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Quang Hanh Han b,d, Andrea Gelemanović c, Mark McLaughlin b, Giovanni Savoini a, 
Peter David Eckersall b, Richard Burchmore b 
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A B S T R A C T   

This study evaluates how long-term dietary low ω6:ω3 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, ω6:ω3 ratio = 13:1) or treatment diet (LR, ω6:ω3 = 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.   

Significance 

Weaning piglets undergo significant developmental changes in in-
testinal maturation. This is the first study on the ileum proteomic 
changes associated with maternal dietary low ω6:ω3 ratio in piglets 
supplemented with seaweed. Present research assists in understanding 
the molecular mechanism regarding previously reported performance 
and oxidative status data in piglets (already published elsewhere). 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. 

1. Introduction 

In pigs, weaning is a stressful event linked to significant intestinal 
changes [1]. Weaning stress triggers pro-inflammatory responses and 

stimulates epithelial proliferation (renewal) and differentiation, result-
ing in increased crypt depth, reduced intestinal villous height, and 
higher proportion of immature epithelial cells [1]. This process is 
essential to ensure an effective barrier function of the small intestine [2] 
and to progressively educate the mucosal immune system upon the 
antigenic challenge for health and normal growth maintenance [3]. 
Piglets in this critical phase must be well-equipped to protect the in-
testines and immune development, preventing an excessive reduction in 
feed consumption, intestinal inflammation, and dysbiosis [4]. 

Maternal effects include the environment experienced by the mother 
and nutrients belonging to the early life period that considerably in-
fluences offspring phenotype and growth [5,6]. Unbalanced maternal 
nutrition would lead to a mismatch in the maternal-offspring environ-
ment, suboptimal offspring growth [7], and health problems associated 
with metabolic dysfunction [8]. In pigs and mammals, the maternal 
effects continue during the lactation period and only stop when the 
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piglets are weaned. Therefore, the role of maternal nutrition is vital for 
offspring in response to early life stimuli [9], such as weaning stress. 
There have been no studies exploring the underlying mechanism of 
maternal-offspring nutritional interventions in initiating the develop-
ment of piglets’ ileal epithelial cells. 

A modern human diet containing a high ω6:ω3 fatty acid ratio 
(~20:1) is associated with elevated pro-inflammatory mediators from 
ω6 and decreased the anti-inflammatory mediators from ω3, leading to 
excessive inflammation [10,11]. Consequently, lowering the dietary 
ω6:ω3 ratio might be a promising approach to decrease inflammation 
and allergies [12] and maintain good health [13]. Maternal dietary low 
ω6:ω3 ratio in swine with more ω3 fatty acids supplemented from linseed 
oil is effective in enhancing weaning survival rate [14], postnatal 
growth, and metabolic traits [14–16]. Besides, the post-weaning diet 
program is a crucial determinant of lifelong health and performance 
[17]. 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 fucoidan (a type of polysaccharide) and 
laminarin [18]. Dried A. nodosum supplementation at 2.5, 5, and 10 g/kg 
for weaned piglets did not affect performances, plasma oxidative status, 
gut morphology, and health [19]. Supplementing piglet diets with 5, 10, 
and 20 g/kg A. nodosum extract improved growth but had no positive 
effect on immune responses to S. typhimurium challenge [20]. However, 
weaned piglets supplemented with 10 and 20 g/kg of dried intact A. 
nodosum had improved performance and gut health through a beneficial 
shift in the microbial population [21]. Nevertheless, the combined ef-
fects of maternal low ω6:ω3 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 ω6:ω3 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 di-
etary 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 (Part 2) provides additional evidence on piglets’ 
dynamic molecular response to interactions between maternal low 
ω6:ω3 intake and post-weaned seaweed supplementation (Part I was on 
serum proteome, submitted). 

2. Materials and methods 

2.1. 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 zootech-
nical data were previously reported by Nguyen et al. [14]. 

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, among two groups receiving either a control 
ratio of ω6:ω3 fatty acids (CR, 13:1 during gestation and 10:1 during 
lactation) or a low ratio (LR, 4:1, during gestation and lactation). Piglets 
were provided a basal commercial diet [14] 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 whole ileum samples (~3 cm) using 2-mL cryogenic 

vials (Nalgene™, Thermo Scientific™). The mucosa, submucosa, and 
muscular layer were not separated. Samples were then frozen immedi-
ately and stored at − 80 ◦C until analysed. 

2.2. Protein identification and quantification using the TMT approach 

2.2.1. Protein extraction and quantification 
The protein in ileum samples (n = 5 per group x 4 groups) was 

extracted according to previously published methods [22,23]. In brief, 
cold cut frozen ileum tissue was homogenized using mortar and pestle in 
liquid nitrogen. Afterward, ~200 mg of fine ileum powder was soni-
cated in 500 μL lysis buffer (100 mM TEAB, 2% SDS), using a probe 
sonicator (OPTIMA, XL 100 K, Germany) at 40% amplitude, following a 
sequence of 10-s on and 5-s off, three times on ice. The obtained ho-
mogenate was centrifuged at 14,000 ×g for 30 min at 4 ◦C. The super-
natants (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. 

2.2.2. 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 [24]. 100 μg of protein (~4.63 μL) 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 dithiothreitol (DTT) (Sigma Aldrich, St. 
Louis, MO, USA). Alkylation of cysteine residues was performed using 
0.05 M Iodoacetamide (IAA) (Sigma Aldrich, St. Louis, MO, USA) in the 
dark for 20 min at room temperature. Tryptic digestion was performed 
at 37 ◦C overnight using 1 μg of trypsin (Promega, Madison, WI, USA, 
1:37) and then stopped using 1% trifluoroacetic acid (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. 

2.2.3. Liquid chromatography tandem mass spectrometer (LC-MS/MS) 
The labelled peptides were loaded onto a nanoflow uHPLC system 

(Thermo Fisher Scientific RSLCnano, Horsham, UK), detected using 
electrospray ionization (ESI) mass spectrometry MS/MS with an Orbi-
trap Elite MS (Thermo Fisher Scientific, Horsham, UK). HPLC solvents 
contain 20 μL of 5% acetonitrile (ACN) and 0.5% formic acid. Ionization 
in LC-MS interfaces using a NanoMate Triversa (Advion Bioscience, 
Harlow, UK) with an electrospray voltage of 1.7 kV. The peptides (5 μL) 
were desalted using 1% ACN and 0.1% formic acid on the trap column 
(0.3 × 5 mm) at a flow rate of 25 μL/min for 12 min. 

The purified peptides were then enriched on a Pepmap C18 reversed- 
phase column (50 cm × 75 μm, 3 μm, 100 Å, Thermo Fisher Scientific, 
Horsham, UK), and separated on an analytical column at a fixed flow 
rate of 0.3 μL/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 30,000 FWHM, as defined at 
m/z 400. Precursor ions chosen were excluded after every 180 s, and 
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single-charged ions were omitted from selection. 

2.3. 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 en-
gine 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 dis-
covery 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 Proteo-
meXchange Consortium via PRIDE [25] partner repository with the 
dataset identifier PXD032326. 

2.4. 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 avail-
ability. The concentration of VIL1 and PCNA in ileum extraction samples 
was quantified using Western blot, detailed as described elsewhere [26]. 
Briefly, an amount of 2 μg and 10 μg 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 anti-
body to villin diluted in 1:1000 (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). Ileum 
PCNA was detected using goat polyclonal antibody raised against syn-
thetic peptide of PCNA at 1:1000 dilution (pab27564, Abnova, Taipei, 
Taiwan) as the primary antibody and HRP-conjugated donkey anti-goat 
IgG 1:5000 as the secondary antibody. 

The experimental design, pipeline for proteomics analysis (contain-
ing sample preparation, TMT labelling, and LC-MS/MS, data analysis, 
and quantitation), and validation of proteomics are illustrated in Fig. 1. 

2.5. Statistical and bioinformatics analysis 

2.5.1. 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 [27] in R v4.1.0 [28]. Protein was quanti-
fied 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 suggestively 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 [29] 
and ggrepel v0.9.1, PCA plots used ggplot2 v3.3.3 [29], PLS-DA plots used 
mixOmics v6.16.3 [30], and heatmaps used pheatmap v1.0.12. Venn 
diagrams were performed using web tool Venny 2.1 (https://bioinfogp. 
cnb.csic.es/tools/venny/) [31]. 

2.5.2. 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 ortho-
logue annotated genes (minimum 70% identity) were used instead using 
the SmartBLAST tool (https://blast.ncbi.nlm.nih.gov/smartblast/). 

Fig. 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 enrich-
ment analysis). 
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Differential abundant proteins (DAPs) were imported into the STRING 
database v11.5 [32] and retrieved the protein-protein interaction (PPI) 
network, Reactome pathways, Gene Ontology (GO) analysis containing 
Biological Process (BP), Molecular Function (MF), and Cellular 
Component (CC). Extremely similar GO terms were filtered using the 
REVIGO [33] (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 Cyto-
scape software v3.8.2 [34]. 

2.5.3. 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. 

3. Results 

3.1. 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 pep-
tide, and singly charged ions, 300 master proteins were quantified and 
reserved for statistical analysis (Supplementary material_List of 300 
master proteins). 

3.1.1. 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 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 1, p < 0.05). No DAPs were 
shared between these two comparisons (Venn diagram, Fig. 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 1). 

3.1.2. DAPs in the comparisons among all 4 groups (CRCT, LRCT, CRSW, 
and LRSW) 

The PLS-DA score plot shows a mixed grouping of ileum samples 
from 4 groups of piglets at day 22 post-weaning (Fig. 3), containing 
CRCT, LRCT, CRSW, and LRSW groups. The first two variates contrib-
uted a cumulative variance rate of 33% of the overall variance. The 
DAPs in piglet ileum among these 4 groups are examined in six com-
parisons and presented in Table 2. 

The unique and shared DAPs in comparing LRCT, CRSW, and LRSW 
with CRCT groups are indicated in the Venn diagram (Fig. 2B) and 
heatmap (Fig. 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 (Fig. 2C) and 
heatmap (Fig. 4). These two figures display only one overlap DAP 

Table 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 names Accession number1 Number of peptides log2FC2 P-value 

LR vs CR      

Glutamine-fructose-6-phosphate transaminase (isomerizing) GFPT1 E1U318 2 0.32 0.042 
T-complex protein 1 subunit beta CCT2 A0A5G2QMG1 2 0.17 0.009 
PDZ and LIM domain protein 7 PDLIM7 A0A4X1SEG0 3 0.16 0.026 
40S ribosomal protein SA RPSA A0A480SME4 4 0.14 0.044 
Calmodulin 1 CALM1 A0A4X1ST02 3 − 0.10 0.030  

SW vs CT      

Proliferating cell nuclear antigen PCNA X5FB24 2 0.51 0.005 
Cathepsin D CTSD A0A480M5F4 2 0.29 0.034 
Decorin DCN F1SQ10 4 0.19 0.009 
Collagen-binding protein SERPINH1 A0A480U2E1 10 0.09 0.002 
Fructose-bisphosphate aldolase ALDOA A0A4X1U0N5 11 0.06 0.046 
ATP synthase subunit alpha ATP5A1 A0A287AGU2 13 − 0.09 0.023 
ATP synthase subunit beta ATP5B A0A481D142 17 − 0.10 0.019 
Aconitate hydratase, mitochondrial (Aconitase) ACO2 F1SRC5 2 − 0.13 0.036 
Creatine kinase CKB A0A4X1TV43 8 − 0.13 0.025 
Proteasome activator complex subunit 1 PSME1 Q64L94 4 − 0.18 0.018 
4-trimethylaminobutyraldehyde dehydrogenase ALDH9A1 F1S232 2 − 0.23 0.025 
Sodium/potassium-transporting ATPase subunit alpha ATP1A1 A0A4X1SW39 2 − 0.33 0.049 
Creatine kinase U-type, mitochondrial CKMT1B Q29577 2 − 0.40 0.048 
Histone H2A H2AFX A0A5G2QMX0 3 − 0.41 0.037 
Keratin, type I cytoskeletal 19 KRT19 A0A480IFL7 11 − 0.47 0.003 
Keratin, type II cytoskeletal 8 KRT8 A0A4X1WBI1 18 − 0.51 0.006 
Enoyl coenzyme A hydratase 1 ECH1 A0A4X1T0M5 2 − 0.53 0.009 
Keratin, type I cytoskeletal 20 KRT20 A0A5G2QPZ4 6 − 0.75 0.006 
Villin-1 VIL1 Q29261 2 − 0.98 0.018  

1 Accession number from UniProt protein database for Sus scrofa. 
2 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. CR: mother diet with ω6:ω3 ratio = 13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation; LR: mother diet with ω6:ω3 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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(keratin19 - KRT19), which was decreased among the three compari-
sons. The comparisons between the LRSW group versus CT groups 
(CRCT and LRCT) discovered 5 DAPs that were all decreased in abun-
dances, such as ATP synthase subunit alpha (ATP5F1A), 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. The heatmap 
of the DAPs of 20 samples in four groups of piglet ileum was also pre-
sented in Supplementary Fig. S10. 

3.1.3. GO enrichment of all identified ileum proteins 
The protein-protein interaction (PPI) enrichment analysis shows an 

association among 300 master proteins, with 288 nodes and 5696 edges 
(p < 1.0e-16) (Supplementary Fig. S3). The functional enrichments 
emphasised 172, 54, and 60 GO terms on biological processes (BP), 
molecular function (MF), and cellular components (CC), respectively 
(Supplementary Table S1). The top three enriched GO-BP terms were 
symbiotic process [GO:0044403], cellular localization [GO:0051641], 
and translational initiation [GO:0006413]. The DAPs primarily 

Fig. 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 ω6:ω3 ratio = 13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation; LR: piglet born from sow fed 
diet with ω6:ω3 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 ω6:ω3 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 ω6:ω3 ratio = 13:1 during gestation and 10:1 during lactation. LRCT: piglets fed no SW, 
which nursed by sows fed dietary ω6:ω3 ratio = 4:1 from G28 until the end of lactation. LRSW: piglets fed SW, which nursed by sows fed dietary ω6:ω3 ratio = 4:1 
from G28 until the end of lactation. 
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participated in RNA binding [GO:0003723], structural molecule activity 
[GO:0005198], and protein binding [GO:0005515]. The DAPs mostly 
located in extracellular space [GO: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 Supplementary Fig. S4. 

3.1.4. 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 Supple-
mentary Table S2 and Supplementary Fig. S5. 

3.1.5. GO and Reactome pathway enrichment in SW vs CT groups 
The expanded PPI 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 [GO: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 respira-
tory electron transport [HSA-1428517]. Lists of enriched GO terms and 
Reactome pathways are presented in Supplementary Table S3 and 
Supplementary Fig. S6. 

Additionally, a network among comparisons LR vs CR and SW vs CT 
provides an overview of the interaction between the DAPs and signifi-
cantly enriched Reactome pathways (Fig. 5). 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]. 

3.1.6. 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 
[GO:0051128], and protein folding [GO:0006457]. The functional 
enrichment analysis highlighted 51 Reactome pathways, particularly 
the metabolism of proteins [HSA-392499], integration of energy meta-
bolism [HSA-163685], and transport of small molecules [HSA-382551]. 
A list of enriched GO terms and Reactome pathways are shown in Sup-
plementary Table S4 and Supplementary Fig. S7. 

Comparing CRSW and CRCT ileum, the expanded PPI network with 
maximum 5 interactors in the first shell shows 31 nodes and 60 edges (p 
= 2.84e-11). In the expanded network, 15 GO-BP terms were high-
lighted, 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 Supplemen-
tary Table S5 and Supplementary Fig. S8. 

The expanded PPI network in LRSW versus CRCT 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 mRNA 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 

Fig. 3. Partial Least Squares Discriminant 
Analysis (PLS-DA) 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 ω6:ω3 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 ω6:ω3 ratio = 13:1 during gestation 
and 10:1 during lactation. LRCT: piglets fed 
no SW, which nursed by sows fed dietary 
ω6:ω3 ratio = 4:1 from G28 until the end of 
lactation. LRSW: piglets fed SW, which 
nursed by sows fed dietary ω6:ω3 ratio = 4:1 
from G28 until the end of lactation. The el-
lipses represent 95% confidence region.   
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Table 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 names Accession 
number1 

Number of 
peptides 

log2FC2 P-value 

CRSW 
vs CRCT 

CRSW 
vs LRCT 

LRCT 
vs 
CRCT 

LRSW 
vs CRCT 

LRSW 
vs 
CRSW 

LRSW 
vs LRCT 

CRSW 
vs CRCT 

CRSW 
vs LRCT 

LRCT 
vs 
CRCT 

LRSW 
vs CRCT 

LRSW 
vs 
CRSW 

LRSW 
vs LRCT 

Aconitate hydratase, mitochondrial 
(Aconitase) ACO2 F1SRC5 2 − 0.26 / − 0.17 − 0.18 / / 0.003 / 0.033 0.030 / / 

Neuroblast differentiation-associated 
protein AHNAK isoform X1** 

AHNAK A0A4X1VKL9 6 − 0.16 / / / / / 0.021 / / / / / 

4-rimethylaminobutyraldehyde 
dehydrogenase 

ALDH9A1 F1S232 2 − 0.33 / / − 0.35 / / 0.044 / / 0.025 / / 

Fructose-bisphosphate aldolase ALDOA A0A4X1U0N5 11 0.08 / / 0.10 / / 0.039 / / 0.016 / / 
AP-2 complex, beta subunit AP2B1 A0A4X1T8Q4 2 / / 0.34 / / / / / 0.017 / / / 
Sodium/potassium-transporting 

ATPase subunit alpha 
ATP1A1 A0A4X1SW39 2 − 0.47 / / − 0.59 / / 0.038 / / 0.012 / / 

ATP synthase subunit alpha ATP5A1 A0A287AGU2 13 / / / − 0.15 / − 0.11 / / / 0.010 / 0.049 
ATP synthase subunit beta ATP5B A0A481D142 17 / / / − 0.14 / / / / / 0.031 / / 
Calmodulin 1 CALM1 A0A4X1ST02 3 / / − 0.12 − 0.18 / / / / 0.047 0.007 / / 
T-complex protein 1 subunit beta CCT2 A0A5G2QMG1 2 / / / 0.24 0.20 / / / / 0.011 0.025 / 
T-complex protein 1 subunit theta CCT8 A0A480X895 2 0.16 / 0.16 0.21 / / 0.038 / 0.038 0.008 / / 
Collagen alpha-2(VI) chain isoform 

2C2 COL6A2 A0A480W6C8 9 0.23 / / / / / 0.048 / / / / / 

Coactosin-like protein 1 COTL1 A0A4X1T354 3 − 0.31 − 0.25 / / 0.29 / 0.002 0.011 / / 0.004 / 
Cathepsin D CTSD A0A480M5F4 2 0.41 / 0.36 0.52 / / 0.021 / 0.042 0.006 / / 
Decorin DCN F1SQ10 4 0.30 / / 0.23 / / 0.004 / / 0.020 / / 
Dihydropyrimidinase-related protein 

2 DPYSL2 G9F6X9 3 − 0.16 / − 0.20 / / / 0.049 / 0.020 / / / 

Enoyl coenzyme A hydratase 1 ECH1 A0A4X1T0M5 2 / / / − 0.81 / − 0.56 / / / 0.005 / 0.039 
Fatty acid binding protein 6 FABP6 F1RR40 6 / / / − 0.55 / / / / / 0.017 / / 
Glutamine-fructose-6-phosphate 

transaminase 
GFPT1 E1U318 2 / / / / 0.54 / / / / / 0.015 / 

G protein subunit beta 1 GNB1 A0A287A7Q3 2 / / − 0.17 / / / / / 0.008 / / / 
Histone H1.4 HIST1H1E A0A480QWI4 8 / / / 0.44 / / / / / 0.023 / / 
Histone H2A H2AX A0A5G2QMX0 3 / − 0.67 / / / / / 0.017 / / / / 
Hemoglobin subunit beta HBB P02067 8 0.27 / / / / / 0.017 / / / / / 
10 kDa heat shock protein, 

mitochondrial (Chaperonin 10) HSPE1 F1SMZ6 4 0.21 / / / / / 0.044 / / / / / 

Heparan sulfate proteoglycan 2 HSPG2 A0A287ATP0 4 / / / / / 0.24 / / / / / 0.035 
Immunoglobulin lambda-like 

polypeptide 5 precursor* 
IGLL5 A0A4X1T0Z9 2 / / / / 0.93 / / / / / 0.048 / 

Keratin, type I cytoskeletal 19 KRT19 A0A480IFL7 11 / / / − 0.72 − 0.39 − 0.62 / / / 0.001 0.040 0.003 
Keratin, type I cytoskeletal 20 KRT20 A0A5G2QPZ4 6 / / / − 1.24 / − 0.90 / / / 0.001 / 0.012 
Keratin, type II cytoskeletal 8 KRT8 A0A4X1WBI1 18 / / / − 0.82 / − 0.62 / / / 0.002 / 0.011 
GST class-pi LOC100739508 A0A287BQ81 4 / / / − 0.15 / / / / / 0.033 / / 
Moesin MSN A0A4X1VQZ3 5 / / / / / 0.10 / / / / / 0.032 
Nucleoplasmin domain-containing 

protein 
NPM1 A0A4X1U9Z4 6 / / / 0.24 / / / / / 0.018 / / 

Proliferating cell nuclear antigen PCNA X5FB24 2 / 0.54 / / / 0.56 / 0.047 / / / 0.029 
PDZ and LIM domain protein 7 PDLIM7 A0A4X1SEG0 3 / − 0.24 / / / / / 0.017 / / / / 
6-phosphogluconate dehydrogenase, 

decarboxylating PGD A0A480YSA5 2 − 0.32 / / / / / 0.046 / / / / / 

Plectin (Fragment) PLEC K9IVQ6 3 / / / / 0.15 / / / / / 0.047 / 
Proteasome activator complex 

subunit 1 
PSME1 Q64L94 4 − 0.23 / / / / / 0.032 / / / / / 

Ras-related protein Rab-10 RAB10 A0A4X1TSZ3 2 − 0.16 / / / / / 0.033 / / / / / 

(continued on next page) 
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Supplementary Table S6 and Supplementary Fig. S9. 

3.2. Validation of proteomics results 

Results of validation assays for villin (VIL1) and proliferating cell 
nuclear antigen (PCNA) are visualized in Fig. 6 and shown in Supple-
mentary Table S7. 

3.2.1. Villin (VIL1) 
Western blot images for VIL1 in ileum samples from four groups of 

piglets are presented in Fig. 6 and Supplementary Table S7. 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 (Fig. 6-A1, p 
= 0.0497), and VIL1 band intensity in SW ileum was lower than CT 
ileum (Fig. 6-A1, p = 0.01). A significantly lower concentration of VIL1 
was determined in LRSW compared to CRCT ileum (Supplementary 
Table S7, 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 (Fig. 6-A2, R 
= 0.87, p = 0.0027) suggests an accurate reflection of VIL1 proteomics 
data level present in four piglet groups. 

3.2.2. Proliferating cell nuclear antigen (PCNA) 
Western blot analysis for PCNA is shown in Fig. 6 and Supplementary 

Table S7. 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 (Fig. 6-B1, p = 0.01), and this trend was shown in CRSW 
and CRCT groups (Supplementary Table S7, p = 0.012). There was a 
significant interaction between the sow diet and the piglet diet (Fig. 6- 
B1, p = 0.03): a significantly higher concentration of PCNA was deter-
mined in LRSW than the CRCT ileum (Supplementary Table S7, 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 pro-
teomics relative abundance (Fig. 6-B2, R = 0.83, p = 0.0056). 

4. Discussion 

Intestinal protective barrier and nutrient uptake are greatly affected 
by the continuous renewal of epithelial cells and crypt-villus structure 
[35]. Weaning induced significant alterations in intestinal structure and 
function [36] and hampered the immature mucosal immune system [3]. 
Factors such as maternal and offspring dietary management could drive 
mucosal immune development and progeny performance [37–39]. 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. We hypothesized that the LR diet in the mothers would 
have an anti-inflammatory effect due to the higher ω3 and low ω6 
content, and the SW diet in the piglets would inhibit oxidative damage 
by adding more bioactive compounds. It is noticed that we did not 
observe any evident signs of intestinal tissue damage between groups. 

4.1. 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 elon-
gation, selenocysteine synthesis, and metabolism of proteins. 

Ribosomes contribute considerably to the host’s response to infec-
tion [40] because this is where the message in mRNA is translated to 
proteins (also known as protein synthesis) [41]. The 40S ribosomal 
protein SA (RPSA) can contribute to the initiation step of mRNA Ta
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translation and trans-translation events [42]. The increased abundance 
of protein RPSA in LR versus CR ileum in this study may relate to the 
positive regulation of the protein synthesis process [41], thereby 
contributing to immune response activation [40]. Chaperonin- 
containing T-complex protein 1 (CCT) is a macromolecular protein 
folding complex that consists of eight subunit proteins (CCT1–8) [43] 
relating to cell cycling dysregulation and leading to uncontrolled pro-
liferation [44]. The subunit beta (CCT2) may drive cell division and 
attract proliferative factors in humans, affecting crucial survival and 
growth components [44]. 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 [44]. Glutamine-fructose-6-phosphate 

transaminase (GFPT1) participates in protein glycosylation (glycans 
biosynthesis) which could enhance the solubility and stability of newly 
formed peptides [45]. The glycosylation process contributes to inflam-
mation states, so GFPT1 protein plays a role in the host response to 
inflammation [46]. In this study, the changes in GFPT1 protein and, in 
turn, glycosylation process in LR versus CR ileum may relate to in-
flammatory conditions [46]. 

Taken together, the increased expression of RPSA, CCT2, and GFPT1 
in LR ileum may relate to the host response to inflammatory stimuli and 
thus, affect piglet’ growth performance, as observed in the in vivo study 
[14]. 

Fig. 4. Heatmap of the significant differen-
tially abundant proteins (DAPs) among four 
groups of piglet ileum containing CRCT: 
piglets fed no seaweed (SW, Ascophyllum 
nodosum), which nursed by sows fed dietary 
ω6:ω3 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 ω6:ω3 ratio = 13:1 during 
gestation and 10:1 during lactation. LRCT: 
piglets fed no SW, which nursed by sows fed 
dietary ω6:ω3 ratio = 4:1 from G28 until the 
end of lactation. LRSW: piglets fed SW, 
which nursed by sows fed dietary ω6:ω3 
ratio = 4:1 from G28 until the end of 
lactation.   
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4.2. 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. 

Proliferating cell nuclear antigen (PCNA), a marker of cell prolifer-
ation [47], 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-δ that participates in DNA synthesis, repli-
cation, and repair; cell proliferation, and cell cycle initiation [48,49]. 
The concentration of PCNA is decreased in the inactive cells; however, it 
increases before DNA replication [49]. PCNA is increased through 
phosphorylation during the cell cycle, so DNA replication and cellular 
proliferation are stimulated [47]. The increased expression of PCNA in 
the SW group could result from the increased proliferation behavior of 
cells [47], 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 II cytoskeletal 8 (KRT8, acidic keratin) and type I 
cytoskeletal 19 and 20 (KRT19 and 20, basic keratin) [50] were 
decreased expressions in SW piglets. Keratins are intermediate filament 
proteins expressed in epithelia of the gastrointestinal tract in mammals 
[51] that support the structure of cell and tissue homeostasis [52]. 
Keratins also contribute to the host protection against stress/inflam-
mation [53,54] through maintaining epithelial barrier functions [55]. A 
review from Polari et al. [52] 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 [52]. Furthermore, keratins are involved in many post- 
translational modifications (PTMs), so increased keratin expression 
was associated with cancer development where PTMs are dysregulated 
[54]. The decreased level of K8, K19, and K20 in SW ileum may relate to 
their role in epithelial cell metabolism [53] 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 

[56], 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 jejunal tissue of neonatal piglets 
on d7 versus d0, reflecting declined jejunal villus height of 7-d-old 
piglets [57]. This is one of the indicators of the fast intestinal develop-
ment in suckling pigs, together with the increased villus width and 
number of crypts [57]. As located in the epithelial brush border, villin 
functions as a crucial regulator of epithelial structure and microvilli 
physiological functions [58]. Alteration of villin concentration may 
induce the remodelling of intestinal epithelial cells structure, and 
consequently, alter brush border integrity [58]. Microvilli development 
could enlarge the intestinal epithelial cells’ contact area, absorption, 
and secretory surface [58]. 

The agreement between Western blot validation results and relative 
protein abundance measured by proteomics (Fig. 6, 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 
[59]. This approach increases the confidence level in protein identifi-
cation [59]. 

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. 

4.3. 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 

Fig. 5. Network of the significant differentially abundant proteins (DAPs) between two main comparisons of piglet ileum with significantly enriched Reactome 
pathways, containing comparisons LR vs CR and SW vs CT. Interaction networks were created with maximum 5 interactors shown in the first shell. CR: piglet born 
from sow fed diet with ω6:ω3 ratio = 13:1 during gestation, starting from day 28 (G28) and 10:1 during lactation; LR: piglet born from sow fed diet with ω6:ω3 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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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 two main 
comparisons: CRSW and LRSW vs CRCT groups with their expanded 

networks (maximum 5 interactors in the first shell). 
The comparison between CRSW-CRCT allowed to identify 13 pro-

teins such as COTL1, HBB, RAB10, RAP1B, RPL10A, RPL24, SOD1, PGD, 
and PSME1. These proteins were annotated by Reactome pathways 

Fig. 6. Boxplots show results 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 ω6:ω3 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 ω6:ω3 
ratio = 13:1 during gestation and 10:1 during lactation. LRCT: piglets fed no SW, which nursed by sows fed dietary ω6:ω3 ratio = 4:1 from G28 until the end of 
lactation. LRSW: piglets fed SW, which nursed by sows fed dietary ω6:ω3 ratio = 4:1 from G28 until the end of lactation. 
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referred to the metabolism of proteins, RNA, and amino acids and de-
rivatives, neutrophil degranulation, and cellular responses to stress. 
Ribosomal proteins such as RPL10A and RPL24 were overabundant in 
CRSW piglets, suggesting that supplementation with SW promotes pro-
tein synthesis and drives the regeneration of ileal tissue [60]. In addi-
tion, a negative regulator of the cell cycle/adhesion and mediator of 
protein degradation, proteasome activator complex subunit 1 (PSME1) 
[61,62], was downregulated in CRSW ileum. A protein that regulates 
actin cytoskeleton activity, coactosin-like protein 1 (COLT1) [63] can 
promote lamellipodia protrusion in motile cells such as endothelial, 
immune, and epithelial cells [64]. Both PSME1 and COTL1 were upre-
gulated in inflammatory-, tumour- or cancer-associated events 
[62,65–69]. Referring to the benefits of CRSW diet on improving piglet 
growth performance as reported in the previous study [14], the down-
regulation 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 β-oxidation, Enoyl coenzyme A hydratase 1 (ECH1) [70] was 
downregulated in LRSW. This finding is supported by a previous study 
that reported the underlying beneficial effects of dietary ω3 PUFA sup-
plementation in the insulin signalling improvement process via down- 
regulating ECH1 and inhibiting peroxisomal β-oxidation [71]. 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 [72,73] due to impaired bile acid production/ 
absorption in ileum as a consequence of early inflammatory reaction 
[74,75]. A cell cycle-associated protein that organizes chromatin 
structure and regulates gene transcription via chromatin remodelling, 
Histone protein - HIST1H1E [76,77], although was not involved in any 
pathways, is still worth mentioning because its upregulation in LRSW 
piglets may facilitate DNA replication, DNA repair, and genome stability 
[77]. Together these observations suggest that the decreased fat ab-
sorption capacity may be associated with unexpected growth develop-
ment of LRSW piglets as observed in the previous study [14], although 
they may have insulin signalling improvement and genome stability. 

5. Conclusions 

This study showed that maternal dietary low ω6:ω3 ratio (LR) exer-
ted 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 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 ω6:ω3 ratio (to 4:1) in sows and SW supple-
mentation in weaned piglet’s diet benefitted piglet’s intestinal devel-
opment and anti-inflammation activity against weaning challenges. 
These results show that interaction between maternal and piglet diet 
could improve efficiency and drive pig production towards sustainable 
development by maintaining (improving) intestinal health. 
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