subunit proteins (CCT1-8) [353] relating to
cell cycling dysregulation and leading to uncontrolled proliferation [354]. The
subunit beta (CCT2) may drive cell division and attract proliferative factors in
humans, affecting crucial survival and growth components [354]. CCT2 can
regulate cell proliferation; thus, the upregulation of CCT2 in LR versus CR ileum
in this study can induce uncontrolled proliferation and is associated with the

overexpression of cell cycle regulators [354].

Glutamine-fructose-6-phosphate transaminase (GFPT1) is an important enzyme
that participates in protein glycosylation (glycans biosynthesis) which could
enhance the solubility and stability of newly formed peptides [355]. The
glycosylation is a crucial cellular post-translational modification where glycosyl
residue is transferred from a donor comprising a nucleoside phosphate to an
acceptor molecule by glycosyltransferases [356]. The glycosylation process
contributes to inflammation states, so GFPT1 protein plays a role in the host
response to inflammation [356]. In this study, the changes in GFPT1 protein and,
in turn, glycosylation process in LR versus CR ileum may relate to inflammatory
conditions [356].

Taken together, the increased expression of RPSA, CCT2, and GFPT1 in LR ileum
relate to the host response to inflammatory stimuli and thus, affect piglet’ growth

performance, as observed in the in vivo study [183].
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5.8.2 Effect of piglet dietary treatments: SW vs CT groups

In the SW piglets, 11 proteins (i.e., ACO2, ATP5B, ATP5A1, DCN, CKB, CKMT1B,
ALDH9A1, PSME1, ALDOA, PCNA) were annotated by Reactome pathways mostly
referred to metabolism, the citric acid (TCA) cycle, and respiratory electron
transport, synthesis of DNA, protein localization, mitochondrial protein import,

and creatine metabolism.

ATP synthase subunit alpha and beta (ATP5A1 and ATP5B, respectively) were
down-regulated in SW ileum. They are two subunits of mitochondrial ATP synthase
involved in regulating mitochondrial complexes and ATP synthesis [357]. The
mitochondrial ATP synthase can function as a regulator of inflammatory responses
expressed through changes in ATP concentrations [358]. Diminishing ATP synthesis
by disrupting or inhibiting ATP synthase activity targets cancer treatment [358].
The reduced ATP subunits reflect the cellular response toward anti-inflammation

[358] and are related to this study’s SW supplementation in piglet diet.

The SW supplementation decreased creatine kinase activity, an indicator of tissue
injury [359], in piglets ileum at d21 PW. A lower serum creatine kinase activity
was also reported in male mice who received curcumin - a yellow pigment of
turmeric in the diet [359]. A similar effect of seaweed and curcumin was possibly
due to their natural antioxidant property against cellular oxidative damage [360].
This observation suggests the modulatory impact of SW supplementation in the
post-weaning diet on creatine kinase activity in piglet ileum. Recent studies on
juvenile rainbow trout [361] and juvenile carp [362] described that the decrease
in muscle creatine and ATP concentrations might be responsible for the decreased
myogenesis and growth performance. Although the concentration of muscle
creatine in fish is higher than that in mammals due to different locomotor activity
[363], these findings are still helpful references to explain the similar pattern in
mammals. Collectively, the decreased expression of ATP synthase subunits and
creatine kinase in SW-fed piglets born from LR-fed mothers may be associated
with the decline in myogenesis and, consequently, growth rate as reported in the

in vivo study [183].
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Proliferating cell nuclear antigen (PCNA), a marker of cell proliferation [364], was

upregulated in SW versus CT ileum (specifically, in CRSW and LRSW versus LRCT)
in this study. The PCNA is an auxiliary protein of DNA polymerise-0 that
participates in DNA synthesis, replication, and repair; cell proliferation, and cell
cycle initiation [365,366]. The concentration of PCNA is decreased in the inactive
cells; however, it increases before DNA replication [366]. PCNA is increased
through phosphorylation during the cell cycle, so DNA replication and cellular
proliferation are stimulated [364]. The increased expression of PCNA in the SW
group could result from the increased proliferation behavior of cells [364], DNA

synthesis, and repair associated with the SW diet.

Ileal epithelial keratin (KRT8, 19, and 20) and villin-1 (VIL1) were not involved in
any Reactome pathways, but are the most significant down-regulated proteins,
thus, relevant to mention the abundance pattern and possible biological meanings

of these proteins as follows.

Keratin type Il cytoskeletal 8 (KRT8, acidic keratin) and type | cytoskeletal 19 and
20 (KRT19 and 20, basic keratin) [367] were decreased expressions in SW piglets.
Keratins are intermediate filament proteins expressed in epithelia of the
gastrointestinal tract in mammals [368] that support the structure of cell and
tissue homeostasis [369]. Keratins also contribute to the host protection against
stress/inflammation [370,371] through maintaining epithelial barrier functions
[372]. Areview from Polari et al. [369] found that keratins alteration in expression
level might contribute to the differentiation-proliferation balance of the
epithelial cell. Protein K8 and K19 are the primary keratins in small and large
intestines [369]. Furthermore, keratins are involved in many post-translational
modifications (PTMs), so increased keratin expression was associated with cancer
development where PTMs are dysregulated [371]. The decreased level of K8, K19,
and K20 in SW ileum may relate to their role in epithelial cell metabolism [370]
and the possible effect of SW on lowering the inflammation severity in post-

weaning piglets.

Villin-1 (VIL1), an indicator of absorptive cells in the brush border [373], was
decreased expressions in SW piglets (specifically, in LRSW versus CRCT and LRCT).

The tendency of a down-regulation in villin mRNA expression was observed in the
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jejunal tissue of neonatal piglets on d7 versus d0, reflecting declined jejunal villus

height of 7-d-old piglets [374]. This is one of the indicators of the fast intestinal
development in suckling pigs, together with the increased villus width and number
of crypts [374]. As located in the epithelial brush border, villin functions as a
crucial regulator of epithelial structure and microvilli physiological functions
[375]. Alteration of villin concentration may induce the remodelling of intestinal
epithelial cells structure, and consequently, alter brush border integrity [375].
Microvilli development could enlarge the intestinal epithelial cells’ contact area,

absorption, and secretory surface [375].

The agreement between Western blot validation results and relative protein
abundance measured by proteomics (Figure 5-12, R > 0.83, p < 0.01) for both VIL1
and PCNA shows that despite the adjusted p-value giving no significant results,
the non-adjusted p-values are likely giving valid biological changes. Validation on
VIL1 and PCNA identified by two peptides and relatively low in abundance confirm
crucial biologically relevant aspects disclosed by the TMT quantitative proteomics
data [79]. This approach increases the confidence level in protein identification
[79].

Collectively, the upregulation of PCNA and downregulation of VIL1 in SW piglets
observed in this study suggests that SW supplementation stimulates the rapid
renewal of the ileal epithelium by promoting cell proliferation but diminishes the

absorption capacity of ileal epithelial cells at the same time.

5.8.3 Combined effects of sow and piglet dietary treatments:
LRCT, CRSW, and LRSW vs CRCT groups

In the comparisons among 4 groups containing CRCT, CRSW, LRCT, and LRSW, a
series of 6 pairwise comparisons revealed 53 DAPs, of which the majority of DAPs
was in CRSW vs CRCT and LRSW vs CRCT (25 DAPs), followed by LRSW vs LRCT and
LRCT vs CRCT (11 and 10 DAPs, respectively), and the lowest DAPs was in LRSW vs
CRSW and CRSW vs LRCT (6 and 5 DAPs, respectively). This discussion focuses on
the distinct DAPs and associated Reactome pathways in three main comparisons:
LRCT, CRSW, and LRSW vs CRCT groups with their expanded networks (maximum

5 interactors in the first shell).
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Among three comparisons, LRCT vs CRCT affected the interaction between AP2B1

and GNB1 in multiple pathways, especially neurotransmitter receptors and
postsynaptic signal transmission and transport of small molecules. The beta
subunit of Adaptin protein (AP)-2 complex (AP2B1) was up-regulated in LRCT vs
CRCT ileum in this study and also in the muscle of gilts in another study where
found AP2B1 joined in lipid metabolism [376]. AP2B1 was involved in the immune
response to stimuli in cattle [377]. In line with this study, Shin et al. [378] reported
the role of AP2B1 in the synaptic vesical cycle and neural functions. The
upregulation of AP2B1 is a defence mechanism against stimuli such as heavy
metals [379]. In contrast with AP2B1, G protein subunit beta 1 (GNB1) was
downregulated in LRCT vs CRCT, which engaged in regulating transmembrane
signal transduction [380-382], cellular response to hypoxia [381], and boosting
virus budding at the cell membrane to stimulate progeny virus release [383]. The
LRCT diet was associated with enriched regulation of signal transmission between

neurons in the brain and contributed to the immune response against stimuli.

Comparison CRSW-CRCT affected the relative abundance of 13 proteins such as
COTL1, HBB, RAB10, RAP1B, RPL10A, RPL24, SOD1, PGD, and PSME1. These
proteins were annotated by Reactome pathways referred to the metabolism of
proteins, RNA, and amino acids and derivatives, neutrophil degranulation, and
cellular responses to stress. Oxygen binding and transport proteins, hemoglobin
(subunit A - HBA and subunit B - HBB) was increased-abundant in CRSW than CRCT.
It is supposed that this may contribute to the enhancement in the CRSW’s oxygen
storage and transfer capacity [384,385], thus, improving oxygen supply to ileal
tissue against stressors such as weaning- or transport-related hypoxia [386] and
consequently, enhancing CRSW’s intestinal health. Ribosomal proteins such as
RPL10A and RPL24 were overabundant in CRSW piglets, promoting protein
synthesis and driving the regeneration of ileal tissue [387]. In addition, a negative
regulator of the cell cycle/adhesion and mediator of protein degradation,
proteasome activator complex subunit 1 (PSME1) [388,389], was downregulated in
CRSW ileum. A protein that regulates actin cytoskeleton activity, coactosin-like
protein 1 (COLT1) [390] can promote lamellipodia protrusion in motile cells such
as endothelial, immune, and epithelial cells [391]. Both PSME1 and COTL1 were
upregulated in inflammatory-, tumour- or cancer-associated events [389,392-

396]. Referring to the benefits of CRSW diet on improving piglet growth
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performance as reported in the previous study [183], the downregulation of PSME1

and COTL1 in CRSW ileum had no harmful effects or their effects were masked

from the positive effects of hemoglobin and ribosomal proteins.

In the LRSW vs CRCT piglets, 14 proteins (including ATP5A1, ATP5B, CCT2, ECH1,
FABP6, KRT8, KRT19, KRT20, RPSA, and RPS3A) were annotated by Reactome
pathways mostly referred to metabolism, organelle biogenesis and maintenance,
developmental Biology, and protein localization. An enzyme that participates in
mitochondrial fatty acid B-oxidation, Enoyl coenzyme A hydratase 1 (ECH1) [397]
was downregulated in LRSW. This finding is supported by a previous study that
reported the underlying beneficial effects of dietary w3 PUFA supplementation in
the insulin signalling improvement process via down-regulating ECH1 and
inhibiting peroxisomal B-oxidation [398]. LRSW piglets had downregulation of
Fatty acid-binding protein 6 (FABP6) - an ileum-specific bile acid transporter,
implicating a reduction in efficiency of dietary fat absorption [399,400] due to
impaired bile acid production/absorption in ileum as a consequence of early
inflammatory reaction [401,402]. A cell cycle-associated protein that organizes
chromatin structure and regulates gene transcription via chromatin remodelling,
Histone protein - HIST1H1E [403,404], although was not involved in any pathways,
is still worth mentioning because its upregulation in LRSW piglets may reflect an
increased formation of chromatin fiber [405], facilitating DNA replication, DNA
repair, and genome stability [404]. Together these observations suggest that the
decreased fat absorption capacity may be associated with unexpected growth
development of LRSW piglets as observed in the previous study [183], although

they may have insulin signalling improvement and genome stability.

5.9 CONCLUSIONS

This study showed that maternal dietary low wé:w3 ratio (LR) exerted its positive
regulation of protein synthesis process and contributed to enhanced intestinal
function via modulating ileal proteome in piglets. However, maternal LR diet may
induce uncontrolled proliferation and overexpression of cell cycle regulators in
the offspring, which may be responsible for the lower growth performance of
piglets, as shown in the in vivo experiment of this study. Seaweed (SW)

supplementation can reduce inflammation severity and stimulate the rapid
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renewal of the ileal epithelium and ileal tissue development in CRSW piglets but
diminish the fat absorption capacity of epithelial cells in LRSW piglets. Overall,
lowering dietary wé:w3 ratio (to 4:1) in sows and SW supplementation in weaned
piglet’s diet benefitted piglet’s intestinal development and anti-inflammation

activity against weaning challenges.
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6.1 MAIN MESSAGES

1. Zootechnical performance: Maternal LR diet during gestation and lactation
combined with the SW supplementation in post-weaned piglets did not
enhance piglet’s growth or antioxidant status. Nevertheless, the maternal
LR diet alone increased total w3 PUFAs (mainly a-linolenic acid - ALA) in
the colostrum and milk, improving the weaning survival rate and suckling
piglets’ weight gain. Additionally, SW supplementation enhanced piglets’
growth from sows fed CR diet.

2. Sow plasma proteomics: LR diet altered the plasma levels of several acute
phase proteins (APPs) such as HP, SERPINA1, and APCS that might be
involved in protective mechanisms against accelerated stresses and, in
particular, oxidative stress at later stages of gestation and lactation.
Furthermore, significant shifts were found over the late gestation-late
lactation period affecting the plasma lipoproteins and the APPs. The end of
pregnancy is associated with an acute phase reaction (APR) demonstrated
by the increased abundance of positive APPs (i.e., HP and ITIH4 (pig-MAP))
and a decrease in negative APPs, i.e., APOA1, while by the end of lactation,
this APR has dissipated and APOA1, APOA2, and APOC3 were all increased.

3. Piglet serum proteomics: maternal LR diet enhanced piglet host protective
response via positive effects on anti-inflammatory activities and innate
immunity. Post-weaned piglets’ SW diet stimulated coagulation cascade
regulation and the connection between innate and adaptive immunity to
enhance the host defence during inflammation conditions. The altered
serum proteome profile between d21 PW and weaning related to platelet
metabolism, haemostasis, cross-talk between coagulation pathways and

inflammation, particularly in the innate immune system.

4. Piglet ileum proteomics: maternal LR diet positively regulated protein
synthesis process but may induce uncontrolled proliferation and
overexpression of cell cycle regulators in the offspring. SW supplementation
reduced the inflammation severity in post-weaning piglets and promoted
ileal epithelial growth in CRSW piglets but decreased the fat absorptive
capacity in LRSW piglets. Overall, maternal LR diet and offspring SW diet
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benefitted piglet’s intestinal development and anti-inflammation activity

against weaning challenges.

The w3 PUFAs are characterized as micronutrients and are usually deficient in
animal diets. Frequently excessive animal consumption of wé PUFAs from corn and
other grains compared to w3 PUFAs (or high dietary w6:w3 ratio) leads to various
performance and health problems in animals and also affect human health - the
primary consumers of animal products. In recent years, lowering the ratio
between wé and w3 PUFAs in animal diets has gained increasing attention as a

nutritional intervention to enhance performance and health.

This thesis aimed to improve growth performance and immune system in weaned
pigs through early nutritional programs (maternal LR diet during gestation and
lactation) combined with later-life nutritional interventions (post-weaned SW
diet). Effects LR in sow diet and SW supplementation in piglet diet on
performance, colostrum and milk FA profiles, and oxidative status, were studied
in vivo (Chapter 2). The performance and zootechnical data showed the effects
of maternal LR diet during gestation and lactation alone or in combination with
the SW supplementation in post-weaned piglets on piglet growth and antioxidant
status. Also, the influence of SW supplementation alone on piglet growth was
revealed. To discover the fundamental molecular processes that activate
biological systems such as reproduction and oxidative status, influenced by
gestational and lactational LR diet, sow plasma proteomic pattern changes and
related biological pathways associated with LR diet were characterized (Chapter
3). Moreover, the alterations in the serum and ileal proteomes and related
pathways induced by the interplay between maternal LR diet and offspring SW
diet were studied (Chapters 4 and 5).

This final Chapter discusses the findings of the studies described in this thesis.
Additionally, implications of the results for future feeding regimes practices are

addressed.
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6.2 OMEGA 6 : OMEGA3 RATIOS IN SWINE NUTRITION
AND ZOOTECHNICAL PERFORMANCE

6.2.1 ALA and the conversion to EPA and DHA in sow milk

This study used soybean oil and linseed oil as the source of wé and w3. These
contain large amounts of linoleic acid (LA, 18:2w-6) and a-linolenic acid (ALA,
18:3w-3), respectively. ALA is stored in adipose tissue and primarily serves as a
substrate for synthesizing long-chain omega-3 PUFAs eicosapentaenoic acid (EPA,
20:5w-3), especially in females during pregnancy and lactation and in newborns
[406]. A more balanced w6:w3 ratio (decreased LA and increased ALA intake) will
ensure the ALA - EPA conversion [148,151]. Nevertheless, the conversion
efficiency from ALA to EPA is poor (i.e., 0.2 - 5%) and even poorer from ALA to
docosahexaenoic acid (DHA, 22:6w-3) (i.e., 0.05 - 0.5%) [148,149], primarily due
to the low bioavailability of ALA after a high proportion of ALA (59%) is B-oxidised
in the mitochondria [150]. Furthermore, the lack of elongase-2 (ELOVL2)
expression to elongate C22:5 w3 to C24:5 w3 [37], supports the EPA's synthesis.
Also, the competition between LA and ALA for enzyme A-6 desaturase, which has
a higher affinity for ALA; thus, high LA intake prevents the conversion from ALA
to EPA [148,151]. Chapter 1 showed that the increased intake of ALA resulted in
high concentrations of ALA and, consequently, EPA but not DHA in the sow milk.
This observation accords with a review in human studies by Baker et al. [406].
Overall, our results demonstrate that the enriched w3 diet by adding linseed oil
effectively improves the EPA but has little effect on DHA concentrations in sow

milk.

6.2.2 Sow’s reproductive performance

Maternal LR diet enhanced weaning survival rate and sucking piglet’s weight gain
compared with CR diet (Chapter 2). The enrichment of total w3 PUFAs in the
colostrum and milk in LR-fed sow could positively modulate the intestinal
microflora, thus promoting the intestinal health in suckling piglets by inhibiting
Toll-like receptor 4 (TLR4) and signalling to decrease inflammation [137]. These
findings match those observed in previous studies indicating the association
between low w6:w3 ratio in the maternal diet with piglet growth improvement
[94,95,104]. Although LR sows had fewer piglets born alive than CR sows, their
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performance was in line with earlier data in sows that received low wé:w3 ratios

(from 1:1 to 5:1) [138]. The unexpected result of decreased piglets born alive in
the LR-fed sow could be explained by some unaccounted factors such as a low
heritability of this trait (0.04 - 0.29) [140,141], although the two sow groups were
kept in identical housing environments monitoring for the same light and

temperature during the feeding trial.

6.2.3 Piglet’s growth performance

The study described in Chapter 1 was the first one that accounted for a possible
combined positive effect of maternal LR diet and post-weaned SW (A. nodosum)
diet on piglet growth and oxidative status. Results disclosed that BW, ADG, ADFI,
and G:F improved in SW-fed piglets born from CR-fed sows compared with CT-fed
piglets. The supplementation of SW can add more w3 PUFAs and lower wé6:w3
ratios in SW-fed piglets that born from CR-fed sows due to its high contents of EPA
(C20:5 w3) and low wb6:w3 ratio of 2.75 [142]. Nevertheless, LR and SW diets’
combined effect is still unclear. These observations seem to be consistent with
other research, which found no or minimal effect of a meagre ratio of wé6:w3
(0.38) [143] or A. nodosum extract [125,255] on growth performance of growing-
finishing pigs. The main effects of a low ratio between w6 and w3 were improved
total w3 PUFAs (including ALA, EPA, and DHA) and reduced wé:w3 ratio in pork
[143].

6.2.4 Oxidative status in sows and piglets

Pregnancy, parturition, and lactation in sows and weaning in piglets are all linked
to elevated levels of oxidative stress due to intensive metabolism [157,160] and
resulted in the increased oxidative products (i.e., ROM, NO, and H202) in plasma
[161,162].

In sows, the LR diet tended to increase AOPP concentrations at the end of
gestation, so the decreased number of piglets born and piglets born alive might
be caused by the involvement of AOPP levels in embryonic mortality [158].
Nevertheless, the increased tendency of AOPPs in LR sows did not seem to produce
intracellular ROS (H202) because d-ROMs levels of LR and CR sows at the end of

gestation were similar. Moreover, the LR diet did not influence lipid peroxidation
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of sow plasma, possibly due to the rapid hepatic absorption of malondialdehyde

measured in the TBARS assay before being eliminated in urine without influencing
TBARS levels in blood circulation [159]. Additionally, FRAP values of LR sows were
similar at the end of gestation and tended to increase at the beginning of
lactation, compared with CR sows, as a result of activated sow's antioxidant

system with increased protein oxidation.

Although no effects of maternal LR diet and piglet SW diet on piglet oxidative
status, the higher ADG and G:F ratio of the LRCT and CRSW piglets showed the
benefits of LR and SW diets on stimulating antioxidants and reducing excessive
ROS production. Several reasons can explain the positive effects on piglet growth
rates. First, growth performance reflects overall influences over a period,
whereas plasma measurements are single tests at a time point [163]. Second, the
bioactivity of w3 PUFAs in the maternal diet and SW-derived elements (i.e.,
ascophyllan, laminarin, fucoidans, and phlorotannins) in the piglet diet [164] can
promote piglet intestinal health through its immunomodulatory, anti-
inflammatory, antioxidant, and antimicrobial properties [127,167,168]. Third,
maternal LR diet with optimal wé:w3 ratio might regulate progeny immune
response and improve anti-inflammatory activity against pathogens [165] or post-

weaning stress [166].

6.3 OMEGA 6 : OMEGA3 RATIOS AND PROTEOMICS

The observations in Chapter 2 support the idea that maternal dietary interventions
can remarkably affect the offspring, and dietary supplementation with SW can
effectively enhance post-weaned piglet performance. Nevertheless, the
molecular mechanism of the interaction between dietary treatments in sows and
piglets remains to be addressed. Thus, the effects of nutritional interventions on
molecular outcomes in sows and their progeny were studied in Chapters 3, 4 and

5, respectively.

6.3.1 Sow plasma proteomics

ALA may participate in some lipoprotein-related pathways in plasma [175], such

as inflammation and platelet aggregation, with a high content provided in a long-
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term study because more EPA is synthesized from ALA [406]. Plant-derived w3

PUFA ALA primarily functions as a regulator for converting LA to AA and as a
substrate for EPA synthesis [174]. These effects of ALA were observed on sow
plasma (Chapter 2). Results in Chapter 3 showed that LR diet during a sixteen-
week intervention trial altered several acute phase proteins’ plasma levels in late
gestating and late lactating sows. In the LR group, the down-regulation of HP and
Serum amyloid P-component (APCS) and up-regulation of alpha-1-antitrypsin
(SERPINA1) may relate to the mechanism of anti-inflammation and protease
inhibition [206,207]. Consequently, these acute phase proteins might participate
in the host defence mechanisms against accelerated oxidative damage in key life

cycle chapters in sows.

In comparing the plasma proteome of late gestation to that of late lactation,
substantial alterations were observed over this stage, affecting the plasma
lipoproteins and the acute phase proteins in particular. Related to the former,
apolipoprotein A-1 (APOA1), A-2 (APOA2), and C-3 (APOC3) were all up-regulated
by the end of lactation. They are multifunctional proteins that play significant
roles in lipid metabolism through regulating critical enzymes activity and
functioning as ligands to lipoprotein receptors [212]. Over the same stage, positive
acute phase proteins in pigs, haptoglobin (HP), and ITIH4 (or pig-MAP) were down-
regulated. These observations suggest that the end of gestation is linked to an
acute phase reaction demonstrated by the increase in positive acute phase
proteins and a decline in negative acute phase proteins such as APOA1, while by

the end of lactation, this acute phase reaction has dissipated.

This study also aimed to explain the mechanism of improved survival rate and
weight gain of piglets born from the LR sows, as reported in the in vivo study
(Chapter 2). A diet supplemented with FA primarily regulates the concentration
of milk fat [87], whose main component is TG (>95%) and is closely linked to
neonatal growth [407]. Better postnatal survival of newborns is associated with
higher body fat content mass [408]. Piglets born from LR sows could have a higher
fat deposition, increased TG turnover rate, and circulating lipids during later
stages of fetal life and, thus, increased energy metabolism in postnatal life [408],
compared to piglets born from CR sows. Consequently, LR piglets are more

physiological mature at birth [408], and they survive better than CR piglets.
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However, this needs further validation because we did not measure TG in milk,

and plasma TG level was similar between the two dietary treatments.

Overall, results in Chapter 3 provide additional insights into the benefit of LR diet
in altering proteins that involve in the protective system against gestational and
lactational stresses and sow adaptation’s molecular mechanisms to stimuli in

different reproduction stages.

6.3.2 Piglet serum proteomics

Weaning is a critical adaptive period in a pig’s life to grow and develop fully in
adulthood [232]. Piglets in this critical period must be well-equipped to protect
the intestines and immune development, preventing an excessive reduction in
feed consumption, intestinal inflammation, and dysbiosis [335]. Maternal and
offspring nutritional interventions might alleviate weaning-related stress and
intestinal barrier dysfunction in pigs [162], thus, supporting the immune system

and development of piglets.

Serum proteome profiles of newly weaned (d0) and post-weaned (d21 PW) piglets
influenced by maternal and post-weaned diets were revealed in Chapter 4. The
neonates are more sensitive and protective in response to various stimuli [323].
The data in Chapter 4 demonstrated a significant difference in DAPs as early-onset

physiological mechanisms to promote adaptation to inflammatory signalling [328].

Maternal diet is critical to offspring growth, immune development, and intestinal
functions [262-264]. On d0, the downregulation of complement C3 in LR piglets
may be associated with the anti-inflammatory property of low wé6:w3 ratio in their
mother’s diet. On d21 PW, a significantly high level of positive APP - serum
amyloid A (SAA) and negative APP - transferrin (TF), in LR piglets reflects that the
innate defence system is strongly activated and participates in the inflammatory
response. Regardless of sampling time, maternal LR diet decreased the levels of
fibronectin (FN1) - a positive APP, and alpha-1-Antichymotrypsin (SERPINA3) - a
serine proteinase inhibitor, however antithrombin-Ill (SERPINC1) was increased in
abundance. SERPINA3 seems to be increased, and SERPINC1 decreased with the
inflammation conditions [298]. These alterations in LR piglets suggested the anti-

inflammatory effect of low wé6:w3 ratio in the maternal diet and contributed to
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the enhanced host protective response. Coagulation factor Xl (F12) was activated

in LR versus CR serum at dO to quickly create enzymatic activity on the surface of
pathological cells in response to inflammation [331]. Protein F12 also contributes
to developing the protective system in weaning piglets by regulating the cross-
talk that links coagulation pathways and inflammation, particularly in innate

immunity [331].

In piglets, the weaning diet serves a crucial role in controlling gut function,
shaping adaptive immunity, supporting the host defence against stimuli, thereby
affecting the overall performance and health [248]. This study supplemented
Ascophyllum nodosum to weaned piglets (dO - d21 PW), a brown seaweed (SW)
species with in-feed antibiotics properties due to rich in bioactive ingredients such
as phlorotannins and polyphenols [128,249-251]; and polysaccharides (laminarin,
fucoidans, and alginates [128], and ascophyllan [252]). The effect of piglet dietary
treatments: SW versus CT groups was assessed on d21 PW. The enrichment of
complement C5a in SW piglets at d21 PW suggests the essential role of C5a as a
bridge to connect innate and adaptive immunity to enhance the host defence
during inflammation conditions [305]. Additionally, the increased concentration
of kininogen-1 (KNG1), a coagulation factor, in SW serum suggests an effect of SW

on coagulation cascade regulation.

Regarding the effect of time points, the proteomic patterns of the post-weaned
piglets were significantly altered from dO to d21 PW. Specifically, serum
lipoproteins (e.g., APOA1, APOB, APOE); pro-coagulation proteins (e.g., F2, HRG,
ORMT1); coagulation regulator, e.g., PLG; and acute phase proteins (e.g., HP,
ITIH4, TF, SAA, SERPINA1) were changed in their relative abundance on d21 PW,

compared to dO.

As observed in Chapter 3, APOA1 and APOE concentrations were decreased in late
pregnancy and increased during lactation. Accordingly, suckling piglets gained
relatively high levels of APOA1, APOB, and APOE from their mother; however,
these concentrations fell significantly during post-weaning. The serum level of
high-density lipoprotein (HDL) was estimated in Chapter 4. Due to multiple
biological functions of HDL such as anti-inflammatory, antioxidant, anti-
thrombotic, and anti-apoptotic [313]; a higher level of both APOA1 and HDL-

cholesterol in piglets at dO versus d21 PW suggests that these changes related to
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the host protective activities against weaning stress. Moreover, high levels of

positive APPs (e.g., HP, ITIH4, SAA) and low levels of negative APPs (e.g., TF, TTR,
and SERPINA1) on dO were observed as a consequence of stress stimuli following
separation from the mother, transportation, change to a new environment and
social mixing (regrouping). These results match those reported in an earlier study
[315].

Similar to a previous report [324], multiple DAPs (such as APOB, SERPINA3, and
TF) associated with haemostasis showed the development of the haemostatic
system in piglets from dO to d21 PW. Haemostasis development promotes effective

host defence and wound healing system [319,320].

Altogether, findings in Chapter 4 reveal the benefits of reducing wé:w3 ratio in
maternal LR diet and SW supplementation in PW piglet’s diet to boost piglet

immunity and anti-inflammation properties.

6.3.3 Piglet ileum proteomics

Weaning is a stressful event linked to significant intestinal changes in pigs [332].
Long-term maternal and post-weaned dietary treatments can modify piglet ileal

proteome (on d22 PW), and these results are presented in Chapter 5.

Maternal LR diet increased the abundance of the 40S ribosomal protein SA (RPSA),
chaperonin-containing T-complex protein 1 subunit beta (CCT2), and glutamine-
fructose-6-phosphate transaminase (GFPT1) in LR ileum, and these alterations
may relate to the host response to inflammatory stimuli, affecting piglet’ growth
performance, as observed in the in vivo study (Chapter 2). The upregulation of
RPSA in LR ileum may relate to the positive regulation of the protein synthesis
process [348]. However, the upregulation of CCT2 in LR ileum can induce
uncontrolled proliferation and is associated with the overexpression of cell cycle
regulators [354]. Moreover, the changes in GFPT1 protein and, in turn,

glycosylation process in LR ileum may relate to inflammatory conditions [356].

SW dietary supplementation in post-weaned piglets increased the abundance of
proliferating cell nuclear antigen (PCNA) but decreased the abundance of villin-1

(VIL1) in the ileum. These changes suggest that SW stimulates the rapid renewal
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of the ileal epithelium by promoting cell proliferation while diminishing the

absorption capacity of ileal epithelial cells. Indeed, PNCA is a marker of cell
proliferation [364] and participates in DNA synthesis, replication, and repair; cell
proliferation, and cell cycle initiation [365,366]. VIL1 indicates absorptive cells in
the brush border [373] because it regulates epithelial structure and microvilli
physiological functions [375], the main absorption site. Additionally, the
decreased expression of ATP synthase subunits and keratin proteins (KRT8, 19,
and 20) may relate to cellular response toward anti-inflammation [358] or
lowering the inflammation severity [370,371]. Nevertheless, the downregulation
of creatine kinase in LRSW piglets may be associated with the decline in
myogenesis [361,362], and consequently, LRSW piglets had a lower growth rate as
reported in the in vivo study (Chapter 2).

The interplay between maternal and post-weaned diets was assessed through the
comparisons among 4 groups containing CRCT, CRSW, LRCT, and LRSW, and the
focus was on three main comparisons: LRCT, CRSW, and LRSW versus CRCT groups.
The LRCT diet was associated with enriched regulation of signal transmission
between neurons in the brain and contributed to the immune response against
stimuli. In CRSW piglet, oxygen storage and supply to ileal tissue against stressors
were improved via the upregulation of hemoglobin (subunit A - HBA and subunit B
- HBB) [384-386], protein synthesis and the regeneration of ileal tissue were
promoted through the overabundance of ribosomal proteins (RPL10A and RPL24)
[387], thus, enhancing intestinal health. The LRSW piglets decreased fat
absorption capacity, which may be associated with their unexpected growth
development, as observed in Chapter 2, although they may improve insulin
signalling and genome stability. These observations were evident in the
downregulation of enoyl coenzyme A hydratase 1 (ECH1), an enzyme that
participates in the insulin signalling improvement process [398] and fatty acid-
binding protein 6 (FABP6) - an ileum-specific bile acid transporter [399,400], and
the upregulation of histone protein (HIST1H1E) - a component of chromatin fiber
[405] that facilitates DNA replication, DNA repair, and genome stability [404].

Results in Chapter 5 uncovered the mechanism behind the anti-inflammation and

intestinal-boosting effects of maternal LR diet in piglets supplemented with SW.
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6.4 SCOPE FOR FURTHER INVESTIGATIONS

Although substantial effort has been made during experimental design and
performance, there are still several areas for further improvements in the

investigations described in this thesis.

1. Besides recording body condition scores and live body weight, the sow’s feed
intake and backfat thickness should be measured during gestation and lactation,
while leptin concentrations were assessed on the sow’s plasma. Leptin regulates
feed intake and energy metabolism, influencing the sow’s body weight gain/loss
and reproductive performance [409]. The feed intake was not measured because
the sow trial was executed in a commercial farm where dry feed was mixed with
water in the feeder. The information about feed intake and back fat
measurements may expand our understanding of leptin levels under dietary

treatments.

2. The health status of sows and piglets was observed in this study (data not
shown); diarrhea measurement (such as diarrhea score or index) should be
performed to provide evidence and our comprehension of dietary treatment

effects on the postweaning piglet’s response.

3. TBARS was used to measure lipid peroxidation. Though the TBARS assay is the
most common method to measure lipid peroxidation, this assessment frequently
overestimates the lipid damage because it investigates non-specific aldehydes
[410]. Consequently, more specific methods such as determining MDA directly
without derivatization, measuring MDA-TBA derivative by high-performance liquid
chromatography (HPLC), or F2-isoprostanes (ISP) assays [411] or mass
spectrometry techniques [412], instead of TBARS assay, would be performed to
obtain a better result of the oxidized lipid. Moreover, lipid peroxidation products
should also be measured in the liver where lipid is metabolized and, in the urine,

where lipid is abolished.

4. Although the required sample size was calculated (n = 10), accounting for the
minimum number of animals for animal welfare and a statistically significant
effect of dietary treatments (EU Directive 2010/63), a larger sample size (n = 12-

15) might be valuable to estimate better the changes on sows and their respective
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offspring under treatment effects. Especially our proteomics study design is

relatively complicated with many variables; the sample size for proteomics
analysis was relatively small (n = 5), accounting for genetic heterogeneity from
different sows. So, the dietary treatment effect on protein profile is small. Thus,
we have also considered examining DAPs with unadjusted p-value < 0.05, arguing
that even with a small effect of change, it could be biologically relevant, and our
results could encourage further research on the same topic. We suppose that
further studies with a larger sample size for proteomics analysis (n =9 - 12) would
potentially give significant results with adjusted p-values <0.05. In our study, we
decided to use raw p-values < 0.05 as a threshold to filter out potentially
biologically interesting proteins, which should be examined in more detail in
further studies to fully understand the molecular mechanism behind these
observed associations due to the low number of DAPs identified based on adjusted

p-values.

5. We used multiplexed proteomics - one of the best current methods for relative
protein identification and quantitation. This approach can misrepresent fold
changes in protein expression due to ratio distortion or compression problems
[63,413]. Specifically, the ratio for the peptides of interest between control and
treatment may be compressed, resulting in underestimating the fold change in
peptides upon the co-isolation and co-fragmentation of peptides with similar m/z
and retention time (including the interfering peptides were labelled with identical
isobaric tags) [63]. Consequently, the obtained p-values and adjusted p-values are
higher, equivalent to fewer proteins passing the adjusted thresholds, so multiple
testing adjustment procedures may fail to detect any true positives even if many
exist [413]. Applying multiple testing adjustment methods in proteomics studies
with low power is a helpful tool but should not be considered as a necessary stamp
[413]. Indeed, a recent meta-analysis of 100 proteomics papers published in 2019
further supports this view found that multiple testing adjustments were employed
in just < 1/5 of papers (24/100) [414].

6. No depletion of high-abundance proteins or peptides was executed in this thesis
to avoid the potential bias of depletion in shotgun proteomics that relates to the
unintended removal of several potential important non-targeted proteins such as

plasma albumin, antitrypsin, transferrin, haptoglobin, etc. [266]. However,
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ProteoMiner technology could be applied appropriately in future studies to enrich

low abundant proteins (by decreasing the dynamic range of peptides after
proteolysis) and increase the number of identified proteins in biological samples
[415].

7. Finally, a simple experimental design with fewer experimental factors would

be more efficient in the statistical analysis of proteomics data.

6.5 GENERAL CONCLUSIONS

This thesis provides evidence in supporting the benefits of long-term dietary
supplementation with low wé:w3 PUFAs ratio (LR) on sow colostrum - milk fatty
acid profiles and reproductive performance. Proteomic analyses identified the
relation between LR diet and acute phase proteins (APPs; i.e., HP, SERPINA1, and
APCS) in protective mechanisms against accelerated reproduction-related
stresses. In addition, potential regulators of females’ gestation and lactation such
as positive APPs (HP and ITIH4 or pig-MAP), negative APP (APOA1), and
apolipoproteins (APOA2 and APOC3) were revealed. During post-weaning, growth
of piglets from sows fed control diet was not affected by the maternal LR diet but
was improved by offspring’s seaweed (SW) supplemented diet. Serum proteomics
analyses highlighted the contribution of C3, SAA, SERPINA3, SERPINC1, and TF in
piglet host protective mechanisms in response to maternal LR diet. Post-weaned
piglets’ SW diet enriched C5a and KNG1, two stimulators of coagulation cascade
regulation and the connection between innate and adaptive immunity. The
potential regulator proteins associated with the early development of piglet post-
weaning were also underlined, including serum lipoproteins (APOA1, APOB, APOE);
pro-coagulation proteins (F2, HRG, ORM1); coagulation regulator (PLG); and APPs
(HP, ITIH4, TF, SAA, SERPINA1).

Ileal proteomic analyses suggested that maternal LR diet affected RPSA regarding
protein synthesis process, GFPT1 regarding the host response to inflammatory
stimuli, and CCT2 regarding uncontrolled proliferation and overexpression of cell
cycle regulators. SW supplementation affected potential regulators of the anti-
inflammation (ATP5A1 and ATP5B), ileal epithelial growth in CRSW piglets (HBA,
HBB, RPL10A, and RPL24); fat absorptive capacity (FABP6), insulin signalling
(ECH1), and genome stability (HIST1H1E) in LRSW piglets. A summary of the main
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results obtained in this thesis is presented in Figure 6-1. Understanding the

potential roles of these protein regulators will provide insights into how nutrition
programs can be enhanced to improve pig performance and health over sensitive
periods in development. Effective nutrition management will meet the needs of

increasing demand for high-quality and safe animal products.

In summary, the results presented here provide the basis of future studies toward
the effects of maternal and offspring’s nutritional interventions, such as anti-
inflammatories and alternatives to in-feed antibiotics diets, on piglet
development. The interplay between early- and later-life nutrition, as
environmental factors will shape the genetic and epigenetic signature of offspring,
and thus, have long-term effects on the onset and development of the immune
system, intestinal health, and growth rate, particularly in crucial developmental
points in the life cycles of animals [416]. These factors make this field an
interesting but complex area of research. Any research highlighting the
importance of early- and later-life nutritional programming during critical periods
of a pig’s life would drive the pig production industry towards sustainable

development and benefit human health.
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Figure 6-1 A summary of main results obtained in this thesis.
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Appendix Table S1. Gene Ontology (GO) terms on biological processes, molecular function and cellular components in comparison (e) - CR serum at day 21
post-weaning versus CR serum at weaning day. CR: piglet born from sow fed diet with w6:w3 ratio = 13:1 during gestation, starting from day 28 (G28) and
10:1 during lactation.

GO term ID Description Adjusted  Gene Matching proteins in PPl network
p-value  count
GO Biological Process (n = 54)
G0:0034371  Chylomicron remodelling 1.2E-08 5 APOC3, APOB, APOA1, APOE, APOA4
G0:0016192  Vesicle-mediated transport 1.2E-07 15 HRG, APOB, APOA1, TTR, APOE, AMBP, ITIH4, SERPING1, F2, PLG,
SERPINA3, SAA, TF, ITIH3, IGLL5
G0:0030162  Regulation of proteolysis 3.0E-07 11 HRG, APOE, PZP, FETUB, AMBP, ITIH4, SERPING1, F2, SERPINA3, C4A, ITIH3
G0:0090207  Regulation of triglyceride metabolic process 1.0E-06 5 APOC3, APOA1, APOE, APOA4, PLIN5
G0:0033700  Phospholipid efflux 1.9E-06 4 APOC3, APOA1, APOE, APOA4
G0:0001523  Retinoid metabolic process 2.2E-06 6 APOC3, APOB, APOA1, TTR, APOE, APOA4
G0:0006810  Transport 7.9E-06 18 APOC3, HRG, APOB, APOA1, TTR, APOE, CP, AMBP, ITIH4, SERPING1, F2,
PLG, APOA4, SERPINA3, SAA, TF, ITIH3, IGLL5
GO0:0019216  Regulation of lipid metabolic process 7.9E-06 8 APOC3, APOB, APOA1, APOE, F2, AP