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a b s t r a c t

The performance of high-yielding sows is directly related to the productivity of pig farming. Fetal
development mainly occurs during the last month of pregnancy, and the aggressive metabolic burden of
sows during this stage eventually leads to systemic oxidative stress. When affected by oxidative stress,
sows exhibit adverse symptoms such as reduced feed intake, hindered fetal development, and even
abortion. In addition, milk synthesis during the lactation period causes a severe metabolic burden. The
biological response to oxidative stress during this period is associated with a decrease in milk produc-
tion, which further affects the growth of piglets. Understanding the nutritional strategies to alleviate
oxidative stress in sows is crucial to maintain their reproduction and lactation performance. Recently,
advances have been made in the field of nutrition to relieve oxidative stress in sows during late preg-
nancy and lactation. This review highlights the nutritional strategies to relieve oxidative stress in sows
reported within the last 20 years.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

During the late pregnancy and lactation stages, sows start
suffering oxidative stress induced by severe metabolic burden and
do not fully recover until the weaning period (Berchieri-Ronchi
et al., 2011; Toy et al., 2009). This process is characterized by the
accumulation of active oxygen, including superoxide (O2�) and
hydrogen peroxide (H2O2), produced by the placenta and mam-
mary glands (Esther et al., 2003), which negatively regulates
reproductive performance and lactation performance. Excessive
reactive oxygen species (ROS) prevents the oocyte maturation, in-
hibits fertilization of sperm and egg cells, and increases the risk of
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prenatal death (Karowicz-Bili�nska et al., 2002; Toy et al., 2009).
Oxidative stress in sows decreased reproductive performance such
as total litter size, live litter size and litter weight gain (Zhang et al.,
2020). Furthermore, oxidative stress caused decreased feed intake
of sows during lactation, which leads to prolonged negative energy
balance and greater loss of body condition and reduced milk pro-
duction (Black et al., 1993; Dima et al., 2009).

Oxidative stress is due to the amount of ROS produced
exceeding the neutralization ability of antioxidants. Multiple
external or environmental factors are proposed to trigger the
generation of ROS, such as ultraviolet radiation, ionizing radiation,
toxins, chemicals, extreme hot environments (the key factor
causing heat stress in actual production) and other adverse con-
ditions. Excessive ROS leads to oxidative damage to proteins, lipids
and DNA and eventually destroys cell function. Cellular metabolism
is accompanied by the production of ROS. These metabolic
byproducts include O2�, H2O2, hydroxyl radicals (∙OH) and alkoxy
radicals (RO). Under the process of aerobic respiration, cells oxidize
and decompose nutrients to produce substances with high
reducing forces that are transmitted along the mitochondrial
electron transport chain. The production of mitochondrial ROS
mainly occurs at two sites in the electron transport chain, namely,
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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complex I (NADH dehydrogenase) and complex III (ubiquinone-
cytochrome reductase). When electrons from complex I or II are
transferred to coenzyme Q (ubiquinone), unstable intermediates in
the coenzyme Q cycle lead to the formation of superoxide by
transferring electrons directly to molecular oxygen (Finkel et al.,
2000). Nitric oxide (NO) is a free radical molecule formed by a
variety of cells, including airway and vascular smooth muscle cells,
endothelial cells and epithelial cells (Ricciardolo et al., 2004).
Reactive nitrogen species (RNS) are produced by the reaction of
nitric oxide with reactive oxygen species (Fig. 1). These RNS include
nitroxyl (HNO), nitrogen dioxide (NO2) and peroxynitrite (ONOO�)
(Bove et al., 2006).

The detrimental or beneficial effects of ROS and RNS depend on
their cellular concentrations (Valko et al., 2006). The beneficial
effects of ROS occur at low or medium concentrations and are
involved in resistance to pathogens and the regulation of many
cellular signaling systems (Pizzino et al., 2017). Furthermore, ROS
also play a physiological role in the cell's response to hypoxia (Valko
et al., 2007). However, at high concentrations, the amounts of ROS/
RNS exceed the neutralization abilities of enzymatic and nonen-
zymatic antioxidants. Excessive reactive oxygen species destroy
cellular lipids, proteins or DNA and inhibit their corresponding
biological functions, which could lead to decreases in lactation and
reproductive performance, ultimately shortening sow life (Fig. 2).

To eliminate excessive free radicals, cells develop a series of
defense mechanisms during the process of evolution (Cadenas,
1997). These defense mechanisms are mainly composed of anti-
oxidant enzymes and nonenzymatic antioxidants. Antioxidant en-
zymes mainly include superoxide dismutase (SOD), glutathione
peroxidase (GSH-Px), and catalase (CAT). Nonenzymatic antioxi-
dants are represented by ascorbic acid (vitamin C), a-tocopherol
Fig. 1. Main production process of ROS/RNS. Complex III is the main source of mitochondri
intermediates will directly transfer electrons to O2 to generate ∙O2, which in turn will gene
SOD ¼ superoxide dismutase; ROS ¼ reactive oxygen species; RNS ¼ reactive nitrogen spe
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(vitamin E), glutathione (GSH), carotenoids, flavonoids, etc (Fig. 3).
Under normal conditions, there is a dynamic balance between the
antioxidant system and free radicals, which is essential for the
survival and health of organisms (Valko et al., 2006).

In actual production, as heat stress can induce oxidative stress,
using wet curtain ventilation system and installing spray device to
control the temperature of the pigsty is an effective way to alleviate
the oxidative stress in sows. In addition, genetic selection for a
breed with stronger tolerance to oxidative stress is an alternative
method for alleviating the detrimental conditions. The application
of nutritional strategies to reduce the effects of oxidative stress is
also an effective and economical way to reduce oxidative stress and
is also more suitable for the current intensive farming model
(Cottrell et al., 2015). Recently, a number of antioxidants such as
vitamins, minerals and plant extracts have been shown to be
effective in alleviating oxidative stress in sows in the late pregnancy
and lactation stages. In this review, these antioxidants are catego-
rized in reference to their origins and active ingredients, such as
plants and extracts, microbial additives, vitamins, and other
additives.

2. Plants and plant extracts

Plant-derived feed is a natural feed additive that includes herbs,
spices, or food flavoring agents. Plant feed additives are usually
added as whole beads or as extracts of plant-derived substances.
Compared to antibiotics, they are reported to be natural, less toxic,
residue-free, and desirable animal feed additives. It has been clar-
ified that plant feed is rich in crude fiber and substances with
reductive activity, such as terpenes, phenols, glycosides, saccha-
rides, aldehydes, esters, and alcohols (Reyes-Camacho et al., 2020).
al ROS production. The electrons are transferred to coenzyme Q. Unstable coenzyme Q
rate lots of ROS and RNS. Excessive ROS/RNS will have a variety of damage to the cells.
cies.



Fig. 2. Causes of oxidative stress. Oxidative stress is caused by an imbalance between production and accumulation of ROS/RNS in cells and the ability of a biological system to
detoxify these reactive products. Oxidative stress is reported to be involved in a variety of pregnancy complications, such as preterm labor, infertility fetal growth restriction and
miscarriage. CAT ¼ catalase; SOD ¼ superoxide dismutase; GSH-Px ¼ glutathione peroxidase; ROS ¼ reactive oxygen species; RNS ¼ reactive nitrogen species.
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These active ingredients are proposed to activate the immune
system, stimulate the secretion of digestive juice, enhance antiox-
idant activity, and regulate the intestinal flora (Durmic et al., 2012).
In addition, herbs are also reported to improve fetal development
by increasing fetal blood glucose and growth hormone levels (Takei
et al., 2007). Importantly, many reports have shown that the
addition of plant components to sow feed can alleviate oxidative
stress and has beneficial effects on the growth of piglets during the
late pregnancy and lactation stages (Table 1).
2.1. Plant-derived fiber

The composition and structure of intestinal microorganisms
undergo profound changes during pregnancy (Koren et al., 2012).
Plant-derived fiber affects the diversity of the intestinal microbial
community and plays an active role inmaintaining intestinal health
(Fig. 4). Adding Pennisetum (5% to 10%) increases the concentration
of serum equol and elevates the antioxidant capacity and immune
function of sows in late pregnancy by modifying the gut microbiota
(increasing the abundance of Coriobacteriaceae) (Huang et al.,
2021). In addition, higher activities of GSH-Px and insulin secre-
tion index sensitivity in the serum of sows and lower
62
concentrations of ROS and 8-hydroxy-2 deoxyguanosine were
observed when sows were fed 2.2% konjac flour compared with the
control (Tan et al., 2016). Konjac flour mainly contains konjac glu-
comannan (Chen et al., 2006), which has been shown to alter the
fecal microbiota composition of sows (Tan et al., 2015) and to in-
crease the plasma concentration of total short-chain fatty acids
(SCFA). SCFA regulate insulin sensitivity by reducing fatty acid flow
(Fernandes et al., 2011) and increasing fetal birth weight (Anderson
et al., 2009). In addition, SCFA play an important role in the
fermentation of equol (Decroos et al., 2005). These findings may
partially explain why fiber regulates oxidative stress. Consistent
with these findings, direct supplementation with inulin (a soluble
fiber) also regulates the antioxidant capacity. Adding 1.6% inulin to
sow feed from 80 to 109 days of pregnancy can increase the serum
total antioxidant capacity (T-AOC), total superoxide dismutase (T-
SOD), and GSH-Px activities of sows, leading to an optimal sow
oxidative status. The concentrations of free fatty acid and total
cholesterol in the serum of the sows fed inulin were also higher
than those of the control group, indicating that the sow fed inulin
had enhanced fat mobilization ability during delivery (Li et al.,
2020), which could provide energy for sow delivery, thus short-
ening the delivery time and improving the birth survival rate of



Fig. 3. Metabolic pathways of ROS/RNS. ROS ¼ reactive oxygen species; RNS ¼ reactive nitrogen species.
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piglets. Chitosan oligosaccharide is another natural polysaccharide
with goodwater solubility and can be used as an immunostimulant,
anti-inflammatory and antioxidant (Xiong et al., 2014). Dietary
chitosan oligosaccharide supplementation (30 mg/kg) in sows may
promote placental nutrient transport by activating the mammalian
target of rapamycin (mTOR) signaling pathway, protect sows from
oxidative stress and reduce inflammatory factors in serum (Xie
et al., 2016).

It worth noting that soluble fiber seems to deliver more anti-
oxidant capacity than insoluble fiber. A large part of soluble fiber
belongs to functional oligosaccharide. On one hand, soluble fiber
adsorbs harmful microorganisms to reduce their colonization in the
intestinal mucosa (Sweeney et al., 2012). On the other hand, soluble
fiber could also be fermented by microorganisms in the hindgut to
generate SCFA (acetate, propionate, and butyrate), which not only
directly provide nutrition for intestinal cells, but also improve the
intestinal morphology and integrity. More importantly, SCFA
(especially butyrate) can alleviate oxidative stress. Butyrate pro-
tects against H2O2-induced DNA damage in rat or human colitis
cells (Toden et al., 2007; Rosignoli et al., 2001). Besides, acetic acid
and butyric acid esters were proved to inhibit the oxidative stress of
mesangial cells induced by high glucose and lipopolysaccharide
(Huang et al., 2017). Mechanistically, SCFA could exert antioxidant
functions by regulating oxidoreductases (Knapp et al., 2013; Ebert
et al., 2003; Yano and Tierney, 1989). For example, butyric acid
enhanced glutathione-s-transferase activity in human colon cancer
HT-29 cells (Ebert et al., 2003) and CAT activity in rat arterial
smooth muscle cells (Yano and Tierney, 1989). Moreover, nuclear
factor (erythroid-derived 2)-like 2 (Nrf2), a critical transcription
factor to protect against oxidative stress, is also a target for butyric
acid (Wang et al., 2020).
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2.2. Plant-derived antioxidants

Some plants are rich in antioxidants, including phenols, flavo-
noids, proanthocyanidins, flavonols, vitamin C, vitamin E, beta-
carotene, zinc, and selenium, which have been shown to have
antioxidant potential (Jain et al., 2008). Feeding sows diets con-
taining plant-derived natural bioactive compounds (1 g/kg) during
gestation and lactation improved the protein concentration in
colostrum and increased the resistance of milk to Bacillus subtilis
and Staphylococcus aureus. In addition, the antioxidant status of
sows is enhanced, with effects such as significant elevations of
GSH-Px and SOD in the serum (Reyes-Camacho et al., 2020). Among
these antioxidants, polyphenol is themost common substances and
a well-known natural antioxidant in plants. Polyphenols are
derived from flowers, vegetables, fruits, essential oils and tea
(Zhang et al., 2016). Their antioxidant effect is comparable to that of
vitamin E (Iqbal et al., 2015). A previous study showed that adding
glucose polyphenols (200 to 300 mg/kg) from the 85th day of
gestation to delivery improved reproductive performance,
increased serum progesterone and estradiol levels and elevated the
contents of IgM and IgG in the colostrum of sows, which could lead
to an increase in the survival rate of piglets before weaning. In
addition, malondialdehyde (MDA) levels were decreased and GSH-
Px and T-AOC levels were increased when sows were treated with
glucose polyphenols (Wang et al., 2019). Similarly, catechin, a plant
polyphenol component, was also reported as an antioxidant plant
extract (Uzun et al., 2010). Supplementation of the feed of pregnant
sows with catechin (200 mg/kg) enhanced their antioxidant ca-
pacity and reproductive performance (Fan et al., 2015). Oregano
essential oil, which is separated from oregano, is mainly composed
of carvacrol and thymol (Sivropoulou et al., 1996). On the one hand,



Table 1
Effects of plants and plant extracts on antioxidant state, reproductive and lactation performance of sows.

Breed, feeding time, replicate number,
condition of experiment and products

Antioxidant state of sows
and piglets

Reproductive and lactation
performance

Other effects References

Breed: Landrace � Yorkshire
Period: G90 to G114
Product: Pennisetum purpureum (5% to

10%)
Replicate number: 150

Sow serum (G100): Y MDA; [
T-AOC, T-SOD, CAT, serum
equol
Sow serum (G114): [ T- AOC, T-
SOD, CAT, serum equol; Y MDA

Sow serum (G100): [IgA, IgG,
IgM
Microbes: modify gut
microbiota of sows on d 100 of
gestation especially increase
the abundance of
Coriobacteriaceae

Huang et al. (2021)

Breed: (\ Large White � Hybrid (Large
White � Pietrain) � _ Talent, mainly
Duroc)

Period: G104 to L21
Product: hemp seed (G104 to 114, 2%),

(L1 to L21, 5%)
Replicate number: 5 sows/group, 8

piglets/group

Sow serum (farrowing): [TAC;
YTBARS
Sow serum (L7): YROS, TBARS;
[TAC
Sow serum (L21): [CAT, SOD,
GSH-Px
Piglet serum (farrowing): [TAC,
NO, CAT, SOD
Piglet serum (L7): YTBARS;
[TAC, SOD
Piglet serum (L21): YTBARS,
GSH-Px

Mihai et al. (2019)

Breed: Landrace backup sows
Period: G100 to G114
Product: Moringa oleifera (8%)
Replicate number: 15 sows/group

Sow serum (G60): [T-AOC, CAT
Sow serum (G90): [T-AOC;
YMDA
Sow serum (L10): [T-AOC,
GSH-Px; YMDA
Piglet serum (weaning): [CAT

Reproduction: Ystillborn,
farrowing length; [colostrum
protein

Sun et al. (2020)

Breed: Landrace � large white
Period: G85 to L21
Product: enzymatically-treated

Artemisia annua L. (EA) at 1.0 g/kg
Replicate number: 45 sows/group
Experimental condition: Sows in the

control group were housed at control
rooms with temperature
27.12 ± 0.18 �C and temperature-
humidity index (THI) 70.90 ± 0.80.

Sows in the heat stress þ EA groups fed
1.0 g/kg EA, and reared at heat stress
rooms (temperature: 30.11 ± 0.16 �C,
THI: 72.70 ± 0.60).

Sow serum (G114): YMDA; [T-
AOC, SOD
Sow serum (L14): YMDA; [T-
AOC
Sow serum (L21): [T-AOC
Piglet serum (L0): [T-AOC, T-
SOD; YMDA
Piglet serum (L21): [T-AOC

Reproduction: [litter weight,
individual piglet weight
Colostrum: [yield, T-AOC, T-
SOD; YMDA
Milk (L14): [T- AOC, SOD

Wenfei et al. (2020)

Breed: Large White
Period: G1 to G114
Product: Konjac flour (2.2%)
Replicate number: 25 sows/group

Sow serum (L1): Y8-OHdG,
ROS; [GSH-Px
Sow serum (L3): YROS

Sow (G109): YHOMA-IR;
[HOMA-IS
Sow (L3): YHOMA-IR, TNF-a;
[HOMA-IS

Tan et al. (2016)

Breed: Landrace � Yorkshire sows
Period: G108 to weaning
Product: Silymarin (40 g/day)
Replicate number: 55 sows/group

Sow serum (L18): [CAT
Sow serum (L7): [GSH-Px

Reproduction: Yfarrowing
duration; [ADFI during
lactation, average piglet birth
weight
Colostrum: [yield, Lactose
Milk (L18): [protein, urea

Sow serum (L7): YTNF-a, TBA;
[PRL

Xiaojun et al. (2020)

Breed: Landrace � Yorkshire
Period: G80 to G109
Product: Inulin (1.6%)
Replicate number: 44 sows/group

Sow serum (farrowing): [T-
AOC, T-SOD, GSH-Px

Reproduction: [sow ADFI,
piglet BW at birth, piglet ADG,
piglet BW at weaning, weaning
survival rate; Yfarrowing
duration, the rate of dead
fetuses

Sow serum (farrowing): [TC,
FFA

Li et al. (2020)

Breed: Yorkshire (average parity 4.4)
Period: 20 d after breeding to weaning
Product: Resveratrol (300 mg/kg)
Replicate number: 20 sows/group

Finishing pigs (longissimus
thoracis): [SOD, mRNA
expression of SOD2; YMDA

Finishing pigs: [Backfat
thickness

Meng et al. (2020)

Breed: Landrace � Yorkshire
Period: during gestation and lactation
Product: Phytogenic actives (1 g/kg)
Replicate number: 27 sows/group

Sow serum (G35): [CAT, TBARS,
NO, TAC; YSOD
Piglet plasma (at birth): [CAT,
TBARS
Piglet plasma (postweaning
d 7): [SOD, GSH-Px
Piglet plasma (L20): [CAT, SOD

Colostrum: [protein
Milk (L20): [Fat

Suckling pigs (on the 20th day)
Expression of YCLDN4, ANPEP;
[IL-10, IDO

David et al. (2020)

Breed: Yorkshire � Landrace
Period: G107 to weaning
Product: soybean isoflavone (SI) and

astragalus polysaccharide mixture
(APS) (200 mg/kg) (SI:APS ¼ 1:5)

Replicate number: 13 sows/group

Sow serum (L1): [IGF-1, PRL,
GH, SOD, T-AOC, GSH-Px;
YMDA
Sow serum (L10): [IGF-1, PRL,
GH, CAT, SOD, T-AOC, GSH-Px;
YMDA

[Sow ADFI, total lactation yield Sow serum (L10): [IL-2, TNF-a,
IgG, IgA
Sow serum (L21): [IL-2, TNF-a,
IgG, IgA

Hongzhi et al. (2021)

Q. Li, S. Yang, F. Chen et al. Animal Nutrition 9 (2022) 60e73
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Table 1 (continued )

Breed, feeding time, replicate number,
condition of experiment and products

Antioxidant state of sows
and piglets

Reproductive and lactation
performance

Other effects References

Breed: Large White � Landrace
Period: G80 to L21
Product: grape seed polyphenols (200

to 300 mg/kg)
Replicate number: 16 sows/group

Sow serum (G110): [SOD, T-
AOC, GSH-Px; YMDA

Reproduction: Yfetal death
rate; [farrowing survival,
preweaning survivability

Sow serum (G110): [IgG, IgM,
progesterone, estradiol

Wang et al. (2019)

Breed: Large White � Landrace
Period: G85 to parturition
Product: chitosan oligosaccharide

(30 mg/kg)
Replicate number: 8 sows/group

Sow serum (G110): [SOD, GSH-
Px; YMDA
Sow placenta: [expression of
Cuznsod, CAT (1 to 2)

Sow placenta: expression of
YIL-6, IL-8; [VEGF-A

Xie et al. (2016)

Breed: Landrace � Yorkshire
Period: G1 to weaning
Product: inulin (1.5%)
Replicate number: 15 sows/group

Sow serum (G90): [SOD;
YMDA
Sow serum (L0): [GSH-Px;
YMDA
Sow serum (L21): [SOD, GSH-
Px; YMDA
Piglet plasma (at birth): [GSH-
Px; YMDA
Piglet plasma (at weaning):
[SOD; YMDA

YWithin-litter birth weight
coefficient of variation

YSow BW gain during
gestation, lactation BW loss

Wang et al. (2016)

Breed: Landrace � Large White
Period: mating to G40
Product: Catechins (200 mg/kg)
Replicate number: 12 sows/group

Sow serum (Farrowing): [CAT,
SOD; YMDA, H2O2

Reproduction: [the number of
piglets born alive, piglet born
healthy; Ystillborn

Fan et al. (2015)

Breed: Yorkshire � Landrace
Period: G85 to L18
Product: glycitein (15, 30, or 45 mg/kg;

45 mg/kg is the best)
Replicate number: 56 sows/group
Experimental condition: The

experiment was conducted between
July and October 2012, when
monthly averages for maximum and
minimum temperature (�C) were
(33, 25), (33, 25), (31, 23), and (29,
21).

Sow serum (L1): [SOD, T-AOC;
YMDA

Reproduction: [weaned BW
per litter, ADG of piglets at
lactation period
Colostrum: [SOD, GSH-Px;
YMDA
Milk(D7): [SOD, GSH-Px, fat,
protein; YMDA

Hu et al. (2015)

Breed: Large white
Period: gestation and lactation
Product: oregano essential oil (15 mg/

kg)
Replicate number: 30 sows/group

Sow serum: [GSH-Px on G60;
Y8-OHdG on G90
Sow serum (L1): [GSH-Px;
YTBARS, 8-OHdG, ROS

Reproduction: [piglet mean
BW at d 21, [piglet ADG during
lactation

Sow faeces bacterial counts
(G109):
YEscherichia coli, Enterococcus;
[Lactobacillus

Tan et al. (2015)

G¼ gestation day; L¼ lactation day;MDA¼malondialdehyde; T-AOC¼ total antioxidant capacity; T-SOD¼ total superoxide dismutase; CAT¼ catalase; GSH-Px¼ glutathione
peroxidase; 8-OHdG¼ 8-hydroxydeoxyguanosine; HOMA-IR¼ insulin resistance; HOMA-IS¼ insulin secretion index; TNF-a¼ tumor necrosis factor-a; TC¼ total cholesterol;
FFA ¼ free fatty acid; CLDN4 ¼ recombinant claudin 4; ANPEP ¼ alanyl aminopeptidase; IL-10 ¼ interleukin 10; IDO ¼ indoleamine 2,3-dioxygenase 1; IGF-1 ¼ insulin like
growth factor 1; PRL ¼ prolactin; GH ¼ growth hormone; IL-2 ¼ interleukin 2; IgG ¼ immunoglobulin G; IgA ¼ immunoglobulin A; GSH-Px 3 ¼ glutathione peroxidase 3;
VEGF-A ¼ vascular endothelial growth factor A; TBARS ¼ thiobarbituric acid reactive substances; BW ¼ body weight.
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the structure of sow intestinal microbes was found to be altered
with the oregano essential oil diet (OEO) (15 mg/kg), with an
increased number of Lactobacilli in sow feces and decreased the
numbers of Enterococcus and Escherichia coli. On the other hand,
feeding OEO was shown to increase the insulin sensitivity of sows,
thus increasing the feed intake of sows during lactation. Besides
OEO diet significantly reduced sow serum thiobarbituric acid
reactive substances and 8-hydroxydeoxyguanosine concentrations
after delivery (Tan et al., 2015). Soybean isoflavone is a type of
polyphenol that is also a natural active phytoestrogen (Moon et al.,
2006). It has a similar structure tomammalian estrogen (Yuan et al.,
2012), which promotes the testosterone and prolactin secretion of
lactating sows and increases lactation yield. The addition of the
mixture of soybean isoflavone and astragalus polysaccharide
(200 mg/kg) to sow feed improved the serum prolactin, growth
hormone and Insulin-like growth factor 1 contents of lactating
sows, resulting in increased sow lactation. At the same time, this
mixture increased the serum antioxidant levels of sows with
increasing serum SOD and GSH-Px contents during lactation (Wu
et al., 2021). Silymarin extracted from Silybum marianum plants
65
contains various flavonoids (silybin as the main component), which
have antioxidation, liver protection, blood lipid reduction, blood
pressure reduction, anti-diabetes and anti-obesity functions (Surai,
2015). Silymarin supplementation (40 g/day) during late pregnancy
and lactation in sows was found to increase circulating concen-
trations of serum prolactin, reduce oxidative stress (elevated serum
composition of CAT and GSH-Px during lactation) and reduce in-
sulin resistance and inflammatory responses (decreases in tumor
necrosis factor-a and interleukin-1 b, as well as increase feed intake
in sows, resulting in the improved growth performance of their
offspring (Jiang et al., 2020). This might be because silymarin pre-
vents the formation of free radicals by activating some nonenzy-
matic antioxidants and antioxidant enzymes through the Nrf2 and
nuclear factor-kB (NF-kB) pathways (Surai, 2015).

In addition to directly using polyphenols, feeding sows with
plant-enriched polyphenols also alleviates their oxidative stress. A
recent study showed that the addition of Moringa oleifera (8%)
improved the reproductive performance of sows and had positive
impacts on the serum antioxidant indexes of sows and piglets, such
as significant increases in serum T-AOC at 60 and 90 days in



Fig. 4. The crude fiber is beneficial to health of sows. The fee rich in crude fiber can improve that body condition of the sow, improve the reproductive performance of the sow, and
effectively solve the problem of constipation of pregnant sows and less lactation after delivery. Furthermore, short-chain fatty acids (SCFA) are the main metabolites produced by the
microbiota in the large intestine through the anaerobic fermentation of dietary fiber and resistant starch, which help maintain that integrity of the intestinal barrier mucus
production, prevent inflammation, etc.
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pregnant sows. In addition, the addition ofM. oleiferawas shown to
significantly increase the protein level in colostrum (Sun et al.,
2020). M. oleifera contains phenol and other effective antioxidant
substances, which could alleviate oxidative stress in animals
(Osman et al., 2012). Therefore, we speculated that the antioxidant
effect of M. oleifera is partially derived from its antioxidant sub-
stances. Similarly, dietary supplementation of enzymatically
treated Artemisia annua L. at 1.0 g/kg was shown to result in sig-
nificant elevations in the serum T-AOC levels of sows and piglets
during pregnancy and lactation, and the serum MDA level was
found to be decreased. In addition, enzymatically treated Artemisia
annua L. was found to promote the intestinal barrier integrity of
piglets (Zhang et al., 2020). The beneficial effect of Artemisia annua
L supplementation might be due to its enrichment in sesquiter-
penes (artemisinin), volatile oils, alkaloid phenols and flavonoids
(Zhang et al., 2020), which can resist oxidation and enhance im-
munity (Ferreira et al., 2010). Hemp seeds are rich in polyphenols,
polyunsaturated fatty acids, and other bioactive compounds
(Callaway, 2004). Supplementing hemp seeds (2% to 5%) in the late
pregnancy and lactation stages of sows was found to effectively
reduce the levels of serum thiobarbituric acid reactive substances
of sows and piglets and increase the levels of antioxidant enzymes
such as total antioxidant capacity (TAC) and SOD (Palade et al.,
2019).

In summary, plant-derived feed rich in polyphenols (such as
M. oleifera, Artemia annua L. and hemp seeds) have been shown to
be effective in improving the antioxidant capacity of sows. How-
ever, the direct addition of plants usually has low active in-
gredients. Direct addition of high-dose plant active ingredients
(such as grape polyphenols, catechin, silymarin, oregano essential
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oil and soybean isoflavones) might produce better results.
Compared with administration with an extract of polyphenols,
feeding sows additives enriched in fiber or polysaccharides (such as
pennisetum, konjac flour, chitosan oligosaccharide and inulin)
might play a more prominent role in regulating the structure of the
intestinal flora of sows, maintaining intestinal health, and reducing
constipation.
3. Selenium and vitamin E

Selenium is a necessary micronutrient for animals, which is
proposed to maintain growth, support muscle activity, promote
reproductive organ development, and regulate the immune system
(Schwarz et al., 2009; T�oth et al., 2018). Both inorganic selenium,
such as selenite or selenate, and organic selenium, such as yeast
selenium or DL-selenomethionine (Se-Met), are used as selenium
supplements in animal husbandry. With the advancement of
research, it has been gradually recognized that there are some
limitations for the use of inorganic selenium. Firstly, comparedwith
organic selenium, inorganic selenium is less efficiently retained,
and most of which are excreted via the urine. Pharmacokinetic
studies showed that the absorption rate of Se-Met (98%) was su-
perior to that of sodium selenite (84%). In addition, excretion of Se-
Met (15%) was lower than that of sodium selenite (35%) (Duntas
et al., 2014). Blodgett et al. (1989) reported a sevenfold increase
in sodium selenite levels in sow feed only resulted in modest in-
creases in selenium concentrations in blood and colostrum. In
addition, inorganic selenium easily interacts with other minerals to
reduce their absorption efficiency (Surai, 2006).
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The addition of organic selenium has beneficial effects on
pregnant sows and their offspring. For example, addition of sele-
nium (1 mg/kg organic Se) was found to increase the concentra-
tions of serum GSH-Px, SOD, GSH and T-AOC in sows during
lactation, reflecting that the sow is in a good antioxidant state at
this stage. In addition, the antioxidant properties and nutrient
content of milk were also shown to be improved (Zhang et al.,
2020). Similarly, sow fed Se-enriched yeast (0.3 Se mg/kg diet)
were shown to have improved antioxidant capacity in the serum
and milk of sows compared with sows fed inorganic selenium
(Chen et al., 2016). Collectively, there were two main benefits of
organic selenium for pregnant sows (Table 2). First, organic sele-
nium can build up a reserve of selenium in the form of Se-Met in
tissues, mainly muscles, that can be used under stress conditions to
improve antioxidant defense (Surai, 2006). Second, organic sele-
nium in the form of Se-Met can efficiently transport selenium from
sows to fetuses and newborn piglets via placenta, colostrum, and
milk (Stewart et al., 2013).

It worth noting that even though Pig Nutrition Requirement
(National Research Council, 2012) recommends 0.15 mg/kg sele-
nium in feed for pregnant and lactating sows, the optimal level of
selenium in sow feed is still controversial. Some scientists found
selenium supplementation beyond the prescribed dose can inter-
fere with insulin homeostasis and thus negatively affect pig
Table 2
Effects of selenium, vitamin E, vitamin C and yeast culture on antioxidant state, reprodu

Breed, feeding time, replicate number,
condition of experiment and products

Antioxidant state of sows and
piglets

Reprodu
performa

Period: Piglets: birth to 38 d of age
Sow: (G84 to weaning)
Product: Se-Met 0.26 and 0.43 mg Se/kg
Or NaeSe 0.40 and 0.60 mg Se/kg
Replicate number: 31 sows/group

Piglet plasma (Se-Met groups)
[GSH-Px 3 at birth and d 5 after
parturition

Reprodu
weight (S

Breed: Landrace � Yorkshire
Period: G85 to L35
Product: yeast culture (YC) and organic

selenium (Se), 10 g/kg YC þ organic
Se (1 mg/kg Se)

Replicate number: 40 sows/group

Sow serum (L1): [SOD, T-AOC,
GSH
Sow serum (L25): [GSH-PX

Colostrum
YMDA
Milk (d 4

Period: G90 to weaning
Product: only vitamin E or vitamin E

and Proviox polyphenols
Gestation diets: Proviox polyphenols

(50 mg/kg), vitamin E (50 mg/kg)
Lactation diets: Proviox polyphenols

(75 mg/kg), vitamin E (75 mg/kg)
Replicate number: 13 sows/group

Sow serum (Farrowing): [GSH-
Px, T-SOD, TAS
Sow serum (Weaning): [GSH-
Px, T-SOD, TAS
Piglet serum (d 21 of age):
[GSH-Px, T-SOD, TAS

Reprodu
birth and

Breed: Yorkshire mixed-parity sows
Period: G85 to L21
Product: N-carbamylglutamate and

vitamin C (both 0.05%)
Replicate number: 13 sows/group

Sow serum (weaning): YMDA Reprodu
weight, a
weaning
weaning

Breed: Large White � Landrace
Period: G107 to L21
Product: vitamin E (250 IU/kg)
Replicate number: 24 sows/group

Piglet serum (L21): [T-AOC,
CAT

Reprodu
at weani
Colostrum
IgG, IgA
Milk: [to

Period: G21 to weaning
Product: selenium (0.30 mg/kg) and

vitamin E (90 IU/kg)
Replicate number: 60 sows/group

Sow serum (60-d post-coitus):
[T-AOC, SOD
Sow serum (11-d postpartum):
[T-AOC, SOD, GSH-Px, GSH;
YMDA

Colostrum
Px, GSH;
Milk (d 1
Px, GSH;

Breed: Landrace � Yorkshire
Period: G85 to L35
Product: yeast culture (10 g/

kg) þ organic Se (1 mg/kg).
Replicate number: 40 sows/group

Sow serum (d 1 postpartum):
[T- AOC, T-SOD, GSH
Sow serum (d 25 postpartum):
[GSH-Px

Colostrum
YMDA
Milk (d 4

G ¼ gestation day; L ¼ lactation day; MDA ¼ malondialdehyde; T- AOC ¼ total ant
3 ¼ glutathione peroxidase 3; GSH ¼ glutathione; IgA ¼ immunoglobulin A.
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performance (Pinto et al., 2012). However, high dose selenium
supplementation (above the upper limit of 0.5 mg/kg of selenium
according to Chinese standards) has also been reported to have
beneficial effects on animals (Meyer et al., 2011; Chauhan et al.,
2014; Stewart et al., 2013). We speculated that this might be due
to the partial transfer of selenium to piglets through the placenta,
which not only reduced the accumulation of selenium in sows, but
also had a beneficial effect on piglets. The optimum level of sele-
nium addition still needs to be further studied.

At the molecular level, according to previous studies, selenium
is metabolized into various small molecular weight seleno-
compounds, such as hydrogen selenide and methylated selenium
compounds, that affect cellular processes such as DNA repair and
epigenetics (Grealish et al., 2000; Bera et al., 2013). Among them,
hydrogen selenide ultimately synthesizes various selenoproteins
through a series of complex biochemical reactions. The common
selenoproteins are glutathione peroxidase and thioredoxin reduc-
tase, which are involved in alleviating oxidative damage and syn-
thesizing thyroid hormone metabolism, respectively (Hoffmann,
2007) (Fig. 5). In view of these results, the addition of selenium
to sow feed is beneficial and could improve the antioxidant ca-
pacity of the sow. The biological value of the organic form of sele-
nium is much higher, and 1 mg/kg organic selenium is
recommended for sows.
ctive and lactation performance of sows.

ctive and lactation
nce

Other effects References

ction: [piglet body
e-Met groups at d 24)

Se-Met-groups at d 38
[Se-concentrations in plasma
and had a doseeresponse effect

Falk et al. (2020)

: [GSH-Px, T-SOD;

): [fat

Zhang et al. (2020)

ction: [litter weight at
weaning

Piglet serum (d 21 of age): [a-
Tocopherol, retinol

Lipi�nski et al. (2019)

ction: [initial litter
verage birth weight,
litter weight, average
weight

Sow: YRespiration; [teed
intake
Sow serum (weaning): [blood
IgG

Feng et al. (2017)

ction: [piglet weight
ng, d 0 to21 ADG
: [tocopherol, fat,

copherol, fat, IgG, IgA

Piglet serum (L21):
[tocopherol, IgG, IgA
Sow serum (At parturition):
[tocopherol, IgG, IgA
Sow serum (L21): [tocopherol,
IgG, IgA

Lin et al. (2017)

: [T-AOC, SOD, GSH-
YMDA
1): [T-AOC, SOD, GSH-
YMDA

Chen et al. (2016)

: [T-SOD, GSH-Px;

): [fat

Zhang et al. (2020)

ioxidant capacity; T-SOD ¼ total superoxide dismutase; CAT ¼ catalase; GSH-Px



Fig. 5. Nutrition function of selenium. The selenium in the feed is absorbed by the sows and metabolized to produce small molecular weight seleno-compounds and some others
participate in the synthesis of selenoprotein, thereby improving the antioxidant performance of the sows, regulating the energy metabolism of the sows, and reducing cell DNA
damage.
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Vitamin E is an effective antioxidant present in the cell mem-
brane that maintains the normal function of cells by capturing free
radicals and their oxidizing substances (Halliwell, 2012), counter-
acting lipid peroxidation in cells. From the 107 d of gestation to 21 d
of lactation, adding 250 IU/kg vitamin E to sows' diets was found to
significantly improve the weaning weight of piglets, stimulate the
activity of antioxidant enzymes in the red blood cells of sows, and
significantly affect the nutrient composition and immunoglobulin
level of colostrum (Wang et al., 2017). Similarly, sows fed vitamin E
and polyphenols were shown to have improved antioxidant status,
higher GSH-Px and SOD activities, and upregulated serum retinol
levels (Lipinski et al., 2019). It is worth noting that when sows were
fed a low dose of vitamin E (90 or 30 IU/kg), their antioxidant status
and reproductive performance did not appear to be improved
(Chen et al., 2016). Therefore, this evidence indicates that adding
sufficient vitamin E to sows’ diets during late pregnancy can alle-
viate the oxidative stress state and that its effect is closely related to
the dosage. The recommended amount of vitamin E for sows is (150
to 250 IU/kg). Similar to vitamin E, as an important antioxidant,
vitamin C helps remove excess ROS from the body. The combined
addition of N-carbamylglutamate and vitamin C reduces the levels
of malondialdehyde and cortisol in sow serum and increases the
level of IgG (Feng et al., 2017). In terms of reproduction, previous
researchers have reported that the reproductive performance of
sows fed vitamin E or vitamin C was significantly affected by the
duration of supplementation. For example, short-term vitamin E or
C supplementation to peripartum sows does not affect reproductive
performance such as litter size, birth weight and number of still-
births (Sosnowska et al., 2011; Mahan et al., 2000). In contrast,
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vitamin E and vitamin C supplementation significantly improved
sow reproductive performance when tested during extended pe-
riods of gestation (Mavromatis et al., 1999; Lechowski et al., 2016).
Mechanistically, vitamin C supplementation resulted in elevated
plasma levels of b-estradiol that favored reproductive organ
development (Coffey et al., 1993). In addition, decreased body fat
consumption in lactating sows after vitamin C supplementation
indicated that vitamin C helped maintain a stable level of body
weight and backfat thickness, thereby reducing metabolic stress in
lactating sows (Kolb et al., 2001; Zhao et al., 2002).

4. Microbial additives

Probiotics produce a favorable response in the host by
improving the microbial balance in the intestine (Afrc, 1989). They
promote or inhibit the growth of certain intestinal microorganisms
and thus have a beneficial effect on the host (Table 3). Recent
studies have reported that the perinatal intestinal flora of sows is
associated with oxidative stress (Hayakawa et al., 2016). Clostridium
butyricum regulates the balance of intestinal microecology, pro-
moting the reproduction of bifidobacteria and inhibiting the pro-
liferation of E. coli. It is worth noting that probiotics have been
reported to improve the antioxidant capacity of sows and piglets
(Xie et al., 2016).

Yeast and yeast extracts have been widely used in animal hus-
bandry. Yeast extract contains nucleotides, vitamins, and b-glucans
(Vieira et al., 2016), which might be beneficial to pig growth,
metabolism, and health. Previous studies have shown that 50-ino-
sinate disodium enhances the flavor and palatability of feed. Yeast



Table 3
Effects of microbial additive on antioxidant state, reproductive and lactation performance of sows.

Breed, feeding time, replicate number,
condition of experiment and products

Antioxidant state of sows and
piglets

Reproductive and lactation
performance

Other effects References

Breed: Large White sows
Period: G85 to L21
Product: dietary yeast extract (10 g/kg)
Replicate number: 20 sows/group

Decrease oxidative stress of
weaned piglets

Reproduction: [ADFI of sows
on L1, the number of weaned
piglets per litter

The concentration of 50-
monophosphate nucleotides
and total nucleotides in milk
increased linearly with the
increase of yeast extract in diet

Cqta et al. (2021)

Breed: Landrace � Yorkshire
Period: G90 to L21
Product: Bacillus subtilis PB6

(4 � 108 CFU/kg)
Replicate number: 16 sows/group

Sow serum (parturition): [T-
AOC; YMDA
Sow serum (L21): [CAT
Piglet serum: YCortisol
concentrations

Reproduction:
During lactation: [born alive
rate, litter weight gain, piglet
survival rate
Farrowing: Yduration of
farrowing, piglet birth interval
Colostrum: [fat

Sow serum: YEndotoxin on L14
and L21

Zhang et al. (2020)

Breed: Large White � Landrace
Period: G1 to Weaning
Product: isomaltooligosaccharide and

Bacillus
Replicate number: 26 sows/group

Sow placental: YMDA, GSH-Px,
CAT; [T-AOC

Reproduction: [average piglet
BW, placental efficiency

Umbilical venous serum: [INS,
IgG, GH; YIgM

Gu et al. (2019)

Breed: Landrace � York
Period: G90 to L21
Product: Clostridium butyricum (0.2% to

0.4% and 0.4% is better)
Replicate number: 45 sows/group

Sow serum (at parturition):
YMDA
Sow serum (L14): YMDA; [T-
AOC, T-SOD
Sow serum (L21): [CAT; YGSH-
Px, Endotoxin
Piglet serum (L14): YMDA,
Endotoxin, Cortisol; [T- AOC
Piglet serum (L21): [T- AOC;
YEndotoxin, Cortisol

Reproduction: [litter weight
gain; Yduration of farrowing,
estrous interval
Colostrum: [protein, IgM
Milk: [protein, IgM

Clostridium butyricum 0.2%
increased the relative
abundance of Bacteroides, but
decreased the relative
abundance of Proteus,
Bifidobacterium,
Actinomycetes, Acid Bacteria,
Verrucous Microorganism and
Mycelia/Bacteroides.

Cao et al. (2019)

G ¼ gestation day; L ¼ lactation day; MDA ¼ malondialdehyde; T- AOC ¼ total antioxidant capacity; T-SOD ¼ total superoxide dismutase; CAT ¼ catalase; GSH-
Px ¼ glutathione peroxidase; IgM ¼ immunoglobulin M; IgG ¼ immunoglobulin G; INS ¼ serum insulin.
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cell wall components (e.g., mannan and b-glucan) inhibit the
growth of porcine intestinal pathogenic microorganisms to
improve their growth performance by improving intestinal health
(Shen et al., 2009). The sows provided with yeast derivatives (2 g/
kg) is found to have more beneficial microbes (Roseburia, Parpre-
votella, Eubacterium), and less opportunistic pathogens (Proteus,
Vibrio desulfurization, E. coli, and Helicobacter) in their feces (Shah
et al., 2018). Adding 10 g/kg yeast extract to the sows' diets in-
creases their feed intake during lactation and the number of
weaned piglets per litter and reduces the oxidative stress of
weaned piglets (Cqta et al., 2021). In addition, the serum T-AOC and
GSH-Px of weaned piglets were higher than those of the control,
while the blood thiobarbituric acid reactive substances level was
decreased (Tan et al., 2021). Another study found that the addition
of yeast extract (10 g/kg) and selenium to sows' diets increased the
neonatal weight and the average daily gain during the lactation
period of piglets. In addition, the contents of SOD and GSH-Px in
colostrumwere also increased, accompanied by a decrease in MDA
(Zhang et al., 2020). Similarly, serum antioxidant enzyme activities,
especially glutathione peroxidase, were significantly higher in
weaned piglets when fed directly with 4% yeast-derived protein
than in control-fed piglets (Liang et al., 2014).

B. subtilis can be used as growth promoter. It inhibits the
reproduction of pathogens and promotes the degradation of nu-
trients in feed, thereby improving the utilization rate of feed. When
B. subtilis (4 � 108 CFU/kg) was added to sows’ daily rations, they
exhibited better physical strength during delivery, and the birth
interval of the piglets was shortened (Zhang et al., 2020). Concen-
trations of MDA, endotoxin in sow serum and cortisol in piglet
serum were also found to be reduced (Zhang et al., 2020). Another
study showed that the combination of isomaltooligosaccharide and
B. subtilis increased the growth hormone (GH) concentration in
umbilical vein serum, increased the concentration of placental T-
AOC and reduced the concentration of MDA, thus improving the
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placental efficiency of sows (Gu et al., 2019). B. subtilis (2� 109 CFU/
kg) cultures have also been reported to be effective in attenuating
zearalenone-induced oxidative stress (ameliorating serum SOD,
and MDA levels) and organ apoptosis in pregnant sows (Zhou et al.,
2020). Compared with other economic animals, the pigs are more
vulnerable to the influence of deoxynivalenol (DON), and the pig
fed with the DON (4 mg/kg) polluted feed showed the activity of
inhibiting SOD, GSH-Px, GSH and T-AOC (Liao et al., 2020). How-
ever, these DON-induced oxidative stresses were partially coun-
teracted by the administration of sow B. subtilis ASAG 216 (1 � 108,
0.1%), as evidenced by increased serum GSH-Px and SOD activities
and decreased MDA and H2O2 contents (Ru et al., 2021). The
addition of 0.2% C. butyricum to sow feed reduced the concentration
of MDA in sow serum at delivery and increased the concentration of
T-AOC, thereby reducing the time interval to litter. Furthermore, the
lactose and protein contents in the milk were increased with the
supplementation of 0.2% C. butyricum (Cao et al., 2019).

In summary, probiotic supplementation during pregnancy could
regulate the intestinal microbial structure of sows, improve intes-
tinal health, and enhance the antioxidant capacity of sows.

5. Other nutritional strategies

In addition to the nutrients mentioned above, the effects of
other additives on the antioxidant performance of sows are sum-
marized in Table 4. Glutathione, a ubiquitous thiol-containing tri-
peptide made from the amino acids glycine, cysteine, and
glutamine acid, plays a pivotal role in reducing oxidative stress
(Jefferies et al., 2003). Cysteamine (CS) is a precursor of GSH, which
is an important endogenous antioxidant (Fig. 6). Mechanistically,
cysteamine promotes the transport of cysteine into cells for GSH
synthesis, thereby achieving cell redox homeostasis (Besouw et al.,
2013). Dietary CS (100 to 500 mg/kg) supplementation could
partially improve the antioxidant status of sows and their offspring,



Table 4
Effects of other nutritional strategies on antioxidant state, reproductive and lactation performance of sows.

Breed, feeding time, replicate number,
and products

Antioxidant state of sows and
piglets

Reproductive and lactation
performance

Other effects References

Breed: Landrace � York sow
Period: G85 to L21
Product: cysteamine (100 to 500 mg/

kg) of CS, but 100 mg/kg is the best.
Replicate number: 21 sows/group

Sow serum (L0) [GSH
Sow Placenta (parturition): [T-
AOC
Piglet serum (at birth): [GSH

Colostrum: [GSH
Reproduction: YStillbirth rates,
Invalid piglet rates; [Placental
efficiency

Huang et al. (2021)

Breed: Landrace � Large White
Period: G85 to delivery
Product: n-acetyl-cysteine (500 mg/kg)
Replicate number: 9 sows/group

Sow serum (parturition):
[GSH-Px, SOD, T-AOC; YH2O2,
MDA
Sow Placenta (parturition):
[GSH-Px, NO; YSOD, MDA

Sow serum (at parturition):
YIL-1b, IL-18
Sow Placenta (at parturition):
[IGF-1, IGF-2, E-cadherin

Luo et al. (2019)

Breed: Landrace � Yorkshire
Period: G90 to parturition
Product: b-carotene (30 or 90 mg/kg

but 90 mg/kg is better)
Replicate number: 16 sows/group

Sow serum (parturition):
[GSH-Px, NO

b-carotene may increase NO
production by up-regulating
the relative abundance of
Corynebacterium

Xupeng et al. (2020)

Breed: Landrace � Large white
Period: G1 to L21
Product: L-carnitine at 100 mg/kg from

G1 to G90, and 200 mg/kg from G91
to L21.

Replicate number: 30 sows/group

Sow serum (G110): [GSH-Px,
GSH; YMDA
Sow serum (L1): [T-SOD, GSH-
Px, GSH; YMDA
Sow serum (L21): [T-SOD,
GSH-Px, GSH; YMDA
Piglet serum (at birth): [T-SOD,
GSH-Px, GSH; YMDA
Piglet serum (Weaning): [T-
SOD, GSH-Px, GSH; YMDA
Piglet Liver (Weaning):[T-SOD,
GSH-Px, GSH; YMDA

Reproduction: [Initial litter
weight, Average birth weight,
Weaning litter weight, Average
weaning weight

Wei et al. (2019)

Breed: Landrace � Yorkshire
Period: G1 to weaning
Product: methyl donor (3 g/kg)
Replicate number: 14 sows/group

Umbilical cord blood (at birth):
[SOD, CAT, GSH-Px
Piglet serum (at birth): [SOD,
GSH-Px, T-AOC; YMDA
Piglet Liver (at birth): [CAT,
GSH-Px, T-AOC

In chorioallantois (at birth):
[CAT, GSH-Px, SOD, ASA, NOS

Mou et al. (2018)

G ¼ gestation day; L ¼ lactation day; MDA ¼malondialdehyde; T- AOC ¼ total antioxidant capacity; T-SOD ¼ total Superoxide dismutase; CAT ¼ catalase; GSH ¼ glutathione;
GSH-Px ¼ glutathione peroxidase; IL-1 b ¼ interleukin-1 b; IL-2 ¼ interleukin 2; IGF-1 ¼ insulin like growth factor 1; IGF-2 ¼ insulin like growth factor 2.

Fig. 6. Glutathione and its role in cellular functions. GSH ¼ glutathione; GSSG ¼ glutathione oxidized.
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increase the mean birth weight of piglets (from 1.4 to 1.6 kg), and
reduce stillbirth (from 12% to 6%) (Huang et al., 2021). It is also
possible to increase GSH levels in the sow's placenta and increase
the placental vascular density, which is beneficial to the growth and
survival of the embryo (Huang et al., 2021). The potential mecha-
nisms by which CS protects cells against oxidative stress are listed
as follows. First, cysteamine undergoes a sulfhydryledithio ex-
change reaction to eliminate oxidized substances in the cells (Ozaki
et al., 2007). Second, cysteamine inhibits the nucleotide-containing
pyridine domain in the g-ribosome to improve the redox state of
the maternal placenta (Luo et al., 2019). It is worth noting that high
doses of CS could attenuate glutathione peroxidase activity. N-
acetylcysteine (NAC) is a similar product to CS. The addition of NAC
(500 mg/kg) to the sow diet was also found to significantly reduce
serum and placental inflammatory cytokine levels and increase
placental NO production and the gene expression levels of vascular
endothelial growth factor and hypoxia inducible factor-1a by
inhibiting the NOD-like receptor protein 3 inflammasome and to
increase the numbers of lactic acid bacteria and bifidobacteria in the
sow hindgut (Luo et al., 2019).

Beta-Carotene, a common plant pigment, is generally consid-
ered to be the precursor of vitamin A. One study showed that b-
carotene (30 or 90 mg/kg) significantly increased serum GSH-Px in
sows. In addition, b-carotene may increase NO production by
upregulating the relative abundance of Corynebacterium (Yuan
et al., 2020). According to previous studies, an increase in homo-
cysteine levels leaded to an increase in ROS levels (Agarwal et al.,
2005). Prenatal supplementation with maternal methyl donors
(3 g/kg) in sow feed significantly reduced serum homocysteine
concentrations in sows at d 35 and 110 of pregnancy. The supple-
mentation increased the activity of antioxidant enzymes such as
SOD, CAT and GSH-Px in chorioallantoic acid, piglet plasma, and
liver, thereby enhancing maternal, placental, and offspring anti-
oxidant capacity (Mou et al., 2018). Themain function of L-carnitine
is to help long-chain fatty acids cross the mitochondrial inner
membrane for b-oxidative degradation. The results determined
in vitro indicated that L-carnitine was an effective antioxidant (Wei
et al., 2019). L-Carnitine supplementation (100 to 200 mg/kg) in
sow diets increased the survival number and weaning body weight
of weaned piglets, decreased plasma MDA levels in sows, and
alleviated DDGS-induced oxidative stress in sows (Wei et al., 2019).

6. Conclusions

Further in-depth study on the mechanism of oxidative stress in
sows will help us develop more effective additives to reduce losses
due to oxidative stress. Based on the current research, we have
reached the following conclusions: plant additives rich in poly-
phenols can effectively alleviate the oxidative stress of sows during
the late pregnancy and lactation stages. These additives are prob-
ably the most effective antioxidant products available because they
are more effective in improving oxidative stress indicators in sows
(Table 1). And products with high crude fiber and additives rich in
soluble sugar can effectively regulate the structure of the gut
microbiota of sows and affect microbial diversity to maintain the
intestinal health of sows. For vitamin products (such as vitamin E
and vitamin C), a high concentration (>100 IU/kg) is required to
exert an efficient antioxidant effect. Microbial preparations tend to
promote the growth of beneficial flora. The addition of B. subtilis
and C. butyricum has been proven to be effective. It has also been
proven to be effective to add some substances involved in body
metabolism to the sows’ feed, such as L-carnitine and methyl do-
nors. In addition, the types of additives, the addition stage, and the
dosage affect the expected antioxidant function. Therefore,
reasonably considering the use of products with different
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combinations and repeating experiments in production practice are
required to identify the most suitable product for specific livestock
farms.
7. Outlook

At present, most studies only focus on evaluating the effects of
individual additives, and the effects of products with different
active components remain to be determined in future studies. In
addition, the specific scavenging mechanism of active components
in various additives on free radicals is still unclear and remains to
be studied. Furthermore, it worth noting that oxidative stress could
reduce the lactational feed intake. However, it is still unclear
whether nutritional strategies such as increasing nutrient density,
and changing the Lys-to-energy ratio could eliminate the negative
effects from oxidative stress. As described in this review, MDA is
widely used as a marker of lipid oxidation. However, polyphenols
and vitamin products could directly react with MDA, which might
affect the oxidative stress status of sows. Thus, a better biomarker
of oxidative stress might need to be identified in the future. It is
interesting to note that most of the additives stimulate the syn-
thesis of antioxidant enzymes in sows, suggesting that their
pathway of activating antioxidant enzymes might be similar to that
of ROS, which is also worth studying. Currently, the alleviation of
sow oxidative stress by nutritional means is mainly focused on
improving the concentration of antioxidant substances or the ac-
tivity of antioxidant enzymes in the sow. However, there are few
studies on how to reduce ROS production from the source and
repair injuries caused by oxidative stress. Finally, a growing number
of studies have shown that appropriate concentrations of ROS play
an important role in maintaining animal health. The priority is now
to determine the ranges in which ROS levels in sows in the late
pregnancy and lactation stages are most beneficial for their pro-
ductive performance.
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