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Abstract: Over the last few decades, the productivity of sows has improved tremendously,
especially in terms of litter size. Colostral immunoglobulins (Igs) are essential for the
early protection of piglets against pathogens. We hypothesized that with the increase in
sows’ productivity, the Ig content of colostrum has declined. The research results reviewed
confirmed a negative trend in the case of IgG and IgA. The sows’ blood IgG and IgM
concentrations decreased from late gestational levels, confirming the transfer from serum
(with most of them not synthesized in the mammary gland). This connection was also
confirmed by our correlation analyses. Colostrum Ig levels correlate well with the piglets’
blood Ig concentrations, proving the importance of colostral Ig intake. The most effective
feed supplements are antioxidants and arginine to improve the Ig content of the blood
(about 30 to 70%) and colostrum (about 10 to 70%). Pre- and probiotics and other feed
supplements express only a modest (about +10 to 20%) but positive effect.

Keywords: sow; colostrum; milk; immunoglobulins; feed supplementation

1. Introduction

Over the last fifty years, progress in genetic selection has led to a significant increase
in litter size. Modern genotypes produce large litters (18-19 piglets or more per farrow-
ing on farms on average), and the individual bodyweight of piglets at birth is inversely
proportional to the size of the litter [1]. Therefore, the number of low-birth-weight piglets
has increased over the years [2]. It is evident that with the decrease in birth weight, pre-
weaning loss is increasing [3]. One important reason is that with the increased litter size,
the colostrum yield per liveborn piglet decreases [4]. Therefore, one of the cornerstones of
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high-production pig farms is to keep piglets born with a lower bodyweight alive [5]. Piglets
that do not have an acceptable amount of quality colostrum are 4-5 times more likely to die.
Unfortunately, modern high-productivity hybrids have lower protein content in their milk
after farrowing compared to conventional genotypes [6]. Also, the duration of parturition
has increased in modern high-productivity sows (from 156 to 262 min), so piglets can still
be in the uterus 6 h after the onset of parturition; therefore, their colostrum intake can
be limited and fewer immunoglobulins (Igs) can be transferred due to the rapid decline
in colostrum [7]. The lower colostrum intake and the impaired quality of colostrum in
these high-productivity hybrids result in their piglets being more susceptible to diseases [8].
Ensuring that piglets receive adequate amounts of quality colostrum not only enhances
their survival rates but also lays the foundation for their future growth and productivity,
making it a key focus for swine producers and animal health professionals.

Early studies with '?°I-labelled immunoglobulins revealed that about 90% of them in
colostrum are of serum origin, and only the remaining 10% are synthesized in the mammary
gland [9]. Therefore, the immunological status of the sow, especially during late gestation,
plays a very important role.

Our hypothesis is that with the genetic progress in litter size and milk production,
the immunoglobulin content of colostrum may have changed (declined). This could be
due to a possible physiological limit of Ig production and less available nutrients for Ig
synthesis because of the greater need of fetuses’ and mammary gland development. We
aimed to analyze the available publications over the last four decades to calculate the trend
and analyze the possible influencing factors. Since it seems that colostrum Ig content is
highly dependent on serum, we summarized the effects of various feed supplements on
serum and colostrum Ig levels based on the available publications.

2. Materials and Methods

Potential publications were identified using the Publish or Perish tool [10] through
keywords including sow, colostrum, milk, and immunoglobulin. The maximum number
of papers was set to 500. Figure 1 shows the distribution of the papers dealing with the
searched topic during the period of 1980-2024. It seems that researchers were more active
in the fields of sow colostrum and milk in the period of 2010-2024.
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Figure 1. Distribution of publications studying the composition of sows’ colostrum and milk between
1980 and 2024.
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The extracted papers were evaluated using the Rayyan tool [11] with the following
criteria:

- Keywords: sow AND colostrum AND milk AND immunoglobulin
- English language

- Only journal articles

- The period of 1980-2024

A total of 46 eligible papers were selected. For the correlation and regression analyses,
we reviewed the publications and excluded those where no serum/plasma Ig content was
measured or no numerical result (only figure) was presented (17); review papers (4) and
irrelevant publications were disregarded as well (3). The process resulted in 22 publications.
In addition, we also reviewed the references of these articles, and 34 other publications were
identified, resulting in the inclusion of 56 manuscripts. Only the data (IgG, IgA, and IgM in
colostrum, milk, and serum/plasma) of the control groups from these publications were
compiled in MS Excel; in every row, only the data originating from the same time point
were placed. The database consisted of 175 records, which were used in the correlation and
regression analyses. When the data were graphically reviewed, some obvious “outliers”
were seen. As these data were already group averages from a trial (not a single measurement
error), we decided not to exclude them.

All statistical analyses were performed using GraphPad Prism 10.4.0. (GraphPad
Software Inc., San Diego, CA, USA). A p-value of less than 0.05 was considered statistically
significant. The relationship between colostrum IgG, IgA, and IgM concentrations and
the independent variables (sow serum and pig serum) was evaluated using Pearson (r)
correlation coefficients and linear regression.

3. The Role of Immunoglobulins and Their Presence in Sow Milk
and Colostrum

Immunoglobulins (Ig), also known as antibodies, are glycoproteins produced by
plasma cells in response to antigens. They play an important role in the immune system by
recognizing and neutralizing toxins and pathogens like bacteria and viruses. Each Ig has a
unique region that binds specifically to a particular antigen. There are five main types of Igs
(IgG, IgA, IgM, IgE, and IgD) in sows, and each has unique functions and properties [12].
IgA is found mainly in mucosal areas, such as the gut, respiratory tract, and urogenital tract
but also in saliva, tears, and breast milk. It plays an important role in mucosal immunity by
preventing pathogen adherence and invasion and protecting mucosal surfaces [13]. IgM is
located in the blood and lymphatic fluids. This is the predominant antibody produced in
response to an infection. It is highly effective in forming complexes with different antigens,
leading to pathogen lysis [14]. IgG is present in the blood and extracellular fluids. IgG
provides the major part of antibody-based immunity, synthesized in the secondary immune
response to pathogens [15]. In sow milk, IgA, IgM, and IgG are the main types [16] and
are synthesized locally in the mammary gland [17]. These antibodies are essential for the
development of the piglet’s immune system because they provide passive immunity until
the piglet’s own immune system matures.

Concentrations of Igs are the highest in colostrum for the first hours postpartum and
constantly decline after 6 h; however, the decrease in IgG concentration is faster than the
decrease in IgA and IgM concentrations [6,18,19]. Colostrum also has higher concentra-
tions of dry matter, proteins, vitamins, minerals (e.g., zinc, copper, iron, and iodine), and
hormones; however, lactose and fat are present in lower concentrations compared to those
in mature milk [18,20-22]. The milk reaches its mature composition between the seventh
and tenth day of lactation and then remains almost stable until the rest of lactation [6].
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The epitheliochorial placenta of the sow does not allow the transfer of maternal anti-
bodies and immune cells to the fetus; therefore, piglets rely on their natural immune system
and the passive immunity received from the sow via the colostrum [20]. Transfer of Igs
from sow plasma to the mammary glands starts before farrowing (approximately 10 days
pre-farrowing), increases 3—4 days before farrowing, and is maximal on the farrowing
day [23]. Therefore, colostrum synthesis is not finished fully before the parturition of sows.
The neonatal fragment crystallizable (Fc) receptor for IgGs (known as FcRn) is expressed
by mammary glands and most probably mediates IgG transfer from the plasma into the
mammary gland and colostrum [24]. IgA and IgM are transferred into the colostrum by
the polymeric Ig receptor (pIgR) located in the mammary gland. FcRn is present in gut
epithelial cells, but the absorption of colostral Igs in piglets may not be regulated by just
this receptor. IgG, IgM, and IgA are transferred to enterocytes via selective transcytosis
stimulated by colostral factors [17]. The period of protection of piglets by maternal antibod-
ies depends on the timing of gut closure [25], which is about 24-36 h postpartum. Studies
show that it is not the amount of Igs but rather nutrients (e.g., glucose and protein) and
other hormones that influence closure [26].

Mortality of piglets in the first few days is mostly caused by inadequate colostrum
intake. The recommendation for colostrum intake is 200-250 g per piglet [20], which
influences piglet survival before weaning [27]. Unfortunately, the amount of colostrum
is limited in large litters; therefore, some piglets may not obtain enough. A lower birth
weight (<1.0 kg), especially in IUGR (intrauterine growth retarded) piglets, can result in
even lower colostrum intake, which increases mortality. A recent study [28] concluded
that if the piglet’s birth weight is greater than 1.5 kg, then its subsequent performance is
not influenced. In a study with more than 500 sows [29], piglets with a birth weight lower
than 0.6 kg had the highest mortality rate, and in those with a birth weight above 1.4 kg,
the mortality rate was the lowest. Piglets with a birth weight above 1.3 kg had the same
probability of death, regardless of colostrum intake. However, piglets with a birth weight
of 1.2-1.3 kg and 1.1-1.2 kg had the same probability of death only when their colostrum
intake reached 200 and 250 g/day, respectively [30]. Generally, low-birth-weight piglets
are below 1.0 kg in weight, and to determine whether they are IUGR, a morphological
examination is needed [31]. Several other factors can influence colostrum consumption,
such as the health status of the sow, the number of parity, environmental conditions [32],
changes in reproductive hormones, genetics, and nutrition [22]. Therefore, we need to use
all measures available to maximize colostrum and Ig intake, including rearing technology
(such as split suckling) and nutritional interventions (to improve colostrum quality) [7].

4. Factors Other than Nutrition That Can Affect the Ig Content
in Colostrum

Several studies have found that primiparous sows have lower levels of Igs in their
colostrum and milk compared to multiparous sows [33-35], while other experiments have
revealed no connection between sow parity and Ig content [22,36,37]. Extreme temperature,
whether hot or cold, produces stress in sows, which affects production, reproductive per-
formance, milk production, immune function, and the serum levels of Igs during gestation
and lactation [38-40]. Heat stress, for example, has been shown to reduce feed intake and
alter hormonal balances, potentially leading to a decrease in Ig levels in colostrum [41,42].
Proper management practices such as optimal housing conditions and hygiene may help
maintain the quality of sow milk. Sows kept in a traditional open-housing system had
higher Ig content in their colostrum than sows kept in an evaporative cooling-housing
system [43]; however, Zhao et al. [44] did not detect a housing effect during gestation. High
social stress due to overcrowding or aggressive behavior can also negatively impact sow



Agriculture 2025, 15, 641

5 of 36

health [45]. Several studies have also reported that breed and genotype can influence the
composition of colostrum [21,27,35,39,46-49]. Iberian sows had lower crude protein, fat,
and lactose content in their colostrum than German Landrace sows [35,46]. Farmer and
Quesnel, ref. [39], found that Duroc pigs have higher protein and IGF (insulin-like growth
factor) content than Landrace pigs. Meishan sows have less lactose than European White
breeds [47]; however, lactose content was greater in the colostrum of the Yorkshire genotype
compared to the Belgian Landrace/Pietrain and Duroc lines [48]. The concentration of IgA
in colostrum was higher in the Hampshire and Landrace x Yorkshire sows; however, it
was lower in the Landrace and Yorkshire purebreds [49]. The concentration of IgGs was
greater in the Large White than in the Large White x Landrace [27]. The Duroc breed has
the highest IgG and IgA levels in its colostrum compared to Landrace and Large White
sows [21]. These differences between genotypes may indicate the significance of selection
to improve the composition and yield of colostrum and milk.

5. Changes in Ig Concentrations in Colostrum Between 1980 and 2024

Since the productivity of sows has changed quite a lot during the last forty years,
we hypothesized that this might have had an effect on colostrum Ig content. The p-value
of IgG and IgM in the slope test indicates that the slope is significantly different from
zero, and since the slope (a) has a negative value, it justifies our hypothesis. Figure 2 also
illustrates that the measured values show a very diffuse pattern. This suggests that the
immunoglobulin content of colostrum is affected by several other factors (e.g., genotype,
parity, age, health status, nutrition, farm management, and environment), and this can
result in large differences. Some of them are discussed in Section 4. However, we would like
to mention another one. The main methodologies for measuring the Ig content of colostrum
are BRIX, RID (radial immunodiffusion), and ELISA (Enzyme-Linked Immunosorbent
Assay) [50]. The BRIX refractometer is an on-farm method because it is fast, easy to use,
and not expensive and requires only a small amount of sample. The RID assay is the best
method for direct measurements; however, it is very expensive and time-consuming and
requires special equipment and skills. ELISA is more cost-effective and can measure a
large number of samples at one time [46]. The widely used ELISA tests have a nanogram
sensitivity [51,52], which means that the colostrum and milk samples need to be diluted
before analysis, and there are big differences in dilution ratios (for instance: Davis et al. [53]
and [54]: 1:200,000 for IgA, 1:500,000 for IgG, and 1:25,000 for IgM; Marciag et al. [55]:
1:500,000 for IgG and 1:30,000 for IgA; Lisley and Miller, [56]: colostrum 1:250,000 for IgG
and 1:100,000 for IgA and milk 1:2500 for IgG and 1:20,000 for IgA). Most publications
report colostrum and milk Ig concentrations in mg/mL, but some report them in ug/mL or
ng/mL. In Figure 2, and also in Figure 3, several “outlier” data can be observed; however,
since these data already group averages, we did not remove them from the analysis. These
data could be a result of a systematic analysis error or differences in methodologies, which
warrants standardization.

All three Igs exhibit significant variance in colostrum concentration at farrowing
(Figure 3). Only the analysis of IgG shows a considerable coefficient of determination with
the exponential curve fitted to the time elapsed from farrowing (0 h). The exponential curve
results in 62.19 mg/mL IgG at farrowing, while by 12 h, it is 53.07 mg/mL, and by 24 h,
it results in a 45.29 mg/mL concentration. This means that in 24 h, the IgG concentration
decreased by only 27%. However, since there are several relatively strong research results,
which affect the parameters of the calculated equation, these results should be interpreted
with caution. In real life, at a specific farm, the Ig content in colostrum may decline more
rapidly. Therefore, it is still very important to maximize colostrum intake on the first day.
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Figure 2. Changes in the IgG, IgA, and IgM concentration (mg/mL) in colostrum between 1980 and
2024. Data from [4,19,25,32,33,40,43,50,51,53,54,56-89].
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Figure 3. Changes in Ig concentration in colostrum and milk during lactation. Data from [4,19,25,32,
33,40,43,50,51,53,54,56-89].

The concentration of immunoglobulins in the serum/plasma of sows and piglets can
be seen in Figure 4. Due to some extreme published values, only piglet IgM values have a
notable R? value (0.52) over the lactation period. The slope test results indicate that the IgM
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concentration decreases from the concentrations measured before farrowing, while the IgG
and IgM levels in the piglets’ blood increase during the lactation period. The IgG and IgM
concentrations in the colostrum show a significant correlation with the blood level during
late gestation (Table 1). IgA and IgM concentrations in the colostrum correlate very well
with the sow’s blood concentrations at farrowing and during late lactation and also with
milk IgA and IgM levels, respectively. This result justifies the findings of [90] in that the
colostrum Ig content is mainly of serum origin. Since immune status during colostrogenesis
is an important factor, nutritional interventions that can improve serum/plasma Ig levels,
especially IgG, can have a positive effect on piglet health and growth. As presented in
Table 1, piglets” serum/plasma Ig levels have a moderate-to-good significant correlation or
tended to have a significant correlation with the colostrum Ig concentration; this underlines
the importance of colostral Ig content.

® IgG sow
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Figure 4. Changes in Ig concentrations in the serum/plasma of sows and piglets during gestation
and lactation. Data from [32,52,56-58,61-64,71,72,75,78,80,87,88,91-102].

Table 1. Correlation between colostrum immunoglobulin concentrations and the serum/plasma of
sows and piglets and milk.

Serum Sow Serum Piglet .
Before Farrowing Farrowing After Farrowing (S];) W I;/hzli()
(Day —2to —7) (Day 0) (Day 12-28) Day 12-28 v
IgG colostrum
r 0.849 0.468 0.447 0.617 0.285
p-value 0.0320 0.1060 0.1090 0.0060 0.1880
IgA colostrum
r 0.609 0.930 0.939 0.494 0.441
p-value 0.2000 0.0001 0.0001 0.0520 0.0352
IgM colostrum
r 0.873 0.872 0.844 0.828 0.996
p-value 0.023 0.0020 0.0010 0.0005 0.0001

Data from [32,51,52,56-64,71,72,75,76,78-80,83,84,86,88,89,92,93,96].
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6. Feed Supplements and Their Effects on Colostrum and Milk
Composition and Sow and Piglet Performance

We prioritized studies only about feed additives in the diets of gestating and/or
lactating sows, which affect colostrum composition. Research mostly focused on sup-
plementation with amino acids, dietary antioxidants, pre- and probiotics, and other
less-tested substances.

6.1. Amino Acids
6.1.1. Mode of Action

Amino acids are essential for protein synthesis but also play an important role
in gene expression. They are also substrates for many biologically active substances
(e.g., polyamides, glutathione, hormones, and nucleic acids), hence the term functional
amino acids [103]. Essential amino acids must be supplemented by nutrition because they
cannot be synthesized or are inadequately synthesized in sows. Amino acids can benefit
pregnant and lactating sows by improving fetal growth, neonatal health, and lactation
performance [103]. Protein deficiency decreases immune function and increases the possi-
bility of disease outbreaks. Arginine, cysteine, and glutamine have important roles in the
immune system [104].

6.1.2. Most Pronounced Effects

Dietary supplementation of arginine (1%) improves the immune cell population
(increased number of white blood cells, neutrophils, and basophils) of sows [105]. Arginine
is also necessary for the growth of the placenta and the development of the fetus [106].
It stimulates the secretion of prolactin and growth hormones, and it is necessary for the
growth of mammary glands [107,108]. In studies in the literature, arginine supplementation
improved the weight of the litter [106,109,110] and increased the number of piglets born
alive [100], impacted the fat and protein content of milk [108], and also increased the
immune reaction (shown by the increased Ig level in the serum) [100,111,112]. Arginine in
the diet improved sow production performance and intestinal microbiota [95]; however,
Krogh et al. [113] did not find any change.

Glutamate is a peptide-binding amino acid. It can act as a substrate and activator in
protein synthesis and improve sow milk production. Lactating sows may not obtain enough
glutamate to promote milk production; therefore, supplementation can be beneficial. In
one study, glutamine and glutamate supplementation in sows resulted in higher fat content
in colostrum, which could be beneficial for suckling piglets [114]. Monosodium glutamate
in sow nutrition improved daily milk production, increased the protein and fat content of
milk during late gestation and lactation, and also improved the growth of piglets [92,115]
(Table 2).

Serin is required for the biosynthesis of selenocysteine and can directly promote the
synthesis of selenoproteins [116] and regulate selenoprotein synthesis in young pigs [117].
Late gestation and lactating diets supplemented with serine increased the selenoprotein P
(seppl) and selenium content in the milk of lactating sows and resulted in higher body-
weight of the piglets and also improved the Se status of both sows and piglets [118].
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Table 2. Amino acid supplementation and its effects on Ig levels in sows’ colostrum, milk, and serum.

Changes in Ig Concentration (+/— % Changes Compared to the Control)

Treatment in Feed Feeding Protocol Colostrum Milk Serum/Plasma Sow or Piglet References Effects in General
Sow plasma
d—24
. IgG, IgM
L-Arg 1% From day 30 of gestation !
supplementation until day 90 or day 114 +i13’j456 (1] T Immune system
IgG, IgM
+60; +50
) o o . IgG 1 Live born piglets and piglets’
L Arg10.5 %o a;n;l 1% From di'}ll f85 of gestation 05% —13 [12] birth weight
suppiementation unt farrowng 1%: +36 1 1gG in colostrum with 1% suppl.

Sow plasma
d—24
IgG, IgA, IgM
0.08%: +29; +64; +6
0.16%: +21; +49; —6

L-Arg 0.08%, 0.16%, From dav 30 of estation 0.24%: +10; +75; +12 1 Plasma Arg
0.24%, and 0.32% t.{ . fin 0.32%: +9; +32; +27 [100] 1 Born alive
supplementation untt owing d—4 1 Milk quality

IgG, IgA, IgM

0.08%: +13; +15; +4
0.16%: +9; +7; +15
0.24%: +39; +11; +7
0.32%: +21; +3; +9

Sow serum
IgG, IgA, IgM
d—4

BCCG: +36; +21; +13

BCCA: L-Val, L-Ile, and Arg: +44; +23; +7

L-Leu at9, 4.5, and IgG, IgA, IgM IgG, IgA, IgM BCCG +Arg: +82; —11; —5
9g /clla}.l', From day 100 of gestation BCCA: +12; +37; +75 BCCA: —16; +18; —16 d10 [95] 1 Sow productive performance
Arg:225¢/ day; until weaning (d27) Arg: +42; +61; +42 Arg: +4; +13; +32 BCCG: —28; +131; +24 ) 1 Intestinal microbiota
BCCA + Ar yi BCCA +Arg: —16; —30; +51 BCCA+Arg: —8; +99; +186 Arg: +21; +122; +9
& BCCG +Arg: —15; +75; +5
d27

BCCG: +6; —33; +27
Arg: —13; —20; +21
BCCG +Arg: +2; —47; +7
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Table 2. Cont.

Changes in Ig Concentration (+/— % Changes Compared to the Control)

Treatment in Feed Feeding Protocol Colostrum Milk Serum/Plasma Sow or Piglet References Effects in General
L-Arg 0.5%, 1%, and . . 1 Piglet weight gain
1.5% supplementation During lactation [108] 1 Milk composition
L-Arg 255 g/day From d77 of gestation [110] | Withinlitter variation
supplementation until farrowing
L-Arg 0.5% and 1% . . 1 Plasma Arg level
supplementation During lactation [107] 1 Weight gain of piglets
Total Val-Lys ratio of From d75 of gestation [119] 1 Daily weight gain of piglets
0.63, 0.73, and 0.93 until farrowing 1 Prolactin in plasma
Glutamate 2% From.one we.ek before 1 Milk production
supplementation farrowing until day 21 of [92] 1 Growth of piglets
PP lactation Pig
Glutamate 1% and 2% . . 1 Milk synthesis
supplementation During lactation (115] 1 Piglet growth
Glutamine and From one week before . .
o . . 1 Glutamine content of milk
glutamate 1.5% farrowing until day 21 of [114] . .
. - 1 Fat content in colostrum and milk
supplementation lactation
0.137%, 00.275'/0, and From day 110 of gestation TImproved Se §tatus of sows
0.55% serine ntil nin [118] and piglets
supplementation untt weaning T Piglet weight
From day 30 of gestation
Arg 25 g/day until weaning (d28) [113] No change
Arg 0.72%, 1%, and 1.5%  From day 70 of gestation [109] 1 Litter and piglet weight gain

in the diet

until farrowing

T the parameter increased; | the parameter decreased.
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6.1.3. Effectiveness

Amino acid supplementation has a clear positive effect on the sow’s Ig concentration
in the blood during late gestation (Table 2) (+35, +26, and +15 percentages on average
for IgG, IgA, and IgM, respectively). This positive effect remains only for IgA during the
late lactation period (about a 38% increase). Elevated serum/plasma Ig levels in sows
during late pregnancy have a more pronounced effect on IgA and IgM concentrations
in both colostrum and milk (+12, +23, and +56 and —7, +43, and +67 percentages on
average in colostrum and milk for IgG, IgA, and IgM, respectively). The data gathered
suggest that arginine alone in about 1% supplementation can provide a beneficial effect.
When supplementation is applied from the early period of gestation, lower doses may also
be effective.

6.2. Dietary Antioxidants (Vitamin E, Vitamin C, Vitamin A, and Se)
6.2.1. Mode of Action

Vitamins and trace minerals are important in scavenging oxygen free radicals. Reactive
oxygen species (ROS) and oxidation in sows or piglets have long-lasting effects on the
offspring and the growth of piglets during lactation and post-weaning; therefore, it is
necessary to decrease oxidative damage with supplementation.

Vitamin E is one of the most effective lipid-soluble chain-break antioxidants and is
present in cell membranes. It can decrease lipid peroxidation caused by ROS and free
radicals and maintain cell membrane integrity. Vitamin C can also decrease the damage
caused by free radicals in cells and regenerate vitamin E. Selenium is a well known bio-
logical antioxidant that can provide a beneficial antioxidant status and improve humoral
immune function (IgG and IgA). Piglets are born with low vitamin E concentrations due
to the limited placental transfer [87]. Prenatal vitamin E and Se supply can provide an
optimal antioxidant status for the piglet at birth; postnatal addition can provide the optimal
antioxidant status during lactation and after weaning [120]. Vitamin A is essential for
epithelial cell differentiation and mucus production and acts as the first line of defense
against pathogens. B-carotene is the precursor of vitamin A and has antioxidant activity.
Carotenoid supplementation in diets has beneficial effects on the immune system, enhances
humoral activity, and increases resistance to disease. Vitamin A and f-carotene supplemen-
tation also enhance the reproductive performance of sows, resulting in more piglets being
born [121].

6.2.2. Most Pronounced Effects

Inadequate amounts of vitamin E and selenium may result in increased sensitivity
to diseases and morbidity because selenium deficiency blocks the function of neutrophils
while vitamin E deficiency both impacts lymphocytes and neutrophils [122,123]. Vitamin E
and vitamin C supplementation during gestation improved total Ig and IgG concentration
in the serum of piglets; however, there was no effect on colostrum [87]. An increased
amount of vitamin E and/or selenium in sow feed improves the fat content of the milk,
the colostrum composition, and humoral and cell immunity (increased IgG and IgA). It
also increases the number of born-alive piglets and the weaning weight. It can regulate
the microbiota and antioxidant activity in both sows and piglets [120,124,125]. It can
be concluded that supplementation of the sow’s diet with antioxidant vitamins above
requirements has the potential to increase IgG concentrations (Table 3).

Oxidized p-carotene has immune-modulating activity by enhancing the immune
system (increasing the production of cytokines and phagocyte activity) and decreasing
inflammation [126] (Table 3). The immunological activity and the positive effect on animal
health lead to the use of it in the sow diet. Dietary fully oxidized [3-carotene supple-
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mentation improved IgG, IgM, and IgA levels in colostrum and lactose, IgG, and IgM
concentrations in milk [89,121].

Selenium is an essential trace element for animal health; however, it can act as a toxic
substance. Se deficiency or overdose can cause damage in animals; therefore, it is very
important to find nutritional strategies to improve Se bioavailability. It can be conjugated
into amino acids, act as a cofactor for antioxidant enzymes, and is involved in the immune
system. There is a relationship between selenium intake and selenium status in lactating
sows because the plasma selenoprotein P and selenium content of milk increased through
increased selenium supplementation [118]. Selenium in organic (yeast) and inorganic
(sodium selenite) form can be supplemented into a sow’s diet during gestation and lactation.
A study conducted by Gelderman and Clapper, ref. [127], demonstrates the effect of Se
sources on the passive transfer of Igs; however, the Ig concentrations were not affected in the
sow but were affected in the piglets. Antioxidant enzyme activity (glutathione peroxidase)
and the dietary selenium level increased in sow and piglet serum. Se status, antioxidant
capacity, and immunoglobulin transfer were enhanced, piglet growth increased, and also
the barrier function of the small intestine improved, according to Xiong et al. [63]. There was
no significant difference in colostrum selenium content; however, the milk was influenced
by selenium supplementation [128]. Organic selenium intake during gestation increased the
number of total born piglets, shortened the birth interval, improved antioxidant capacity
during parturition, and increased piglet growth performance [129] (Table 3).



Agriculture 2025, 15, 641

13 of 36

Table 3. Dietary antioxidant supplementation and its effects on Ig levels in the sows’ colostrum, milk, and blood.

Changes in Ig Concentration (+/— % Changes Compared to the Control)
Treatment in Feed Feeding Protocol Colostrum Milk Serum/Plasma Sow or Piglet References Effects in General
Sow plasma
IgG, IgA 1 Colostrum, milk, and plasma tocopherol levels
From day 107 of oG ToA oG, ToA d0: +9; +9 1 Milk composition
250 IU/kg vit. E gestation until day 21 of &8 E9 8 d 21: +7; +20 [62] 1 Humoral immune function and antioxidant
. +20; +12 +8; +8 . ..
lactation Piglet plasma activity
IgG, IgA T Weight of piglets at weaning
d21: +11; +9
Piglet plasma
. IeG IgA d21 ~ . .
o0/t B 0g/any oIttty oy APl clodrun and mikand
vit. C, and in combination pregnancy Vit C: —14 Vit C: —22 VitE: —6 piget pa ng
weaning F4+C: 46 E+C: —12 Vit C: 43 Combined treatment is more beneficial
E+C: +31
From day 85 of IgG, IgA, IgM IgG, IgA, IgM J Inflammatory markers in colostrum and milk
4 or 8 mg/kg p-carotene gestation until day 21 of 4 mg: +8; +82; +72 4 mg: +35; +31; +113 [89] 1 Lactose concentration in milk
lactation 8 mg: +23; +114; +77 8 mg: +60; +12; +134 1 Litter and piglet weight at weaning
Sow plasma
IgG, IgM
d—54
P1: —63; —67
P2: —66; —63
- IgG, IgA IgG, IgA P3+: —56; —58
B—caigt};ﬁznfgf Oz;?tlzicfl 12 estlzl’;?g ii}t,llé ’?hzfen d P1: +32; +1 P1: +127; +35 do [121] No effect on reproductive performance
and 3+p y T g £ lactation P2: +18; +24 P2: —48; —19 P1: —15; +19 No effect on colostrum and milk composition
SoWs ot factatio P3+: —25; —24 P3+: +30; +24 P2: +52; +24
P3+: +18; —12
d21
P1: —25; +1
P2: —13; +24
P3+: +86; +3
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Table 3. Cont.

Changes in Ig Concentration (+/— % Changes Compared to the Control)

Treatment in Feed Feeding Protocol Colostrum Milk Serum/Plasma Sow or Piglet References Effects in General
Sow plasma
do0
IgG, IgA, IgM
AC: +21; +3; +30
HS: +16; — 11; +6
d21
Combination of heat stress IgG, IgA, IgM
(HS) and active cooling AC: +44; +127; +104 T Pre-weaning survival
(AC) in a farrowing unit FI:Om day 85 of ISG’ IgA’ I*‘?M Igc’ Ig.A, IgM HS: +130; +40; +52 1 Colostrum and milk composition
R gestation until day 21 of AC: +33; +40; +58 AC: +164; +74; +53 . [125] . L L
with 0.30 (control) or 1.2 lactation HS: +15: +15: +100 HS: +126, +53. 426 Piglet plasma 1 Matrnal selenium and antioxidant status
mg/kg organic Se T ‘ T di1 1 Ig transfer irrespective of climatic conditions
supplementation IgG, IgA, IgM
AC: +105; +21; +20;
HS: +37; +57; +35
d21
IgG, IgA, IgM
AC: +99; +37; — 6
HS: +130; +99; +60
Sow plasma
0.3 mg/ke Se as an dI%Gﬁl-;gfll;gES 1 Piglet growth during the first week of lactation
inor - ME/XE From day 85 of o ok, 1 Se status, antioxidant capacity, and
ganic source (control) or R ] IgG, IgA, IgM IgG, IgA, IgM d 21: +1; +85; +1 . X
: gestation until day 23 of ] ’ ' ’ e [63] immunoglobulin transfer
0.2 mg/kg as an organic . +11; +24; +13 +18; +12; +36 Piglet plasma - .
rce lactation IeC. IoA. TeM 1 microbiota
sou & 84 8 1 Small intestinal barrier function
d 1: +2; +15; +39
d 21: +15; +30; +14
1 The organic source results in higher milk Se
0.15 or 0.30 mg/kg Se in From day 6

inorganic or organic form

pre-farrowing until day

3 postpartum

[128] content
1 The inorganic source has higher biological
activity of glutathione peroxidase

0.3 mg/kg Se as an organic
and inorganic source

During gestation

1 Increased litter size
[129] 1 Sow and piglet antioxidant capacity
T Piglet growth
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Table 3. Cont.
Changes in Ig Concentration (+/— % Changes Compared to the Control)
Treatment in Feed Feeding Protocol Colostrum Milk Serum/Plasma Sow or Piglet References Effects in General
0.3 ppm inoreanic or From 60 days before
~ PP e breeding until Data in the figure Data in the figure Data in the figure [127] 1 Passive transfer of immunoglobulins
organic Se farrowing
0.30 mg/kg inorganic or 1 Antioxidant sta:.l:s aorfizesr:m and milk with
organic Se in combination ~ From day 1 of gestation [124] 4 Milk composfi;tion with organic Se
with 30 IU/14<g or 90 IU/kg until 21 d postpartum No beneficial effect of elevated vit. E
vit. E supplementation

1 the parameter increased; | the parameter decreased.



Agriculture 2025, 15, 641

16 of 36

6.2.3. Effectiveness

Only one study with (3-carotene supplementation measured blood immunoglobulin
content during gestation, but at the beginning of the study (Table 3). The experimental
groups had considerably lower Ig content at the start, and the 3-carotene supplementations
made it possible to mitigate this in part by the time of farrowing. As the treatments
lasted until the end of lactation, late lactation blood samples showed markedly higher
Ig concentrations compared to the control groups (+33, +68, and +31 percent change
compared to the control group on average for IgG, IgA, and IgM, respectively). The
various antioxidant supplementations were able to increase the Ig concentration in the
colostrum and milk (+9, +32, and +64 and +58, +13, and +72 percent change on average
in the colostrum and milk for IgG, IgA, and IgM, respectively). These positive changes
resulted in elevated Ig levels in the piglet’s blood before weaning (+40, +44, and +23 percent
change compared to the control group on average for IgG, IgA, and IgM, respectively).
Despite the general positive effect of vitamin E supplementation on antioxidant status and
milk composition, the analyses of the research results do not show a clear positive effect on
Ig concentrations in the milk or blood. Selenium supplementation in organic form is more
effective, and most of the results indicate a profound positive response in Ig concentrations.

6.3. Pre- and Probiotics (Dietary Fiber, MOS, Yeast, Bacteria, Enzymes, and Sugar Beet Pulp)
6.3.1. Mode of Action

Probiotics are live microorganisms (bacteria and yeast); however, prebiotics are non-
living, non-digestible food components that are nutrients for gut bacteria. Microbial
colonization of the gut after birth plays an important role in enhancing the immune system.
The first donor of fecal microbiota to piglets is the sow [120]. The connection between the
microbiota and health status of the sow has been one of the most researched areas of the
present day. The microbiota is a community of microorganisms that have a connection with
the host metabolism. In sows, several factors can affect the composition of the microbiota,
like antibiotics, genotype, feed additives, pathogens, and stress. In pigs, the modulation of
the microbiota can prevent diseases and reduce the use of antibiotics [130]. Gut microbes
help to maintain nutrient metabolism and health status (protection against pathogens) and
also improve immune status [131,132].

6.3.2. Most Pronounced Effects

The effects of supplementation with pre— and probiotics on sow nutrition are summa-
rized in Table 4. Dietary fiber (alfalfa meal, beet pulp, and soybean hulls) can regulate the
gut microbiota, decrease inflammatory responses, and also improve performance parame-
ters in sows [133]. Dietary fiber during gestation and lactation improved the behavior of
sows and the colostrum intake of low-birth-weight piglets [60]; moreover, the fat content of
the colostrum increased [19]. Changes in the microbiota transfer from the mother to piglets
by supplementing resistant starch (pea starch) were only slightly affected; however, milk
composition was altered [69].

Sugar beet pulp (SBP) contains high levels of soluble fiber (e.g., pectin and glucan). It
can be fermented in the hindgut, has prebiotic properties, and improves microbiota and
animal health [134]. The research results showed that the IgG and IgM levels in colostrum
were not affected, but IgA increased [135]. The expression of proinflammatory cytokines
(TNF- and IL-6) was downregulated while anti-inflammatory cytokine (IL-10) was upreg-
ulated by SBP supplementation. These findings suggest that dietary fermentable fiber may
minimize inflammation in piglets and enhance their immune response by increasing the
quantity of cytokinins and antibodies [61].
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Mannan oligosaccharides (MOSs) are complex sugars that consist of mannose [96].
They are prebiotics with immunomodulatory properties [136]. Dietary MOS supplementa-
tion can be used in sow diets to improve growth performance (BW at weaning and ADG
during lactation) and increase disease resistance capacity in piglets. MOSs had no effect
on IgA or IgG concentrations in colostrum; however, they increased the IgM level [88].
Czech et al. [80] found that MOS supplementation for 4 weeks in the gestational sow
diet increased IgG and IgM content in colostrum, while Hung and Lindemann [96] de-
tected no difference despite supplementation during the entire gestation period. Chitosan
oligosaccharides during gestation and lactation improved piglet growth [83], increased
IgM levels in colostrum and umbilical cord blood, and also increased IgG, IgA, and IgM
levels in serum of piglets [97]. Isomaltooligosaccharide (IMO) and Bacillus (B. subtilis and
B. licheniformis) supplementation improved piglet birth weight and the antioxidant capacity
of the placenta and increased the levels of growth hormones during late gestation [137].

A soybean isoflavone (SI) and astragalus polysaccharide (APS) mixture improved the
colostrum components, serum antioxidant capacity, and immune and hormone levels of
sows during lactation. This mixture also increased the feed intake and lactation yield of
sows [102].

Supplementation of Saccharomyces cerevisiae yeast (obtained through the synthesis of
a large amount of vitamin B) influences the healthy gut microbiome, improving immune
response and performance, according to Simon et al. [138]. Sun et al. [139] also found that
Saccharomyces cerevisiae boulardii improved immune status through the higher Ig concen-
tration. Different forms of yeast (live yeast and superfine yeast powder) may improve the
antioxidant capacity of sows and improve intestinal immunity by increasing mucosal IgA
secretion in piglets [140]. Yeast supplementation during gestation and lactation improved
colostrum production and sow physiology [83] and increased IgG levels in the colostrum
and plasma of piglets [90]. It also increased IgG and IgA levels in the serum of sows and
piglets [91] and increased IgG levels in the milk and colostrum; however, it maintained
IgA levels in the milk [141]. According to Peng et al. [98], yeast supply in the sow diet
enhanced colostrum composition and liver function and decreased the number of stillborn
and low-body-weight piglets. The abundance of beneficial microbes increased in both
sows and piglets [79]. The duration and frequency of neonatal diarrhea were reduced by
Saccharomyces cerevisiae var. boulardii supplementation in piglets [93,141-143]. The results
showed that supplementation of probiotic bacterial cells (EM Bokashi) significantly affected
the immunological quality of sow milk and colostrum. This emphasizes the protective
potential of colostrum and indicates immune reactions that protect the sow and piglets
against infections [144] (Table 4).
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Table 4. Pre- and probiotic supplementation and their effects on Ig levels in sows’ colostrum, milk, and serum.

Changes in Ig Concentration+/— % Changes Compared to the Control

Treatment in Feed Feeding Protocol Colostrum Milk Serum/Plasma Sow or Piglet References Effects in General
Elevated (23.4%) total From (?1ay 92 (.)f 1gG, IgA IgA 1 Colostrum intake of low-birth-weight piglets
di . gestation until o © [60] .
ietary fiber P R +1; —38 24 1 Sow behavior
arrowing
o From day 90 of
Ele’:f;taeldd(ili?; tc}ilz)lf %) gestation until I_glC; [19] 1 Arterial acetate and colostral fat
y farrowing
33% digestible (corn) starch From day 88 of . .
and 33% resistant (pea) gestation until weaning I%S [69] ?h&?liegoﬁlcézﬁljgf
starch (d28) p
Sugar beet pulp: ¢ Piglet serum . . .
20% and 10% From day 86 o IgG, IgA, IgM IgG, IgA, IgM d21 1 Milk quality with SBP
Wheat bran: 30% and 15% gestation until day 21 of SBP20%: +6; +15; +7 SBP20%: +1; +4; +3 IgG, IgA, IgM [61] T Growth performance of piglets with SBP
(gestation .n d lo tati n)o lactation SBP10%: +2; +9; +6 SBP10%: 0; —2; 0 SBP20%: 0; —4; +1 1 Intestinal barrier function with SBP
gestation ang factatio SBP10%: —6; —3; +5
Piglet serum
From day 86 of . .
. . . IgG, IgA, IgM IgG, IgA, IgM d20 1 Weaning to the estrus interval
400 mg/kg MOS gestation (lérzlg)l weaning +4; —1; +51 -1, -2;+8 IgG, IgA, IgM (58] 1 Growth and immunity of piglets
+15; +13; —2
Sow plasma
d—4
IgG, IgA, IgM
exp. 1: +14; +11; +1
exp. 2: +9;0; —15
do
exp. 1: +5; +5; +16
exp. 2: +25; +1; +31
8 g/sow/day MOS in two From 4 weeks‘ 18G, IgA, IgM d21 1 Survival of piglets
4 prepartum until exp. 1: +25; —1; +25 o ia. [80] . Lo
experiments ) L exp. 1: +6; +18; +11 T Bodyweight gain in piglets
4 weeks postpartum exp. 2: +14; +6; +13
exp. 2: +31; +17; +38

Piglet plasma
do
exp. 1: +29; +9; +21
exp. 2: +18; —2; +21
d21
exp. 1: +8; +10; +2
exp. 2: +21;0; 0
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Table 4. Cont.

Changes in Ig Concentration+/— % Changes Compared to the Control

Treatment in Feed Feeding Protocol Colostrum Milk Serum/Plasma Sow or Piglet References Effects in General
Sow serum
d-2
IgG, IgA, IgM
+5; +2; +26
From day 102 of d16 .
0.2% MOS gestation and during Iifz’lfﬁilfg/[ a_g?fé’ If’g’ igzlzf IgG, IgA, IgM [96] T RTeg;?jdlxéliviF g;‘foirr?eatrslce
lactation i i —1;+18; +37 ywelght ot pig
Piglet serum
d16
IgG, IgA, IgM
—5; —6; +9
Sow serum
From day 85 of dl
Chitosan oligosaccharide gestation and during IgG, IgA, IgM 1gG, IgA, IgM IgG, IgA, IgM 83] T Piglet growth
100 mg/kg . +23; +2; +46 +29; +8; +2 +31; +28; +27
lactation (d 21) 421
+10; +19; +15
Piglet serum
do
Chitosan oligosaccharide Frqm day d8c61 Of. IgG, IgA, IgM 1gG, IgA, IgM Ing Igﬁ" IlgM 97 No eflf;zct on slo W ge.produc.tlve performgnce
30 mg/kg gestation and during 48" —8: +39 010 48 +3; +1; +13 [97] 1 Humoral and innate immunity an
lactation (d 20) o T d20 anti-inflammatory ability
IgG, IgA, IgM
+18; +19; +13
N . . IgG, IgA, IgM ’ 1 Colostrum production
Yeast derivative 2 g/kg During gestation [74] + Sow physiology

+5; —13; —12
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Table 4. Cont.

Changes in Ig Concentration+/— % Changes Compared to the Control

Treatment in Feed

Feeding Protocol

Colostrum

Milk

Serum/Plasma Sow or Piglet

References

Effects in General

Yeast 10° CFU or
107 CFU/ g diet in lactation
(L) feed or
gestation (G) feed

During gestation and
lactation (21 d)

IegG
G-/L10°: +10
G-/L107: +41

G106/L10°: +51
G107/L107: +133

Sow plasma
di1
IgG, IgA
G-/110°: —25; —10
G-/L107: —1; -8
G106/L10°%: —20; —29
G107/L107: —11; —46
d21
IgG, IgA
G-/L10°: +19; —6
G-/L107: —9; +2
G106/L10°%: —1; —28
G107/L107: +45; —40
Piglet plasma
di1
IgG, IgA
G-/L10°: +51; +29
G-/1107: +27; +28
G106/L10°: +43; +9
G107/L107: +162; +10
d21
IgG, IgA
G-/L10°: +64; +27
G-/L107: +14; +9
G106/L10°%: +62; —18
G107/L107: +108; +55

[94]

No effect on sow reproductive performance
| Weaning to estrus interval

Live yeast 1 g/kg
(10'° CFU/g)

From day 90 of
gestation and during
lactation (d 21)

Sow plasma
di
IgG, IgM
+47; +3

[98]

1 Colostrum composition and liver function
J Number of stillborn and low-BW piglets

Live yeast 0.1 g/kg
(101 CFU/g)

From day 28 gestation
until weaning (d 28)

IgG, IgA
+2; —8

IgA
+29

[79]

T Beneficial microbes in sows and piglets
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Table 4. Cont.

Changes in Ig Concentration+/— % Changes Compared to the Control

Treatment in Feed

Feeding Protocol

Colostrum

Milk

Serum/Plasma Sow or Piglet

References

Effects in General

Live yeast 425 mg/kg
(1.5 x 10" CFU/kg)

From day 60 of
gestation until weaning
(d 28)

Sow serum
do
IgG, IgA, IgM
+9; +70; +82
d28
IgG, IgA, IgM
+24; +89; +31
Piglets serum
d28
IgG, IgA, IgM
+33; +52; +49

[91]

1 Immunity of sows and piglets

Live yeast 1 g/kg
(10'° CFU/g)

From day 94 of
gestation until weaning
(d 28)

IgA
+103

Sow serum
do
IgA
+5
Piglet serum
IgA data in the Figure

[93]

| Duration and severity of post-weaning
diarrhea

Live yeast strains (4) in
0.05% or 0.5%

From day 80 gestation
until weaning (d 18)

Data in the figure

Data in the figure

Data in the figure

[141]

No effect on sow and piglet weight
1 IgG milk and colostrum
1 IgA in milk maintained

Soybean isoflavone and
astragalus polysaccharide
mixture: 100, 200, and
300 mg/kg

From day 107 of
gestation until weaning
(d21)

Sow serum
di1
IgG, IgA
100 mg: +1; +2
200 mg: +6; +9
300 mg: +6; +6
d10
IgG, IgA
100 mg: +9; +1
200 mg: +17; +10
300 mg: +13; +3
d21
IgG, IgA
100 mg: +2; +2
200 mg: +20; +10
300 mg: +12; +6

[102]

1 Lactation yield
T Antioxidant capacity
1 Hormone levels
1 Health status

Clostridium butyricum:
10 g/sow/day

From 1 week before
farrowing until
weaning (d 29)

IgG, IgA
—3;+5

[70]

1 Lipidomic and metabolomic profile of milk
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Table 4. Cont.

Changes in Ig Concentration+/— % Changes Compared to the Control

Treatment in Feed Feeding Protocol Colostrum Milk Serum/Plasma Sow or Piglet References Effects in General
C. butyricum: 0.1%, 0.2% From day 50 of Ig+c6;l £—g5M Ig+G5, £g9M | Duration of farrowing
-ouy PO gestation until weaning ! ’ [59] 1 Growth performance and antioxidant status
or 0.4% (d21) +9; +22 +14; 425 of piglets
+17; +25 +13; +28 Pig
Sow plasma
do
xylanase and From day 85 of IgG, IgA, IgM . . .
xylo-oligosaccharide: gestation during the IgG, IgA, IgM I8G, IgA, IgM +3;0; +6 [71] ) ngght gain of piglets
100 mg /kg lactation period +7; —3; +11 0; +11; +9 428 J Oxidative stress of sows
IgG, IgA, IgM
+14; +10; +1

1 the parameter increased; | the parameter decreased.
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Clostridium butyricum probiotic feed additive significantly improved sow body con-
dition, reduced the incidence of diarrhea in piglets, and impacted the fatty acid profile of
colostrum and milk [70]. The duration of farrowing decreased and the growth performance
and antioxidant status of piglets were improved by C. butyricum, according to Cao et al. [59].

In recent years, a so-called “stimbiotic” (a combination of xylanase and xylo-
oligosaccharide) has been proven to improve farm animal performance, gut health and the
immune system (Table 4). The stimbiotic supplementation works by extracting extra energy
from dietary fiber, therefore increasing fiber utilization in the intestine and promoting the
production of short-chain fatty acids and also enhancing growth rates and the gut health
of the animal. The IgG, IgM, and IgA concentration in the plasma, colostrum, and milk
increased during lactation. Stimbiotics also reduced oxidative stress in sows [71].

Fermented feed is widely used in pig nutrition. Fermented feed supplemented with
Bacillus subtilis and Enterococcus faecium (Table 4) improved the performance of sows and
piglets [145]. Milk yield and quality were enhanced, and the IgG and IgM levels also
increased in the serum. Moreover, the microbial metabolic functions and gut microbiota of
the sows significantly improved.

6.3.3. Effectiveness

The mainly late gestational treatments resulted in slightly higher Ig concentrations
in sows’ pre-farrowing blood samples compared to those in the control groups (+9, +4,
snf +4 percent change compared to the control group on average for IgG, IgA, and IgM,
respectively), which improved somewhat by late lactation (+13; +5; +22 percent change
compared to the control group on average for IgG, IgA, and IgM, respectively) (Table 4).
The various pre- and probiotic supplementations were made it possible to increase the Ig
concentration in the colostrum and milk (+16, +8, and +21 and +9, +5, and +12 percent
change on average in the colostrum and milk for IgG, IgA, and IgM, respectively), but the
results were variable. These positive changes resulted in moderately elevated Ig levels in
the piglets’ blood before weaning (+27, +13, and +10 percent change compared to the control
group on average for IgG, IgA, and IgM, respectively). Fiber supplementation, even in the
form of highly fermentable fiber, has little if no positive effect. Prebiotic oligosaccharides
and probiotics have mainly positive effects on Ig concentrations but only at a modest level.
When live microorganisms are supplemented, the CFU/g concentration and the inclusion
rate play an important role in effectiveness; therefore, a specific review of this field could
possibly provide a clearer picture.

6.4. Other Feed Additives (Omega-3 Fatty Acids, Plants, and Plant Extracts)
6.4.1. Mode of Action and Most Pronounced Effects

Supplementing sow diets with omega-3 fatty acids can improve the fatty acid profile
of sow milk, promoting brain development and overall health in piglets (Table 5). Dietary
omega-3 polyunsaturated fatty acids (PUFAs) play an essential role in lipid metabolism
and can reduce inflammation. Supplementation in late gestation with immune-modulating
compounds may reduce the adverse effects of maternal stress on the developing fetus.

The effects of sunflower oil, fish oil, and rapeseed oil supplementation in the diet of
sows have changed the n-6 to n-3 ratio in the immune cells in progeny and influenced
the eicosanoid synthesis ex vivo. Also, the concentration of fatty acids in sow milk has
a connection with the dietary treatments. It is known that omega-3 PUFAs, such as do-
cosahexaenoic (DHA) and eicosapentaenoic (EPA) acids, have an immune-modulating
and anti-inflammatory nature [146]. Protected fish oil is resistant to oxidation and can
enhance the concentration of DHA and EPA acid in colostrum and milk. Protected fish
oil can be used to increase the concentration of n-3 PUFAs in the diet. The results showed
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that the growth of the piglets improved, DHA concentration in the colostrum increased,
and the acute stress response in the pigs was reduced by supplementation during late
gestation and lactation. A late gestation diet of protected fish oil enhanced the phospholipid
profile and reduced stress and inflammation in post-weaning [147]. Fish oil and soybean oil
supplementation increased the weaning survival rate and weaning weight [76]. However,
Leonard et al. [57] found that fish oil supplementation decreased IgA concentrations in sow
serum. Olive oil supplementation during late gestation and lactation has more beneficial
effects on sows than fish oil supplementation [148]. However, IgG and IgA content in
colostrum increased when using palm and sunflower oil supplementation compared with
olive and fish oil [149]. IgG and IgA concentrations increased in the serum with soybean oil
supplementation, although there were no significant differences in litter performance and
the immunological variables of colostrum and milk compared to coconut and palm oil [68].
Increased linoleic acid and «-linoleic acid supplementation from soybean oil improved
milk composition, litter size, and weaning weight; however, they did not affect piglet
survivability or sow performance [150]. Conjugated linoleic acid supplementation during
gestation and lactation increased lysozyme levels [64].

Resin acid-enriched compositions (RACs) contain tall oil fatty acid with an active
component of resin acid. They can improve the microbial population, intestinal health,
colostrum nutritional composition, and Ig content (Table 5). The IgG levels were sig-
nificantly higher in the treatment groups; however, the IgA and IgM levels were not
influenced [73].

Lysophospholipids are modified phospholipids that generate important secondary
messengers with important physiological functions [151]. They increase the hydrophilic
properties of the compound, so this could be used to enhance the capacity of fat emul-
sification and increase the utilization of dietary fat [152]. Supplementation of dietary
lysophospholipids in the sows’ feed increased the IgG concentration and changed the fatty
acid composition of their milk; however, it did not affect the IgA content [86] (Table 5)

Pinecone oil contains a-pinene, 3-pinene, and limonene, which improve the perfor-
mance parameters of piglets (daily gain and weaned bodyweight), milk composition (lac-
tose and fat content increased), and maternal stress (decreased cortisol concentration) [153].
Garcinol is the main medicinal component of the dried fruit rind of Garcinia indica and is an
excellent antioxidant and anti-inflammatory plant extract [154]. Garcinol supplementation
significantly decreased oxidative stress in sows and increased IgA and IgG levels in both
the plasma and colostrum; however, it had no effect on performance [155]. Resveratrol is a
plant phenol that can provide protection against oxidative stress and inflammation; there-
fore, it is beneficial in improving the reproductive performance of sows [156]. Glycitein
is a major soy isoflavone. Dietary supplementation of glycitein improved the antioxidant
status of sows during late pregnancy and lactation; protein and fat content increased in
both colostrum and milk, and the performance of the piglets was better (increased litter
weight and daily gain) [157]. Brown seaweed is a rich source of bioactive compounds
and it can promote animal health and antioxidant status. Supplementation of seaweed
positively enhanced Ig levels in the colostrum and serum of piglets [57], improved the
humoral immune response in piglets [58]. and enhanced pro-inflammatory TNF- o« mRNA
expression in lipopolysaccharide (LPS)-stimulated ileum tissue [52]. However, supplemen-
tation during post-weaning only improved the growth rate of piglets, but no significant
effect on oxidative status was found [158] (Table 5).

Ginger extract supplementation during late gestation and lactation significantly in-
creased the concentration of antioxidant and phenolic compounds in the plasma and also
increased the IgG concentration in the colostrum and plasma of both the sows and piglets.
Ginger extract in feed can influence the immune function of piglets by increasing the
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antioxidant levels in the plasma and the Ig concentration in the colostrum [78]. Andro-
graphis paniculata (A. paniculata) is a medicinal plant that is native to Asia. Extracts from the
plant have antifungal, antibacterial, antiviral, antimalarial, antipyretic, anti-inflammatory,
hepatoprotective, anticancer, and immunostimulatory properties. Supplementation during
gestation and lactation improved the antioxidant capacity of the colostrum [82]. Dietary
saponins extracted from the plant Quillaja saponaria reduced the number of stillborn piglets
and improved their performance; however, they had a negative effect on the utilization
of feed [56]. Magnesium (Mg) is a macro-mineral, and, among its many functions, it is
necessary for the immune system. MgSO, supplementation during late gestation and
lactation increased the IgG content in the plasma and the IgA content in the colostrum and
milk; however, the fat content of the colostrum decreased [75].

6.4.2. Effectiveness

The treatments were mainly applied in the lactation diet, fed starting several days
before expected farrowing, which resulted in moderately higher Ig concentrations in the
sows pre-farrowing and late lactation blood samples compared to the control group (+19,
+3, and +19 and +25, +18, and +7 percent change compared to the control group on average
for IgG, IgA, and IgM, respectively) (Table 5). The various supplementations were able
to somewhat increase the Ig concentration in the colostrum and milk (+13, +17, and +9
and +8, +4, and +7 percent change on average in the colostrum and milk for IgG, IgA,
and IgM, respectively), but only slightly, and the results were variable. These positive
changes resulted in slightly elevated Ig levels in the piglets” blood before weaning (+10,
+7, and +10 percent change compared to the control group on average for IgG, IgA, and
IgM, respectively). Supplementation of a sow’s diet with high-polyunsaturated-fatty-acid-
content supplements mainly has a consistent positive effect on Ig concentrations. This
draws attention to evaluating their need in this sense. Plant extracts have a positive effect
on production parameters, but it seems that they are less effective in terms of the Ig content
of the milk and blood. MgSQy, butyrate, and fermented feeds have been proven to have
a positive effect on immune status. Thus, further research is encouraged to improve our
understanding related to the mode of action.
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Table 5. Other feed additives and their effects on Ig levels in the sows’ colostrum, milk, and serum.

Changes in Ig Concentration (+/— % Changes Compared to the Control)

Treatment in Feed Feeding Protocol Colostrum Milk Serum/Plasma Sow or Piglet References Effects
Piglet serum
d5
IgG, IgA, IgM
Seaweed extract (SWE) From day 109 of IgG, IgA, IgM IgG, IgA, IgM SWE: +19; +25; +2 T Lymphocyte phagocytosis at weaning
10 g/day or fish oil (FO): gestation until weaning SWE: +10; —15; +14 SWE: +12; —1; —15 FO: +8; —19; —11 [57] T Leukocyte phagocytosis at weaning (FO)
100 g/day (d 26) FO: +1;0; —11 FO: +15; +7; +18 d15 No effect on piglet performance
IgG, IgA, IgM
SWE: +21; —13; +17
FO: —3; +29; +4
Piglet serum
d5
1gG, IgA, IgM
Seaweed extract (SWE) From day 109 of IgG, IgA IgG, IgA SWE: +19; +25; +2 + Humoral immunne response in piglets
1.8 g/day or 100 g/day fish  gestation until weaning +10; —15 +12; -1 FO: +8; —19; —11 [58] No effoot o oD Pig
oil (FO) (d 24) +1;0 +15; +7 di15 O etiect on pigiet periormance
IgG, IgA, IgM
SWE: +21; —13; +17
FO: —3; +29; +4
From day 107 of Piglet serum
Seaweed extract (SWE) tati ilﬂ weanin IgG, IgA, IgM IgG, IgA, IgM IgG, IgA, IgM [52] 1 Pro-inflammatory TNF-a mRNA expression
10 g/day BN gy e +12; +45; +7 +7; +11; 47 d 14: +21; +9; +22 in LPS-stimulated ileum tissue at weaning
( ) d 26: +5;0; -2
Oil source has no effect on sow or litter
3% soybean, coconut, palm, Frpm day 107 of There was no control group; however, Ig levels were measured in the performance and milk composition
: . gestation until day 21 of . [72] 1 Colostrum fat and plasma immunoglobulin
and mixed oil 1 . colostrum, milk, and plasma of sows . : .
actation level in sows and piglets when soybean oil
is fed
. o) fiole IgG, IgM 1gG, IgM
:1:2(1)17;, gi}fi{;'slo/o’bfel:i gﬁ os t:ég?j;glg‘ge(;fnin PO: —8; +9; PO: —14; +14 176] 1 Weaning survival rate and weaning weight
-y 8 @17) & FO: +49; +36 FO: +16; +33 with FO and SO
: : SO: -7, —4 SO: —6; +4
Pinecone oil: 200 or gestiii%rg 32’2;113;1051 of [153] J} Maternal stress

400 mg/kg

lactation

1 Milk quality
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Table 5. Cont.

Changes in Ig Concentration (+/— % Changes Compared to the Control)

Treatment in Feed

Feeding Protocol Colostrum Milk Serum/Plasma Sow or Piglet References Effects
Sow serum
IeG
d2:+93
Conjugated linoleic lirct)irnnloitciila ;718 gf IgG d 10: +42 [64] 4 Lysozyme level
acid 0.5% gestation wtl =- days +47 d 20: +44 ysozyme levels
of lactation ;
Piglet serum
1gG
d15: +9
From 1 week before IgG, IgA, IgM
. . farrowing until +22; +1; +15 .
Resin acid: 5 g/day weaning (d21 or d28) in 117 —11; +4 [73] 1 Colostrum production
three herds +18; —; —
. o From day 110 of IgG, IgA IgG, IgA . .
Lysophospholipids 0.05% gestation until weaning 117: +4 $70: 2 [86] T Intestinal health of piglets
Lo From day 90 of IgG, IgA Alleviates bile acid disorder
Garmc:(}b 200 ﬁ(g /kg or gestation until 200 mg: +15; +80 [155] 1 Maternal immune and oxidative status
me/xg farrowing 600 mg: +18; +166 1 Milk composition
Resveratrol: bFro(;r} da}LZO af{:r 5 1 Antioxidant status in placenta and milk
300 mg/kg diet reecing through to [156] 1 Weaning weight
gestation and lactation
oo From day 85 of 1 Antioxidant capacity of plasma and milk
30i{yc/11t(e1na.nl§ Egrflkg’k gestation until day 18 of [157] 1 Milk composition
8/%8& 8/%8 lactation T Piglet growth
Sow plasma
do
1gG
0.25%: =3
0.5%: +12
d28
. . o From 30 d before IgG =y
Ginger extracj 0.25% farrowing until d28 0.25%: +15 IogG [78] 1 Antioxidant capacity of colostrum
and 0.5% ) 0.25%: +11
postpartum 0.5%: +17 0.5%: +20
Piglet plasma
d28
1gG
0.25%: +2

0.5%: +16
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Table 5. Cont.

Changes in Ig Concentration (+/— % Changes Compared to the Control)

Treatment in Feed Feeding Protocol Colostrum Milk Serum/Plasma Sow or Piglet References Effects
. From 6 d before IgG
Ap amcltggéa 250 ppm or farrowing until d25 —g 12 [82] 1 Longissimus muscle loss
ppm postpartum 0
Sow serum
Dietary saponins, ext.rac‘ted Between days 72 and 93 IgG, IgA IgG, IgA 18G, IgA } Performance of suckling piglets
from the plant Quillaja of gestation 15,425 213, 22 d0: 477,43 [56] | Piglet stillborn incidence
saponaria, 2.5 g/day & ! ! d3: +5; -13 &
d 21: +20; +10
Sow plasma
d-7
IgG, IgA, IgM
200 mg: +3; +4; +20
400 mg: +39; +4; +17
600 mg: +15; 0; +20
From 90 davs of IgG, IgA, IgM IgG, IgA, IgM do 1 Survival percentage and litter weight
200, 400, or 600 mg/kg estation until};l davs 200 mg: +6; +20; +14 200 mg: —1; +3; 0 IgG, IgA, IgM 175] at weaning
MgSO, supplementation g £ lactati Yy 400 mg: +16; +23; +22 400 mg: +3; +5; +2 200 mg: +5; 0; —3 } Colostrum fat content
otlactation 600 mg: +13; +12; +8 600 mg: +7; +11; —1 400 mg: +38; +19; +3 1 Fecal moisture content
600 mg: +54; +14; -3
d21
IgG, IgA, IgM
200 mg: +2; +25; +17
400 mg: +47; +15; +6
600 mg: +28; +20; —3
. IgG, IgA, IgM
For 15 days prior to
B-hydroxy B-methyl parturitio}; 1Fr)1 three exp 1: 435, +4; +8 [53] 1 Total live-born litter weight
butyrate 15 mg/kg . exp 2: +8; +4; +10
experiments A
exp 3: —4; +5; +12
B—l?ydroxy {3-methyl For 15 days prior to 5 m{c;g/GlégI:ng;Iﬁlgf _3 / 1 Total 1ive.—bor.n litter weight and piglet birth
utyrate 5, 15, or o > . . [54] weight in a quadratic response
45 mg/kg parturition 15 mg/ks: +20; +10; +11 1 Colostrum intake and yield
45 mg/kg: +44; +10; 0 y
. One month before
Socélo%rr;bgu/tg;ate matirilg unFil d 7 of Ifgc,} ’+I§(‘]A [66] 1 Piglet growth
actation
Fermented rapeseed meal . . 1 Production parameters
4% (8% in the transition Duf;z;gatgjzsrta(gozré; nd I%_SZ’;I_%%’;I_%V[ [85] T Nutrient digestibility

period)

1 Gut microbiota
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7. General Discussion

One limitation of our approach is that the Ig content of the colostrum and milk shows
considerable variability even within the average values of research results. This suggests
that a number of factors are involved, of which a few have been discussed in this review;
however, many more remain unknown. This could not only affect the trends we found
but also the Ig changes in the colostrum and milk over time. In the relevant sections, we
have already stressed that the received equations predict an optimistic (small) decline
in Ig levels. Therefore, comparing farm-specific equations, where only the within-farm
variance exists, could provide a more precise estimation of the declining characteristics
of immunoglobulins.

There is considerable evidence of a synergistic effect between vitamin E and selenium
and some effects between vitamin E and arginine, but mainly in the reduction in oxidative
stress and enhancing immune function. The possible synergistic effect of these substances
on Ig production still requires further research. Another form of combination besides
parallel feeding could be the formation of complex molecules. Seleno-arginine is one such
complex molecule, and some research results indicate its positive effect on the immune and
antioxidant systems [159,160]. Therefore, another area of further research could be to test
the effect of seleno-arginine on Ig content in the serum and colostrum.

8. Conclusions

The analyses of the results of the published manuscripts suggest a negative colostrum
IgG and IgA content trend over the years. Colostrum Ig content is mainly determined by
the serum Ig content before farrowing. Therefore, the aim of late gestational feeding should
be to improve the immune status of sows. The significant variance, even in the published
studies, averages in the colostrum, milk, and blood Ig content indicates that considerable
variance exists in sows; therefore, this area deserves further research. The most effective
nutritional interventions to improve sow serum and colostrum Ig content are the following:
vitamin E (250 IU/kg), organic Se (0.2 mg/kg), and arginine (1%). Pre- and probiotics and
other feed additives have a moderate but mainly positive effect.
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