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Simple Summary: Piglets at weaning face numerous changes: they are separated from the sow, are
transitioned from milk to solid feed, and are frequently mixed with other litters in a totally new
environment. In addition, they are predisposed to bacterial infections. In this context, there is a
strong need to develop mitigating dietary strategies to limit the impact of these changes, which alter
performance and immune status. In our study, we mimicked a mild bacterial infection in weaned
piglets by intraperitoneally administering lipopolysaccharide (LPS), a bacterial endotoxin. Half of
the challenged piglets were fed with a diet supplemented with a mixture of functional amino acids.
Our study showed that LPS challenge increased markers of inflammation in piglets, which could be
partially reversed by the supplementation of the amino acid mixture supplementation. These data
indicate that the amino acid mixture supplementation could have a protective effect for challenged
piglets during weaning.

Abstract: In order to investigate the effect of a dietary amino acid mixture supplementation in
lipopolysaccharide (LPS)-challenged weaned piglets, twenty-seven 28-day-old (8.2 ± 1.0 kg) newly
weaned piglets were randomly allocated to one of three experimental treatments for five weeks. Diet
1: a CTRL treatment. Diet 2: an LPS treatment, where piglets were intraperitoneally administered
LPS (25 µg/kg) on day 7. Diet 3: an LPS+MIX treatment, where piglets were intraperitoneally
administered LPS on day 7 and fed a diet supplemented with a mixture of 0.3% of arginine, branched-
chain amino acids (leucine, valine, and isoleucine), and cystine (MIX). Blood samples were drawn
on day 10 and day 35, and serum was analysed for selected chemical parameters and proteomics.
The LPS and LPS+MIX groups exhibited an increase in haptoglobin concentrations on day 10. The
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LPS group showed an increased cortisol concentration, while this concentration was reduced in
the LPS+MIX group compared to the control group. Similarly, the LPS+MIX group showed a
decreased haptoglobin concentration on day 35 compared to the two other groups. Immunoglobulin
concentrations were affected by treatments. Indeed, on day 10, the concentrations of IgG and
IgM were decreased by the LPS challenge, as illustrated by the lower concentrations of these two
immunoglobulins in the LPS group compared to the control group. In addition, the supplementation
with the amino acid mixture in the LPS+MIX further decreased IgG and increased IgM concentrations
compared to the LPS group. Although a proteomics approach did not reveal important alterations in
the protein profile in response to treatments, LPS-challenged piglets had an increase in proteins linked
to the immune response, when compared to piglets supplemented with the amino acid mixture.
Overall, data indicate that LPS-challenged piglets supplemented with this amino acid mixture are
more protected against the detrimental effects of LPS.

Keywords: piglets; amino acids; immunity; challenge

1. Introduction

Weaning is a critical period in which piglets face many important challenges that
will determine their subsequent health and productivity. In fact, once they are removed
from the sow, they are transitioned from milk to solid feed and are frequently mixed with
other litters in a totally new environment [1], thus being exposed to different microbial
and sanitary environments. These changes generate the so-called weaning stress that
leads to a dramatic reduction in water and feed intake [2,3], potentially compromising
the animal’s future productivity. Indeed, it has been reported that 50% of piglets do not
consume any feed in the first 24 h post-weaning [4]. As a consequence, signs of dysbiosis
can be noticed and are characterised by the proliferation of opportunistic pathogens such as
Escherichia coli [5]. In addition, the interaction of lipopolysaccharides (LPS), located in the
outer membrane of E. Coli, with the transmembrane receptor toll-like receptor 4 (TLR-4),
can trigger inflammation [6]. These changes lead to animals’ discomfort, diarrhoea, growth
stunting, and increased mortality.

In addition to being the building blocks of protein synthesis, amino acids are key
functional and signalling molecules in the body and are involved in the regulation of
oxidative stress, immunity, and intestinal barrier function [7]. Evidence of the roles of
amino acids to mitigate the consequences of weaning has already been described in the
literature. Thus, dietary arginine supplementation in piglets facing an LPS challenge
leads to an increase in villus height in jejunum and ileum [8]. Moreover, it regulates
oxidative stress status by increasing ferric reducing ability in plasma and decreasing the
oxidised form of glutathione [9]. Under the same experimental model of challenge, cysteine
supplementation has been associated with an increase in transepithelial resistance and a
decrease in pro-inflammatory cytokine secretion [10]. Finally, dietary supplementation
with branched-chain amino acids (BCAAs) is associated with an improvement of gut
morphology in piglets at weaning, as well as with an increase in the expression of amino
acid transporters [11,12]. Taken together, these results suggest that these amino acids
have complementary modes of action and could help piglets coping with weaning and
LPS challenge.

However, to the best of our knowledge, no study has specifically investigated the
specific dietary supplementation of these amino acids, when supplemented as a mixture, to
recently weaned piglets facing an inflammatory-immunological challenge. The objective of
this work was, therefore, to assess the effect of a specific combination of these amino acids
on mitigating a mild LPS challenge in recently weaned piglets, through the determination
of inflammatory markers, immune status, and serum proteome.
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2. Materials and Methods
2.1. Animal Welfare Disclaimer

The experimental procedures were reviewed and approved by the Animal Care Com-
mittee of ISA—Instituto Superior de Agronomia, Universidade de Lisboa, (Lisbon, Portu-
gal) and authorised by the National Veterinary Authority (Direcção Geral de Alimentação
e Veterinária (Lisbon, Portugal), following the appropriate European Union guidelines
(2010/63/EU Directive). Ethical approval code is #0421/000/000/2017. J.A.M. Prates, A.M.
Almeida, P.A. Lopes and J.M.J. Correia each hold a FELASA grade C certificate, which
enables them to design and conduct animal experimentation in the European Union.

2.2. Animals, Diets and Sampling

This trial was performed at the Animal Production Sector of, ISA, Universidade de
Lisboa (Lisbon, Portugal). Twenty-seven 28-day-old newly weaned male crossbred piglets
(F2 crosses of Pietrain × F1 [Landrace × Large white] crosses) with an initial body weight of
8.2 ± 1.0 kg (mean ± SD), were randomly assigned, on day 0, to different experimental diets.
Piglets were submitted to one of three groups (CTRL, LPS and LPS+MIX) during a five-week
period. A basal diet was formulated to contain 20% crude protein level and a level of 1.35%
standardised ileal digestible Lys. The levels of standardised ileal digestible methionine,
threonine, tryptophan, valine, isoleucine, leucine, histidine and phenylalanine+tyrosine
relative to lysine followed those of NRC 2012 [13] recommendations. For the LPS+MIX
group, this basal diet was supplemented on-top with an 0.3% as-fed-basis of an AA mixture
containing arginine, BCAA, and cystine, in a weight ratio of 42:33:25, as reported in Table 1.
The mixture composition was derived from an initial mixture composition where arginine,
BCAA, and cystine contribution was equal. Cystine contribution was then decreased at
the expense of arginine because cystine is known to have mucolytic effects above a certain
dose [2], while arginine is very well tolerated at high doses. After 7 days, all piglets,
except the ones from the CTRL group, which were injected with a sterile saline solution,
received a mild LPS challenge administered intraperitoneally at a dosage of 25 µg/kg of
body weight (25 µL/kg of body weight) [14]. The LPS reagent, extracted and purified from
Escherichia coli O55:B5, was acquired from Sigma-Aldrich (St. Louis, MO, USA). During the
experimental period, piglets were housed in pens with three animals, fed ad libitum with
pelleted feed, and weighed individually once a week. Diarrhoea was monitored at the pen
level by following the mean consistency of faeces, as described by Marquardt et al. [15]:
normal = 0, soft diarrhoea = 1, mild diarrhoea = 2, and severe diarrhoea = 3. To investigate
the medium-term effects of LPS injection, three days after the challenge (on day 10) and
at the end of the experimental period (on day 35), blood samples were drawn from the
jugular veins of piglets onto Z Gel 4.5 mL Sarstedt (Nümbrecht, Germany) test tubes after a
4 h fast. Blood was centrifuged (1500× g for 10 min at room temperature) to harvest serum.
The serum was snap-frozen in liquid nitrogen and stored at −80 ◦C until further analysis.
At the end of the experimental period, on day 35, all piglets were sacrificed, and intestinal
mucosa were sampled as described thereafter.
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Table 1. Ingredients (g·kg−1) and proximate chemical composition of diets used in the trial.

Ingredients CTRL and LPS LPS+MIX

Wheat 200.0 200.0
Corn 381.6 381.6

Soybean meal (48) 268.0 268.0
Sweet dry whey 70.0 70.0

Soybean oil 30.0 30.0
L-Lys 6.4 6.4

DL-Met 2.7 2.7
L-Thr 2.8 2.8
L-Trp 1.1 1.1
L-Val 3.2 3.2

CaCO3 10.0 10.0
Dicalcium Phosphate 16.0 16.0
Sodium bicarbonate 2.2 2.2

NaCl 3.0 3.0
Vitamin trace mineral mix (1) 3.0 3.0

L-Arg 0.0 1.25
L-Leu 0.0 0.50
L-Val 0.0 0.25
L-Ile 0.0 0.25

L-Cys2 0.0 0.75
SID * LYS pig 13.50 13.50
SID THR pig 8.78 8.78
SID MET pig 5.28 5.28
SID CYS pig 2.83 3.58
SID TRP pig 2.97 2.97
SID ILE pig 7.16 7.41
SID VAL pig 10.80 11.05
SID LEU pig 13.54 14.04
SID ARG pig 10.90 12.15

Chemical composition
Dry matter (%) 89.7 89.2

Ash (%) 5.56 5.71
Crude protein (%) 19.75 20.05
Ether Extract (%) 5.92 5.80

NE (MJ/kg) 10.53 10.53
(1) Vitamin and trace mineral supplied per kilogram of diet: Vit. A, 2500 IU; Vit. D3, 200 IU; Vit. E, 20 IU; Vit.
C, 200 mg; Vit. B1, 1.5 mg; Vit. B2, 5 mg; Vit. B3, 30 mg; Vit. B5, 15 mg; Vit. B6, 2.5 mg; Vit. B9, 0.5 mg; Vit.
B12, 0.03 mg; Vit. K3, 1 mg; Biotin, 80 mg; choline (chloride): 300 mg; I, 1 mg as potassium iodate; Mn, 50 mg as
manganese (oxide); Fe, 120 mg as ferrous carbonate; Zn, 140 mg as zinc (oxide); Cu, 160 mg as copper sulphate;
Se, 0.3 mg as sodium selenite; Co, 0.5 mg as cobalt carbonate. Groups are: CTRL, the control group; LPS, the
LPS-challenged diet group; LPS+MIX, the LPS-challenged diet supplemented with arginine, BCAA and cystine
mixture group. * SID: standardised ileal digestibility.

2.3. Gut Morphology

Gut morphology tissue samples were collected from the duodenum (10 cm from the
pylorus), the jejunum (5.5 m from the pylorus), and the ileum (60 cm before the ileo-caecal
valve), and processed as described elsewhere [16]. Briefly, the tissue samples were fixed in
10% neutral buffered formalin and embedded in paraffin wax for microscopic examination
of the intestinal villi and crypts. A BX 511 microscope (Olympus, Tokyo, Japan) was used,
and the images were digitally captured using a DP 11 camera (Olympus, Tokyo, Japan)
under a magnification of 40×. The height and width of the villi and the depth of the crypts
were measured using the DP-Soft software (Olympus). Ten intact and properly oriented
villi and crypts from each intestinal region were selected per piglet.

2.4. Serum Immune and Hormonal Status

Tumour necrosis factor-alpha (TNF-α) was measured by ELISA commercial kit (R&D
Systems, Minneapolis, MN, USA). This kit contains E. coli-expressed recombinant porcine
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TNF-α and antibodies raised against the recombinant factor. Results obtained using
natural porcine TNF-α show dose–response curves that are parallel to the standard curves
obtained using the kit standards. Insulin growth factor-1 (IGF1) was determined by a
chemiluminescent immunoassay kit (ImmunoDiagnostic Systems, Paris, France).

The immunoglobulins profile, including IgA, IgG and IgM, was determined by im-
munoturbidimetry (Biosystems, Barcelona, Spain). The light scattering of antigen–antibody
complexes is proportional to the immunoglobulins concentration and can be measured
by turbidimetry.

Haptoglobin was quantified by immunoturbidimetry (Kamiya Biomedical Company,
Seattle, WA, USA). The antiserum used in the kit was produced against purified hap-
toglobin. The haptoglobin antibody interacts with the haptoglobin in the serum, forming
immune complexes and causing an increase in light scattering which correlates with the
concentration of serum haptoglobin. IGF1 was determined using a chemiluminescent im-
munoassay kit. The microplate provided in this kit had been pre-coated with an antibody
specific to IGF1. Standards or samples were then added to the appropriate microplate wells
with a biotin-conjugated antibody specific to IGF1. Next, avidin conjugated to horseradish
peroxidase (HRP) was added to each microplate well and incubated. Then, the mixture of
substrates was added to generate glow light emission kinetics. Upon plate development,
the intensity of the emitted light was proportional to the IGF1 level in the samples.

Cortisol was quantified by electrochemiluminescence immunoassay method (Roche
Diagnostics, Mannheim, Germany). The cortisol assay is a competitive electrochemilu-
minescence immunoassay that uses a sheep polyclonal antibody. Endogenous cortisol
contained in the sample is liberated from the binding proteins by danazol and, subsequently,
competes with a cortisol derivative (a cortisol–peptide–Tris bipyridyl ruthenium complex)
for the binding sites on the biotinylated antibody. After the addition of streptavidin-coated
paramagnetic particles, the biotin on the antibody can bind to the streptavidin of the
microparticle and form a complex. This complex is then captured on the surface of the
magnetic electrode. Electrical stimulation of the ruthenium complex induces chemilumines-
cent emission, which is measured by a photomultiplier. The assay was calibrated against
Enzymun-Test-Cortisol, which, in turn, was calibrated via isotope dilution mass spectrom-
etry. The cortisol assay was used as instructed by the manufacturer without modifications.

2.5. Statistical Analysis for Non-Proteomics Data

All non-proteomics data were checked for normal distribution (Shapiro–Wilk test)
and for variance homogeneity (Levene’s test). The piglet was the experimental unit for
each variable, except for feed intake and faecal score, where the pen was used as the
experimental unit. When data were normally distributed, they were analysed using one-
factor ANOVA with treatment as the fixed factor followed by post hoc Tukey tests. If this
was not the case, Kruskal–Wallis test was performed. Statistical analysis was performed
using R software. The level of significance was set at p < 0.05, and trends were considered
for p < 0.10.

2.6. Proteomics Analysis

Five serum samples from d35 were randomly selected from each of the three groups
and used for proteomics analysis. The analysis was conducted as an external service
from the Proteomics Scientific Platform of the i3S institute of the University of Porto
(https://www.i3s.up.pt/scientific-platform?v=56, accessed on 14 September 2020, Porto,
Portugal). Each sample was reduced and alkylated and processed for proteomics analysis
following the solid-phase-enhanced sample-preparation (SP3) protocol, as described by
Hughes et al. [17]. Enzymatic digestion was performed with Trypsin/LysC (2 µg) overnight
at 37 ◦C, under constant shaking.

The protein identification and quantitation were performed by nano LC-MS/MS
as previously described [18]. This equipment is composed of an Ultimate 3000 liquid
chromatography system coupled to a Q-Exactive Hybrid Quadrupole-Orbitrap mass spec-

https://www.i3s.up.pt/scientific-platform?v=56
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trometer (Thermo Scientific, Bremen, Germany). Samples were loaded onto a trapping
cartridge (Acclaim PepMap C18 100A, 5 mm × 300 µm i.d., 160454, Thermo Scientific) in a
mobile phase of 2% acetonitrile, 0.1% formic acid at 10 µL/min. After 3 min loading, the
trap column was switched in-line to a 50 cm by 75 µm inner diameter EASY-Spray column
(ES803, PepMap RSLC, C18, 2 µm, Thermo Scientific, Bremen, Germany) at 250 nL/min.
The separation was generated by mixing A: 0.1% formic acid and B: 80% acetonitrile, with
the following gradient: 5 min (2.5% B to 10% B), 120 min (10% B to 30% B), 20 min (30% B
to 50% B), 5 min (50% B to 99% B) and 10 min (hold 99% B). Subsequently, the column was
equilibrated with 2.5% B for 17 min. Data acquisition was controlled by Xcalibur 4.0 and
Tune 2.9 software (Thermo Scientific).

The mass spectrometer was operated in data-dependent (dd) positive acquisition
mode alternating between a full scan (m/z 380–1580) and subsequent higher-energy C-trap
dissociation MS/MS of the 10 most intense peaks from full scan (normalised collision
energy of 27%), as previously described [18]. ESI spray voltage was 1.9 kV. Global settings:
use lock masses best (m/z 445.12003), lock mass injection Full MS, chromatography peak
width (FWHM) 15 s. Full scan settings: 70k resolution (m/z 200), AGC target 3 x 106

maximum injection time 120 ms. dd settings: minimum AGC target 8 × 103, intensity
threshold 7.3 x 104, charge exclusion: unassigned, 1, 8, >8, peptide match preferred, exclude
isotopes on, dynamic exclusion 45 s. MS2 settings: microscans 1, resolution 35k (m/z 200),
AGC target 2 x 105, maximum injection time 110 ms, isolation window 2.0 m/z, isolation
offset 0.0 m/z, spectrum data type profile.

The raw data were processed using Proteome Discoverer 2.4.0.305 software (Thermo
Scientific) and matched with the UniProt database for the Sus scrofa Proteome 2020_01. The
Sequest HT search engine was used to identify tryptic peptides, as described by Matos
et al. [18]. The ion mass tolerance was 10 ppm for precursor ions and 0.02 Da for fragment
ions. The maximum allowed number of missing cleavage sites was set as 2. Cysteine
carbamidomethylation was defined as constant modification. Methionine oxidation and
protein N-terminus acetylation were defined as variable modifications. Peptide confidence
was set to high. The processing node Percolator was enabled with the following settings:
maximum delta Cn 0.05; decoy database search target FDR 1%, validation based on q-value.
Protein label-free quantitation was performed with the Minora feature detector node at
the processing step. Precursor ion quantification was performed at the processing step
with the following parameters: peptides used unique plus razor, precursor abundance was
based on intensity, normalisation mode was based on total peptide amount, protein ratios
were directly calculated from the grouped protein abundances, and hypothesis test was
based on ANOVA (individual proteins). Principal component analysis (PCA) results of the
three experimental groups were plotted. Then, two comparisons were performed: CTRL
vs. LPS and LPS vs. LPS+MIX. It was determined that proteins had differential abundance
when p < 0.05 and a fold change of at least 1.5 was achieved [19].

2.7. Data Availability

All data generated during this study are included in this publication. The datasets
generated during the current study are available in Table S1.

3. Results
3.1. Growth Performance and Faecal Score

The focus of this study was not performance, because the sample size was rather small
for performance data collection. LPS or amino acid mixture supplementation (LPS+MIX)
did not significantly affect (p > 0.05) faecal score (data not shown), body weight, average
daily gain, or feed intake (Table 2).
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Table 2. Weekly performance of the piglets included in the study.

CTRL LPS LPS+MIX SEM p-Value

Week before LPS challenge (day 0–7)

Initial weight (kg) 8.46 8.39 7.95 0.19 0.498
Final weight (kg) 9.98 9.71 9.88 0.30 0.945

Average daily gain (g/d) 217.5 188.8 275.3 25.7 0.385
Feed intake (g/d) 366.2 333.3 301 30.7 0.694

Week after LPS challenge (day 7–14)

Final weight (kg) 13.05 11.85 12.11 0.42 0.512
Average daily gain (g/day) 438.9 306.1 318.8 32.0 0.184

Feed intake (g/day) 484.2 581.7 453.2 42.0 0.540

Last three weeks of the study (day 14–35)

Final weight (kg) 27.07 25.79 27.08 0.75 0.772
Average daily gain (g/day) 667.5 663.9 712.8 20.3 0.542

Feed intake (g/ day) 1054.6 1149.2 1110.9 48.3 0.686
Groups are: CTRL, the control group; LPS, the LPS-challenged group; LPS+MIX, the LPS-challenged supple-
mented with arginine, branched-chain amino acids (BCAA) and cystine mixture group. SEM: standard error of
the mean.

3.2. Gut Morphology

LPS challenge did not significantly affect gut morphology, either in the jejunum
(Figure 1) or in duodenum plus ileum (data not shown). Conversely, the addition of amino
acid mixture tended to increase villus height and the villus height/crypt depth ratio in the
jejunum (p = 0.052 and p = 0.090, respectively) (Figure 1A,C). Representative pictures of
jejunal sections from the three groups can be found in Figure 1.

Figure 1. Gut morphology in jejunum at day 35, the end of the trial. (A–C) represent villus height,
crypt depth and villus height/crypt depth ratio, respectively. Groups are: CTRL, the control group;
LPS, the LPS-challenged group; LPS+MIX, the LPS-challenged supplemented with arginine, branched-
chain amino acids (BCAA), and cystine mixture group (n = 7–9).

3.3. Serum Inflammatory and Hormonal Status

The LPS group had an increased serum concentration of haptoglobin, an acute phase
protein, on day 10 (p < 0.001) compared to the control group. Other inflammatory markers
were not affected by the LPS challenge. Interestingly, the supplementation of the amino
acid mixture in the LPS+MIX group reduced haptoglobin on day 35 (p = 0.022) but not on
day 10 (p > 0.05) compared to the LPS group.
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Regarding hormonal status, the LPS group showed an increase in cortisol (p < 0.001)
and IGF-1 (p < 0.001) concentrations on day 10 (Table 3) compared to the control group.
The dietary supplementation with the amino acid mixture decreased serum cortisol level
(p < 0.001) and further increased IGF-1 concentration (p < 0.001), compared to the two other
groups group. On day 35, cortisol concentration did not differ among groups (p > 0.05), but
IGF-1 level was still increased in response to the dietary supplementation with the amino
acid mixture (p < 0.001).

Table 3. Effect of treatments on inflammatory markers and hormonal status.

CTRL LPS LPS+MIX SEM p-Value

Inflammatory markers
Day 10

TNF-α (pg/mL) 129.9 134.8 142.4 10.08 0.886
Haptoglobin (mg/dL) 23.16 a 31.91 b 32.08 b 0.996 <0.001

Day 35
TNF-α (pg/mL) 61.38 78.60 69.63 4.996 0.446

Haptoglobin (mg/dL) 20.64 a 19.84 ab 13.59 b 1.317 <0.05

Hormones
Day 10

Cortisol (µg/dL) 2.700 a 3.463 c 1.711 b 0.158 <0.001
IGF-1 (µg/L) 59.07 a 92.51 b 110.6 c 4.489 <0.001

Day 35
Cortisol (µg/dL) 3.167 3.243 2.690 0.1922 0.447

IGF-1 (µg/L) 159.8 a 143.8 a 231.3 b 9.708 <0.001
Groups are: CTRL, the control group; LPS, the LPS-challenged group; LPS+MIX, the LPS-challenged supple-
mented with arginine, branched-chain amino acids (BCAA) and cystine mixture group. a,b,c Mean values within a
row with different letters are significantly different (p < 0.05). SEM: standard error of the mean, TNF-α: tumor
necrosis factor-α, IGF-1: insulin-like growth factor-1.

Immunoglobulin concentrations were affected by the experimental treatments (p < 0.05)
(Figure 2). Indeed, on day 10, IgG and IgM concentrations were decreased (p < 0.05) in
the LPS+MIX group compared to the control. The supplementation with the amino acid
mixture in the LPS+MIX further decreased IgG and increased IgM concentrations compared
to the LPS group.

Figure 2. Serum concentrations of immunoglobulins IgG, IgM, and IgA on day 10 ((A)—upper panel) and day 35 ((B)—lower
panel). Groups are: CTRL, the control group; LPS, the LPS-challenged group; LPS+MIX, the LPS-challenged supplemented
with arginine, branched-chain amino acids (BCAA) and cystine mixture group. a,b,c: Histograms with different letters are
significantly different (p < 0.05).
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On day 35, the immunoglobulins concentrations did not differ between the LPS and
control groups. The dietary supplementation with the amino acid mixture increased
IgM (p < 0.001) and decreased IgA (p < 0.001) concentrations, in comparison to the two
other groups.

3.4. Serum Proteomics

In total, over 200 different proteins were identified using the proteomics approach.
The full proteomics results may be seen in Table S1. The proteomics results are presented
as a PCA plot in Figure 3. Groups could not be clustered.

Figure 3. Principal component analysis (PCA) scatterplot of the three experimental groups. Groups
are: CTRL, the control group; LPS, the LPS-challenged group; LPS+MIX, the LPS-challenged supple-
mented with arginine, branched-chain amino acids (BCAA) and cystine mixture group.

Differences are highlighted in Table 4. The comparison between LPS and CTRL
groups revealed an accumulation of four proteins in the CTRL group. These proteins
are inter-alpha-trypsin inhibitor heavy chain H2, von Willebrand factor, and two C1q
domain-containing proteins. The comparison between LPS+MIX and LPS groups revealed
seven proteins showing differential accumulation. Except for Complement component
C8A, all proteins had a higher concentration in the LPS group.

Table 4. Differential protein abundance in serum on day 35 between CTRL and LPS groups, and LPS and LPS+MIX groups.

Accession Number Protein Name Peptide Count Unique Peptides ANOVA Fold Change
(LPS/CTRL)p-Value

CTRL vs. LPS

A0A5G2QEV5 Inter-alpha-trypsin inhibitor
heavy chain H2 21 21 0.03 0.876

F1SL22 von Willebrand factor 9 9 0.04 0.4
A0A4x1U519 C1q domain-containing protein 2 2 0.04 0.59

A0A287AAW7 C1q domain-containing protein 1 1 0.02 0.642

LPS vs. LPS+MIX

A0A287A1M4 Uncharacterised protein 11 7 0.04 0.734
A0SEH1 Complement component 9 1 0.05 1.686

A0A5G2QLJ8 Complement C1q B chain 2 2 0.03 0.704
A0A4x1VG41 Beta-2-microglobulin 1 1 0.03 0.01
A0A287A359 Uncharacterised protein 1 1 0.03 0.814

B2CNZ7 Cathepsin B 1 1 0.04 0.716
A0A286ZKE0 Uncharacterised protein 1 1 0.03 0.867

Groups are: CTRL, the control group; LPS, the LPS-challenged group; LPS+MIX, the LPS-challenged supplemented with arginine,
branched-chain amino acids (BCAA) and cystine mixture group.
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4. Discussion

This study aimed to investigate whether dietary supplementation of a specific com-
bination of arginine, BCAA, and cystine could be beneficial for piglets facing weaning
under LPS challenge. LPS challenge was used in this study because it partially mimics
the infection of E. coli, which is frequent in the post-weaning phase in piglets [5]. We
made the choice to use a low dosage of LPS challenge (25 µg/kg), contrary to the majority
of published studies, because we wanted to induce a mild challenge and inflammation
without affecting mortality or generating severe diarrhoea [14]. In addition, the level of
supplementation of the amino acid mixture in this trial was set to 0.3% as-fed-basis, so that
this strategy could be easily implemented on commercial farms.

The results revealed that the dietary amino acid mixture supplementation was asso-
ciated with a slight improvement of some gut morphology markers in jejunum, which
could have contributed to a better nutrient absorption. The beneficial effects of arginine,
BCAA, and cysteine supplemented solely on gut morphology in piglets has previously
been described in the literature [8–11], and thus is in accordance with our results. How-
ever, the dietary supplementation of these amino acids in a mixture does not enable the
identification of possible specific amino acids that are driving the response.

Our study indicates that LPS injection can modify inflammatory markers, as shown
by the increase in serum cortisol and haptoglobin, which is in line with previous publica-
tions [20,21]. These quoted studies reported that intraperitoneal injection of LPS was also
associated with a transient increase in TNF-α in serum, an observation which could not be
seen in our study, which is likely due to the time of sampling. Interestingly, in our study,
the addition of the amino acid mixture decreased cortisol to a concentration lower than that
of the control animals. The combined effect of arginine and cystine could be responsible
for this observation, as was previously described in piglets, in which the supplementation
of these amino acids or their analogues lowered plasma cortisol levels [22–24].

Immunoglobulins (IgM, IgA, and IgG) are all produced by B lymphocytes but have
specific structures and functions. IgM is a pentamer involved in the primary response
against foreign substances, mediated by the activation of the complement system; IgA is a
monomer serving as a gate keeper, driving mucosal response against pathogens; and IgG,
also depicting a monomeric structure and the most abundant immunoglobulin, is involved
in the second response against toxins and virus [25]. These immunoglobulins are known
to mediate the immune response during an LPS challenge [26]. Our study showed that
LPS injection led to a decrease in IgG and IgM in plasma three days after the challenge.
Reduction in total IgM was previously reported following a challenge with Escherichia coli
LPS in calves, but was accompanied with an increase in total IgG [26]. A similar shift of
IgG towards IgM was observed in the amino acid supplemented group, although occurring
earlier than reported by Kim and colleagues [26]. This could rely on a modification in
lymphocyte subtypes [26]. In line with this study, the LPS challenge did not affect IgA
concentration in plasma [26]. Interestingly, dietary amino acid supplementation reduced
IgA concentration at the end of our study, when compared to the two other groups. Dietary
arginine supplementation has been reported to increase IgA in the intestine mucosa and
lumen [27]. We suggest that dietary arginine supplementation led to higher secretion of
IgA in the lumen, which reduces its concentration in plasma. Unfortunately, we did not
measure IgA concentration in the gut mucosa or lumen.

IGF-1 is a hormone with a molecular structure similar to insulin, which plays an im-
portant role in protein synthesis and exerts anabolic effects in the muscle via the regulation
of the mTOR signalling pathway [28]. The effects of LPS challenge on IGF-1 secretion
described in the literature are quite inconsistent; although an article reported an increase
in IGF-1 in response to LPS challenge [29], as in our own study, others have reported
the opposite results in rodents and pigs [30,31]. The increase in IGF-1 concentration in
response to the dietary supplementation of the amino acid mixture could be due to the
arginine stimulating effect on IGF-1 secretion, which is already well documented in the
literature [32].
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Surprisingly, while inflammatory-immunological analyses revealed differences among
experimental groups, the proteomics approach did not reveal important alterations of pro-
tein profiles in response to the experimental treatment. Indeed, the PCA confirmed that
treatments led to little changes in serum proteome of the piglets, because no clustering was
visible that discriminated the three experimental groups. Still, some interesting results were
recorded from the proteomics experiment. All the proteins showing differential accumula-
tions in response to the LPS challenge are poorly described, except for the von Willebrand
factor (vWF). This protein is, among other roles, involved in cell substrate adhesion [33],
particularly platelets. In recent years, the role of the vWF in vascular inflammation and
homeostasis has also been suggested [34]. As for the inter-alpha-trypsin inhibitor heavy
chain H2 protein, this group of proteins has long been associated with the serine-type
endopeptidase inhibitor activity and the hyaluronan (HA) metabolic process [35], both of
which are highly relevant in tissue growth and regeneration [36]. Furthermore, according
to Volpi et al. [37], HA is involved in several key processes, including cell signalling, mor-
phogenesis, and wound repair and regeneration. Regarding the C1q domain-containing
protein, it is also involved in the immune response [38]. All the above-mentioned pro-
teins have decreased abundance in the LPS challenge group, when compared with the
reference group. One can speculate that biological processes associated with cell sub-
strate adhesion, HA metabolism, cell signalling, and growth were impaired by the LPS
treatment. Such a pattern of results is indeed consistent with the LPS challenge to which
the piglets were exposed. In turn, the comparison between LPS+MIX and LPS groups
revealed several proteins showing differential accumulation. The first, uncharacterised
protein OS=Sus scrofa, is a poorly studied protein with unknown molecular function
(https://www.uniprot.org/uniprot/A0A287B5G4, accessed on 14 September 2020). The
second protein, Complement C1q B chain, is part of a group of proteins involved in
complement response regulation, specifically in the response to bacterial infection [39].
Similarly, Beta-2-microglobulin is involved in immune surveillance and modulation in
vertebrates [40], specifically in antigen processing and the presentation of peptide antigens
via major histocompatibility complex class I. As previously stated, uncharacterised protein
OS=Sus scrofa OX=9823 is involved in the glutathione metabolic process and hydrogen
peroxide reduction. Finally, Cathepsin B has long been demonstrated to play a major role
in the regulation of proteolytic activity [41]. Interestingly, the results for Complement com-
ponent C8A (A0SEH1) are not in accordance with the above-mentioned pattern of results.
In fact, this is a protein involved in complement activation linked to different steps of the
complement cascade and the regulation of immune processes [42,43]. The pattern of results
shown in the LPS and LPS+MIX comparison indicates that piglets in the LPS group had an
increased abundance of proteins linked to the immune response and to the regulation of
immune processes. This could be because piglets in the LPS group probably established a
more pronounced immune response, as a consequence of the microbial infection-induced
stress mimicked by the LPS injection, when compared with piglets receiving the amino
acid mixture. This, in turn, may indicate that the piglets supplemented with the mixture of
amino acids were less susceptible to the negative effects of the LPS challenge in comparison
with the non-supplemented piglets.

5. Conclusions

Our results provide the first clues on the medium-term effect on immune response
of a mild LPS challenge in piglets fed a control diet or control diet supplemented with a
mixture of functional amino acids. It was found that stress biomarkers of inflammation and
hormonal status, such as haptoglobin and cortisol, are exacerbated by the LPS challenge
and can be partially reversed by the addition of an amino acid mixture. In contrast, TNF-α
was not affected by experimental treatments and the proteomics approach did not reveal
important alterations of the protein profile in response to the challenge or supplementation.
However, this latter analysis still suggests a downregulation of the inflammation pathway
in piglets receiving the amino acid mixture. Taken together, these data indicate that piglets

https://www.uniprot.org/uniprot/A0A287B5G4
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fed diets supplemented with this amino acid mixture are less susceptible to the negative
effects of LPS challenge. However, the number of piglets included in this study was rather
small and, therefore, larger-scale studies are needed to investigate if the modulation in
inflammation markers can translate into significant effects on animal performance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ani11041143/s1, Table S1: full proteomics results

Author Contributions: Conceptualisation, J.A.M.P., J.P.B.F., T.C., E.C. and T.C.-D.; Funding acquisi-
tion, T.C., E.C. and T.C.-D.; Investigation, J.A.M.P., J.P.B.F., A.M.d.A., C.M., D.M.R., H.O., M.A.S.P.,
P.A.L., J.M.J.C., R.M.A.P. and T.C.-D.; Methodology, A.M.d.A. and H.O.; Resources, E.C.; Supervision,
J.A.M.P. and J.P.B.F.; Writing—original draft preparation, J.A.M.P., J.P.B.F., A.M.d.A. and T.C.-D.;
Writing—review and editing, J.A.M.P., J.P.B.F., A.M.d.A. and T.C.-D. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was supported by Ajinomoto Animal Nutrition Europe, by Indukern Por-
tugal, Lda., and by Fundação para a Ciência e a Tecnologia (FCT, Lisbon, Portugal) through
projects UIDB/CVT/00276/2020 to CIISA and PEST/UID/AGR/4129/2020 to LEAF. It was also
supported by national funds, through FCT Stimulus of Scientific Employment Program to author
P.A.L. (DL57/2016/CP1438/CT0007) and a Ph.D. grant (SFRH/BD/143992/2019) to author D.M.R.

Institutional Review Board Statement: The experimental procedures were reviewed and approved
by the Animal Care Committee of ISA—Instituto Superior de Agronomia, Universidade de Lis-
boa, (Lisbon, Portugal) and authorised by the National Veterinary Authority (Direcção Geral de
Alimentação e Veterinária (Lisbon, Portugal), following the appropriate European Union guidelines
(2010/63/EU Directive). Ethical approval code is #0421/000/000/2017.

Data Availability Statement: The data presented in this study are not publicly available due to
privacy restrictions.

Acknowledgments: This work had the support from the Portuguese Mass Spectrometry Net-
work, integrated in the National Roadmap of Research Infrastructures of Strategic Relevance
(ROTEIRO/0028/2013; LISBOA-01-0145-FEDER-022125).

Conflicts of Interest: The authors have read the journal’s policy and have the following com-
peting interests: the co-authors (E.C., T.C.-D.) are employees of Ajinomoto Animal Nutrition Eu-
rope that partially financed the project and provided the amino acids. The other authors have no
competing interests.

References
1. Pluske, J.R.; Hampson, D.J.; Williams, I.H. Factors Influencing the Structure and Function of the Small Intestine in the Weaned

Pig: A Review. Livest. Prod. Sci. 1997, 51, 215–236. [CrossRef]
2. Lallès, J.-P.; Bosi, P.; Smidt, H.; Stokes, C.R. Nutritional Management of Gut Health in Pigs around Weaning. Proc. Nutr. Soc. 2007,

66, 260–268. [CrossRef] [PubMed]
3. Pluske, J.R.; Turpin, D.L.; Kim, J.-C. Gastrointestinal Tract (Gut) Health in the Young Pig. Anim. Nutr. 2018, 4, 187–196. [CrossRef]

[PubMed]
4. Brooks, P.; Moran, C.; Beal, J.; Demeckova, V.; Campbell, A. Liquid Feeding for the Young Piglet. Weaner Pig Nutr. Manag.

2001, 153–178.
5. Gresse, R.; Chaucheyras-Durand, F.; Fleury, M.A.; Van de Wiele, T.; Forano, E.; Blanquet-Diot, S. Gut Microbiota Dysbiosis in

Postweaning Piglets: Understanding the Keys to Health. Trends Microbiol. 2017, 25, 851–873. [CrossRef]
6. Qin, Q.; Xu, X.; Wang, X.; Wu, H.; Zhu, H.; Hou, Y.; Dai, B.; Liu, X.; Liu, Y. Glutamate Alleviates Intestinal Injury, Maintains

MTOR and Suppresses TLR4 and NOD Signaling Pathways in Weanling Pigs Challenged with Lipopolysaccharide. Sci. Rep.
2018, 8, 15124. [CrossRef]

7. Wu, G. Amino Acids: Metabolism, Functions, and Nutrition. Amino Acids 2009, 37, 1–17. [CrossRef]
8. Zhu, H.L.; Liu, Y.L.; Xie, X.L.; Huang, J.J.; Hou, Y.Q. Effect of L-Arginine on Intestinal Mucosal Immune Barrier Function in

Weaned Pigs after Escherichia coli LPS Challenge. Innate. Immun. 2013, 19, 242–252. [CrossRef]
9. Bergeron, N.; Robert, C.; Guay, F. Feed Supplementation with Arginine and Zinc on Antioxidant Status and Inflammatory

Response in Challenged Weanling Piglets. Anim. Nutr. 2017, 3, 236–246. [CrossRef]
10. Song, Z.H.; Tong, G.; Xiao, K.; Jiao, L.F.; Ke, Y.L.; Hu, C. hong L-Cysteine Protects Intestinal Integrity, Attenuates Intestinal

Inflammation and Oxidant Stress, and Modulates NF-KB and Nrf2 Pathways in Weaned Piglets after LPS Challenge. Innate.
Immun. 2016, 22, 152–161. [CrossRef]

https://www.mdpi.com/article/10.3390/ani11041143/s1
https://www.mdpi.com/article/10.3390/ani11041143/s1
http://doi.org/10.1016/S0301-6226(97)00057-2
http://doi.org/10.1017/S0029665107005484
http://www.ncbi.nlm.nih.gov/pubmed/17466106
http://doi.org/10.1016/j.aninu.2017.12.004
http://www.ncbi.nlm.nih.gov/pubmed/30140758
http://doi.org/10.1016/j.tim.2017.05.004
http://doi.org/10.1038/s41598-018-33345-7
http://doi.org/10.1007/s00726-009-0269-0
http://doi.org/10.1177/1753425912456223
http://doi.org/10.1016/j.aninu.2017.06.009
http://doi.org/10.1177/1753425916632303


Animals 2021, 11, 1143 13 of 14

11. Zhang, S.; Qiao, S.; Ren, M.; Zeng, X.; Ma, X.; Wu, Z.; Thacker, P.; Wu, G. Supplementation with Branched-Chain Amino Acids to
a Low-Protein Diet Regulates Intestinal Expression of Amino Acid and Peptide Transporters in Weanling Pigs. Amino Acids 2013,
45, 1191–1205. [CrossRef]

12. Mao, X.; Liu, M.; Tang, J.; Chen, H.; Chen, D.; Yu, B.; He, J.; Yu, J.; Zheng, P. Dietary Leucine Supplementation Improves the Mucin
Production in the Jejunal Mucosa of the Weaned Pigs Challenged by Porcine Rotavirus. PLoS ONE 2015, 10, e0137380. [CrossRef]

13. National Research Council. Nutrient Requirements of Swine; National Academy Press: Washington, DC, USA, 2012.
14. Gu, Y.; Song, Y.; Yin, H.; Lin, S.; Zhang, X.; Che, L.; Lin, Y.; Xu, S.; Feng, B.; Wu, D.; et al. Dietary Supplementation with Tributyrin

Prevented Weaned Pigs from Growth Retardation and Lethal Infection via Modulation of Inflammatory Cytokines Production,
Ileal Expression, and Intestinal Acetate Fermentation. J. Anim. Sci. 2017, 95, 226–238. [CrossRef]

15. Marquardt, R.R.; Jin, L.Z.; Kim, J.W.; Fang, L.; Frohlich, A.A.; Baidoo, S.K. Passive Protective Effect of Egg-Yolk Antibodies
against Enterotoxigenic Escherichia coli K88+ Infection in Neonatal and Early-Weaned Piglets. FEMS Immunol. Med. Microbiol.
1999, 23, 283–288. [CrossRef]

16. Tonel, I.; Pinho, M.; Lordelo, M.M.; Cunha, L.F.; Garres, P.; Freire, J.P.B. Effect of Butyrate on Gut Development and Intestinal
Mucosa Morphology of Piglets. Livest. Sci. 2010, 133, 222–224. [CrossRef]

17. Hughes, C.S.; Moggridge, S.; Müller, T.; Sorensen, P.H.; Morin, G.B.; Krijgsveld, J. Single-Pot, Solid-Phase-Enhanced Sample
Preparation for Proteomics Experiments. Nat. Protoc. 2019, 14, 68–85. [CrossRef]

18. Matos, A.; Domínguez-Pérez, D.; Almeida, D.; Agüero-Chapin, G.; Campos, A.; Osório, H.; Vasconcelos, V.; Antunes, A. Shotgun
Proteomics of Ascidians Tunic Gives New Insights on Host–Microbe Interactions by Revealing Diverse Antimicrobial Peptides.
Mar. Drugs 2020, 18, 362. [CrossRef]

19. Almeida, A.M.; Nanni, P.; Ferreira, A.M.; Fortes, C.; Grossmann, J.; Bessa, R.J.B.; Costa, P. The Longissimus Thoracis Muscle
Proteome in Alentejana Bulls as Affected by Growth Path. J. Proteom. 2017, 152, 206–215. [CrossRef]

20. Moya, S.L.; Boyle, L.; Lynch, P.B.; Arkins, S. Pro-Inflammatory Cytokine and Acute Phase Protein Responses to Low-Dose
Lipopolysaccharide (LPS) Challenge in Pigs. Anim. Sci. 2006, 82, 527–534. [CrossRef]

21. Webel, D.M.; Finck, B.N.; Baker, D.H.; Johnson, R.W. Time Course of Increased Plasma Cytokines, Cortisol, and Urea Nitrogen in
Pigs Following Intraperitoneal Injection of Lipopolysaccharide. J. Anim. Sci. 1997, 75, 1514–1520. [CrossRef]

22. Yao, K.; Guan, S.; Li, T.; Huang, R.; Wu, G.; Ruan, Z.; Yin, Y. Dietary L-Arginine Supplementation Enhances Intestinal Development
and Expression of Vascular Endothelial Growth Factor in Weanling Piglets. Br. J. Nutr. 2011, 105, 703–709. [CrossRef]

23. Zhu, L.; Cai, X.; Guo, Q.; Chen, X.; Zhu, S.; Xu, J. Effect of N-Acetyl Cysteine on Enterocyte Apoptosis and Intracellular Signalling
Pathways’ Response to Oxidative Stress in Weaned Piglets. Br. J. Nutr. 2013, 110, 1938–1947. [CrossRef]

24. Hou, Y.; Wang, L.; Yi, D.; Ding, B.; Yang, Z.; Li, J.; Chen, X.; Qiu, Y.; Wu, G. N-Acetylcysteine Reduces Inflammation in the Small
Intestine by Regulating Redox, EGF and TLR4 Signaling. Amino Acids 2013, 45, 513–522. [CrossRef]

25. Schroeder, H.W.; Cavacini, L. Structure and Function of Immunoglobulins. J. Allergy Clin. Immunol. 2010, 125, S41–S52. [CrossRef]
26. Kim, M.; Yun, C.; Kim, G.; Ko, J.; Lee, J.-J.; Ha, J.-K. Changes of Immunoglobulins and Lymphocyte Subpopulations in Peripheral

Blood from Holstein Calves Challenged with Escherichia coli Lipopolysaccharide. Asian Australas. J. Anim. Sci. 2011, 24, 696–706.
[CrossRef]

27. Wu, M.; Xiao, H.; Shao, F.; Tan, B.; Hu, S. Arginine Accelerates Intestinal Health through Cytokines and Intestinal Microbiota. Int.
Immunopharmacol. 2020, 81, 106029. [CrossRef]

28. Han, B.; Tong, J.; Zhu, M.J.; Ma, C.; Du, M. Insulin-like Growth Factor-1 (IGF-1) and Leucine Activate Pig Myogenic Satellite Cells
through Mammalian Target of Rapamycin (MTOR) Pathway. Mol. Reprod. Dev. 2008, 75, 810–817. [CrossRef]

29. Wang, J.P.; Yoo, J.S.; Jang, H.D.; Lee, J.H.; Cho, J.H.; Kim, I.H. Effect of Dietary Fermented Garlic by Weissella Koreensis
Powder on Growth Performance, Blood Characteristics, and Immune Response of Growing Pigs Challenged with Escherichia coli
Lipopolysaccharide. J. Anim. Sci. 2011, 89, 2123–2131. [CrossRef]

30. Priego, T.; Granado, M.; Ibáñez de Cáceres, I.; Martín, A.I.; Villanúa, M.A.; López-Calderón, A. Endotoxin at Low Doses Stimulates
Pituitary GH Whereas It Decreases IGF-I and IGF-Binding Protein-3 in Rats. J. Endocrinol. 2003, 179, 107–117. [CrossRef]

31. Liu, Y.L.; Li, D.F.; Gong, L.M.; Yi, G.F.; Gaines, A.M.; Carroll, J.A. Effects of Fish Oil Supplementation on the Performance and the
Immunological, Adrenal, and Somatotropic Responses of Weaned Pigs after an Escherichia coli Lipopolysaccharide Challenge. J.
Anim. Sci. 2003, 81, 2758–2765. [CrossRef]

32. Tsugawa, Y.; Handa, H.; Imai, T. Arginine Induces IGF-1 Secretion from the Endoplasmic Reticulum. Biochem. Biophys. Res.
Commun. 2019, 514, 1128–1132. [CrossRef]

33. Lenting, P.J.; Christophe, O.D.; Denis, C.V. Von Willebrand Factor Biosynthesis, Secretion, and Clearance: Connecting the Far
Ends. Blood 2015, 125, 2019–2028. [CrossRef] [PubMed]

34. Gragnano, F.; Sperlongano, S.; Golia, E.; Natale, F.; Bianchi, R.; Crisci, M.; Fimiani, F.; Pariggiano, I.; Diana, V.; Carbone, A.; et al.
The Role of von Willebrand Factor in Vascular Inflammation: From Pathogenesis to Targeted Therapy. Mediat. Inflamm. 2017,
2017, 5620314. [CrossRef] [PubMed]

35. Bost, F.; Diarra-Mehrpour, M.; Martin, J.P. Inter-Alpha-Trypsin Inhibitor Proteoglycan Family–a Group of Proteins Binding and
Stabilizing the Extracellular Matrix. Eur. J. Biochem. 1998, 252, 339–346. [CrossRef] [PubMed]

36. Litwiniuk, M.; Krejner, A.; Speyrer, M.S.; Gauto, A.R.; Grzela, T. Hyaluronic Acid in Inflammation and Tissue Regeneration.
Wounds 2016, 28, 78–88. [PubMed]

http://doi.org/10.1007/s00726-013-1577-y
http://doi.org/10.1371/journal.pone.0137380
http://doi.org/10.2527/jas.2016.0911
http://doi.org/10.1111/j.1574-695X.1999.tb01249.x
http://doi.org/10.1016/j.livsci.2010.06.069
http://doi.org/10.1038/s41596-018-0082-x
http://doi.org/10.3390/md18070362
http://doi.org/10.1016/j.jprot.2016.10.020
http://doi.org/10.1079/ASC200665
http://doi.org/10.2527/1997.7561514x
http://doi.org/10.1017/S000711451000365X
http://doi.org/10.1017/S0007114513001608
http://doi.org/10.1007/s00726-012-1295-x
http://doi.org/10.1016/j.jaci.2009.09.046
http://doi.org/10.5713/ajas.2011.11029
http://doi.org/10.1016/j.intimp.2019.106029
http://doi.org/10.1002/mrd.20832
http://doi.org/10.2527/jas.2010-3186
http://doi.org/10.1677/joe.0.1790107
http://doi.org/10.2527/2003.81112758x
http://doi.org/10.1016/j.bbrc.2019.05.044
http://doi.org/10.1182/blood-2014-06-528406
http://www.ncbi.nlm.nih.gov/pubmed/25712991
http://doi.org/10.1155/2017/5620314
http://www.ncbi.nlm.nih.gov/pubmed/28634421
http://doi.org/10.1046/j.1432-1327.1998.2520339.x
http://www.ncbi.nlm.nih.gov/pubmed/9546647
http://www.ncbi.nlm.nih.gov/pubmed/26978861


Animals 2021, 11, 1143 14 of 14

37. Volpi, N.; Schiller, J.; Stern, R.; Soltés, L. Role, Metabolism, Chemical Modifications and Applications of Hyaluronan. Curr. Med.
Chem. 2009, 16, 1718–1745. [CrossRef] [PubMed]

38. Pei, G.; Liu, G.; Pan, X.; Pang, Y.; Li, Q. L-C1qDC-1, a Novel C1q Domain-Containing Protein from Lethenteron Camtschaticum
That Is Involved in the Immune Response. Dev. Comp. Immunol. 2016, 54, 66–74. [CrossRef] [PubMed]

39. Chen, M.; Ding, M.; Li, Y.; Zhong, X.; Liu, S.; Guo, Z.; Yin, X.; Fu, S.; Ye, J. The Complement Component 1 q (C1q) in Nile Tilapia
(Oreochromis Niloticus): Functional Characterization in Host Defense against Bacterial Infection and Effect on Cytokine Response
in Macrophages. Dev. Comp. Immunol. 2018, 87, 98–108. [CrossRef]

40. Li, L.; Dong, M.; Wang, X.-G. The Implication and Significance of Beta 2 Microglobulin: A Conservative Multifunctional Regulator.
Chin. Med. J. 2016, 129, 448–455. [CrossRef]

41. Schmid, H.; Koop, M.; Utermann, S.; Lambacher, L.; Mayer, P.; Schaefer, L. Specific Catalytic Activity of Cathepsin S in Comparison
to Cathepsins B and L along the Rat Nephron. Biol. Chem. 1997, 378, 61–69. [CrossRef]

42. Hobart, M.J.; Fernie, B.A.; DiScipio, R.G. Structure of the Human C7 Gene and Comparison with the C6, C8A, C8B, and C9 Genes.
J. Immunol. 1995, 154, 5188–5194.

43. Wimmers, K.; Khoa, D.V.A.; Schütze, S.; Murani, E.; Ponsuksili, S. The Three-Way Relationship of Polymorphisms of Porcine
Genes Encoding Terminal Complement Components, Their Differential Expression, and Health-Related Phenotypes. BMC Proc.
2011, 5, 1–4. [CrossRef]

http://doi.org/10.2174/092986709788186138
http://www.ncbi.nlm.nih.gov/pubmed/19442142
http://doi.org/10.1016/j.dci.2015.08.011
http://www.ncbi.nlm.nih.gov/pubmed/26342581
http://doi.org/10.1016/j.dci.2018.05.023
http://doi.org/10.4103/0366-6999.176084
http://doi.org/10.1515/bchm.1997.378.2.61
http://doi.org/10.1186/1753-6561-5-S4-S19

	Introduction 
	Materials and Methods 
	Animal Welfare Disclaimer 
	Animals, Diets and Sampling 
	Gut Morphology 
	Serum Immune and Hormonal Status 
	Statistical Analysis for Non-Proteomics Data 
	Proteomics Analysis 
	Data Availability 

	Results 
	Growth Performance and Faecal Score 
	Gut Morphology 
	Serum Inflammatory and Hormonal Status 
	Serum Proteomics 

	Discussion 
	Conclusions 
	References

