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Co., Ltd., Tianjin, China

This experiment aims to investigate the effect of maternal diet supplemented with
Forsythia suspensa extract (FSE) on the performance, antioxidant status, inflammatory
responses, intestinal development, and microbial community of sows. A total of 24
gestating sows (Landrace x Yorkshire) were assigned to 2 treatments with 12 sows per
treatment. From d 107 of gestation to d 21 of lactation, sows were supplemented with a
basal diet as control (CON) or an FSE diet (basal diet + 100 mg/kg FSE). Compared with
CON, sows fed FSE showed lower (P < 0.05) wean-to-estrus interval, body weight loss,
and higher (P < 0.05) average daily gain of suckling piglet. Sows fed FSE had reduced
(P < 0.05) serum malondialdehyde (MDA) content and enhanced (P < 0.05) catalase
and glutathione peroxidase (GSH-Px) contents at farrowing and weaning compared with
CON. The suckling piglets of FSE-fed sows had increased (P < 0.05) mRNA expressions
of nuclear factor erythroid-2 related factor 2, heme oxygenase-1 in the liver, and lower (P
< 0.05) serum MDA contenton d 0, 7, and 14 of lactation. Sows fed FSE had lower (P <
0.05) serum tumor necrosis factor-a (TNF-a) and interleukin-8 (IL-8) contents at farrowing
and reduced (P < 0.05) serum IL-6 and IL-8 contents at weaning compared with CON.
Piglets from FSE-fed sows had enhanced (P < 0.05) villus height and villus height to
crypt depth ratio in the jejunum, and higher (P < 0.05) protein expression of Occludin in
jejunal mucosa compared with CON. Sows fed FSE tended to have higher (P = 0.09)
relative abundance of Lactobacillus at genus level in feces at weaning compared with
CON. Our results showed maternal diet supplemented with FSE in lactating sows could
effectively induce improvement of performance, antioxidant status, anti-inflammatory
function, intestinal morphology, barrier function, and microbial community.

Keywords: antioxidant capacity, Forsythia suspensa extract, inflammatory responses, reproductive performance,
sow
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TABLE 1 | Composition and nutrient levels of basal diets (g/kg, as fed basis).

Item

Ingredients

Corn 627.1
Soybean meal 230.0
Wheat bran 80.0
Soy oil 32.0
Dicalcium phosphate 8.0
Limestone 1.5
Salt 3.0
L-Lysine HCI, 78% 0.8
L-Valine, 99% 2.6
Vitamin-Mineral premix® 5.0
Nutrients levels

Digestible energy, kcal/kg® 3,389
Crude protein® 170.0
Digestible phosphorus® 2.9
Calcium® 6.9
Lysine® 9.1
Threonine® 6.2
Tryptophan® 1.8
Methionine + cysteine® 5.7
Valine® 9.4

aPremix for per kilogram diet included: vitamin E, 24 IU; vitamin A, 12,000 IU; vitamin
D3, 2000 IU; vitamin Ks, 2.0mg; riboflavin, 6.0mg; thiamine, 2.0mg; vitamin B1p, 24
ng; pyridoxine, 4 mg; pantothenic acid, 20mg; biotin, 0.4 mg; niacin, 30 mg; folic acid,
3.6mg; iron, 96 mg; choline chloride, 0.4mg; zinc, 120mg; iodine, 0.56 mg; copper,
8.0mg; selenium, 0.4 mg; manganese, 40 mg. P Calculated values. Analyzed values.

INTRODUCTION

In modern pig reproduction, the pigs weaned per sow per year
(PSY) in China is about 17, while the PSY in modern countries
(such as the USA and France) is about 25, thus the low PSY
has become a serious problem in China currently. For gestating
and lactating sows, the increased mammary development, fetal
growth, tissue mobilization, or milk production might cause
the overproduction of reactive oxygen species (ROS), which
might result in oxidative stress (including the oxidation of
lipid and protein) (1). Moreover, from birth to weaning, due
to the immature immune system, it is difficult to neutralize
the excess free radicals for the piglets, which may lead to the
intestinal dysfunction, higher diarrhea incidence, lower nutrient
utilization, average daily gain (ADG), and survival rate in
suckling piglets (2, 3). Therefore, raising the antioxidant capacity
and immune function is the key point to solving the problem of
sows and suckling piglets.

For piglets, the maternal antibodies in colostrum and milk are
important for alleviating various stresses and improving immune
system development (4). Previous studies have demonstrated
that maternal dietary seaweed extract or chitosan oligosaccharide
supplementation in late gestating and lactating sows could
increase the reproductive performance and immune function in
sows, as well as enhance the anti-stress ability and immunity

of suckling piglet (5, 6). However, the maternal dietary
antioxidant supplementation in late gestating and lactating sows
on preventing excessive oxidative stress still needed to be re-
evaluated (7). Herbs are medicinal and nutritional important
in improving the health care of livestock (8). Previous studies
in our lab had revealed that Forsythia suspensa extract (FSE,
one of the herb extracts) was effective in improving anti-
inflammatory function and antioxidant status in vivo and in
vitro (9-12). Moreover, FSE could increase intestinal epithelial
cell proliferation, nutrient digestibility, and immune function,
and therefore enhance the performance in weaned piglets (13).
Furthermore, FSE could also alleviate the stresses induced by
heat (9), diquat (11), high stocking density (14), corticosterone
(15), lipopolysaccharide (16), and transport (17). And the
main antioxidant composition of FSE included forsythiaside A,
phillygenin, and phillyrin and forythialan A (11). Therefore,
we speculated that FSE, a traditional Chinese herb extract,
has the potential to solve the oxidative stress problems in
sow production.

Studies showed that some functional nutrients or seaweed
extracts could enhance the body’s immune and antioxidant
functions of piglets through maternal transmission (18-21). In
our previous studies, we also found that dietary supplementation
with FSE could effectively modulate intestinal morphology and
microbial community in broilers or weaned pigs (22, 23).
While diet supplemented with FSE in late gestating sows
could help to increase the nutrient utilization, antioxidant
status, and inflammatory responses, and eventually alleviate
oxidative stress during farrowing and improve the reproductive
performance of sows (24). However, there are still few
research focusing on investigating the maternal dietary FSE
supplementation on alleviating the physiological stress of
lactating sows and enhancing the anti-stress ability, as well as
modulating the gut health of offspring by maternal transmission.
Based on previous studies in our lab, we hypothesize that
maternal FSE supplementation induce changes in antioxidant
status, anti-inflammatory functions, intestinal development, and
microbial community in their offspring. Therefore, the current
research aimed to demonstrate our hypothesis and find the
possible maternal transmission of FSE-fed sows on modulating
performance, antioxidant status, inflammatory responses, and
gut health in suckling piglets, which might be beneficial to supply
a way to solve the oxidative stress problem in sow production
during late gestation and lactation periods.

MATERIALS AND METHODS

The conduction of this experiment was at the China Agricultural
University’s Feng Ning Swine Research Unit (Chengde, Hebei,
China) and the procedure was agreed upon by the China
Agricultural University’s Institutional Animal Care and Use
Committee (Beijing, China, AW70601202-1-1).

Experimental Products

According to the procedure by the study by Lu et al. (11) in
our lab, dried and ground forsythia fruits from Henan province
were prepared and extracted with 80% ethanol, sonicated for 1h,
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TABLE 2 | Effects of Forsythia suspensa extract on reproductive performance of sows.

CON FSE SEM P-Value
Average daily feed intake, kg 5.01 5.1 0.19 0.73
Sow body weight change, kg
Body weight at farrowing 230 228 6.45 0.78
Body weight at weaning 207 211 1.23 0.67
Body weight loss from farrowing to weaning 23.5 16.6 0.65 <0.01
Sow backfat change, mm
Backfat at farrowing 14.4 15.1 1.35 0.71
Backfat at weaning 13.0 13.8 1.29 0.69
Backfat loss from farrowing to weaning 1.38 1.38 0.40 1.00
Wean-to-estrus interval, day 7.63 6.13 0.33 0.01
Average daily gain of piglet, g/d
do-d7 181 185 10.70 0.78
do-d 14 209 221 8.01 0.33
d 0-d 21 216 238 8.58 0.10
d7-d 14 233 261 13.10 0.17
d7-d 21 231 267 10.70 0.04
d 14-d 21 229 273 11.40 0.03

SEM means standard error of the mean. n = 12.
CON, Control; FSE, Forsythia suspensa extract.

and then filtered. Ethanol was used to extract the residue twice
and then rotary vaporization (Buchi, Rotavapor R-124, Flawil,
Switzerland) was utilized to dry and combine the filtrates. The
major functional ingredients of FSE were forsythiaside A (33.0
mg/kg), phillygenin (33.4 mg/kg), and phillyrin (163.4 mg/kg)
and forythialan A (82.6 mg/kg). The additive amount of FSE (100
mg/kg) in the diet of sows also followed the previous studies
conducted by Wang et al. (9) and Zhang et al. (14).

Experimental Design, Animals, and Diets
Based on initial body weight, parity, and backfat thickness, 24
gestating sows (Landrace x Yorkshire, average body weight of
234 =+ 6.81kg, average parity of 3.38 + 0.61) were assigned to 2
treatments with 12 sows per treatment. From d 107 of gestation to
d 21 of lactation (weaning day), sows were provided with a basal
diet as control (CON) or an FSE diet (basal diet + 100 mg/kg
FSE). In the basal diet, the nutrient composition met or exceeded
the requirements recommended by NRC (25) (Table 1).

Experimental Management

On d 107 of gestation, after bathing and disinfecting, sows
were housed individually in 2.0 x 3.0 m? farrowing crates.
The room temperature was maintained at 22.0°C (£1.0°C), the
light was supplied from 06:30a.m. to 4:30 pm and the heat
lamp were provided for piglets. Before farrowing, sows were
fed at 08:00a.m. and 4:00 p.m. (2.0 kg/d). After farrowing,
sows were fed ad libitum at 04:30, 10:30, and 16:30h every
day after farrowing. Within 24 h after farrowing, each litter was
adjusted to about 10 piglets and each piglet was treated with
tail docking, teeth clipping, and ear notching. Within 72 h after
farrowing, these piglets were also provided with subcutaneous
iron dextran injections (200mg per pig). According to the

relevant requirements, the immunization procedure was carried
out. The room was kept ventilated and was cleaned twice a week.

Feed intake during the lactation period of sows was recorded
to test the average daily feed intake (ADFI). The body weight
(BW) was weighed by the electronic pound in the range of 500 kg
(Beijing Hengda Co. Ltd., Beijing, China), while the backfat
thickness (at the last rib head, 6 cm from the midline, P2) was
measured by the ultrasonic device (Piglog105; SFK Technology
A/S, Herlev, Denmark) on d 107 of gestation, within 2 days
after farrowing, and d 21 of lactation (weaning day), respectively
(26). The BW loss and backfat loss during lactation of sow were
calculated, while the number and BW of piglets in the litter on d
0,7, 14, and 21 of lactation were recorded to measure the ADG of
the piglets. After weaning, the wean-to-estrus interval (WEI) was
also recorded.

Samples Collection

The placenta sample of sows was collected and stored at —20°C.
The 10mL heparinized vacutainer tubes (Becton Dickinson
Vacutainer System, Franklin Lakes, NJ) were used to collect blood
samples (from the anterior vena cava) of sows (n = 12) ond 0 and
21 of lactation, and their offspring (n = 12) ond 0, 7, 14, and 21 of
lactation. These blood samples were centrifuged at 4°C and 3,000
x g for 15 min to get the serum samples (stored at —20°C).

On d 21 of lactation, 12 barrows (closest to the average body
weight in each pen, n = 6) were selected and injected with
pentobarbital sodium for complete anesthesia, then slaughtered
for the collection of the duodenum, jejunum, and ileum (about
15cm) as 1/3 distal part. The jejunal mucosa was carefully
scraped using a sterile glass slide, and the left liver samples and
the digesta samples in the middle part of the cecum and colon
were collected. On d 21 of lactation, the fresh fecal samples of

Frontiers in Veterinary Science | www.frontiersin.org

July 2022 | Volume 9 | Article 926822


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Long et al. Intestine Health by Maternal FSE Supplementation
A B
1000 9 8
Il coN Il con
*
g * * d FSE FSE
_ 800 = — 6 - T
E -
= c *
S 600- E s
x S,
o
v ]
T 400+ <
(7] (8]
w —
200 A 2
0- T T 0- T T
.\(\Q \(‘o" ‘(‘Q ‘\Qq
ot >° & X
& $oz- & ?
<® «® Q
C
8 -
Il coN
T T FSE
— 6
E
©
£ .4
c 4
<
[=]
E 2-
0- T T
{{\00" »@Q
<° ®
& o

FIGURE 1 | Effects of Forsythia suspensa extract on serum antioxidant status of lactating sows. CON, control treatment; FSE, Forsythia suspensa extract treatment;
(A) GSH-Px, glutathione peroxidase; (B) CAT, catalase; (C) MDA, malondialdehyde. All values are expressed as means + SEM (n = 12). *P < 0.05, **P < 0.01.

sows (closest to the average body weight in each pen) were also
collected. The jejunal mucosa, fecal, and digesta samples were
placed in a 2-mL cryotube, frozen in liquid nitrogen immediately,
and then stored at —80°C until analysis.

Chemical Analysis

The feed samples were ground and then passed through a
1I-mm sieve for the measurement of crude protein, calcium,
lysine, methionine, cysteine, threonine, tryptophan, and valine
following the methods of AOAC (27, 28). A spectrophotometer
(Leng Guang SFZ1606017568, Shanghai, China) was used to
determine the concentrations of catalase (CAT), glutathione
peroxidase (GSH-Px), malondialdehyde (MDA), interleukin 6
(IL-6), interleukin 8 (IL-8), interleukin 1f (IL-1), interleukin
10 (IL-10), and tumor necrosis factor-a (TNF-a) in serum of
lactating sows or suckling piglets, as well as the content of GSH-
Px, CAT, superoxide dismutase (SOD), total antioxidant capacity
(T-AOC), and MDA in the placenta by spectrophotometric

methods according to the instructions of the kit's manufacturer
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Analysis of Intestinal Morphology

The histological samples were immediately fixed in 50mL
tubes filled in with 10% neutral buffered formalin for about
48h, and then washed, excised, dehydrated, and embedded
in the paraffin wax. About five transverse sections of these
histological tissues were sliced, installed on glass slides, and
dyed with eosin and hematoxylin. A calibrated 10-fold eyepiece
graticule was used to measure about 15 orientated villi and their
adjoining crypts randomly on each slice for the calculation of
the average villus height, crypt depth, and their ratio (villus
height/crypt depth).

Protein Extraction and Analysis

Protein extraction and analysis were carried out according to the
procedure of Hu et al. (29). The protein from jejunal mucosa was
extracted by ProteoJET Total Protein Extraction Kit (Fermentas,
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FIGURE 2 | Effects of Forsythia suspensa extract on antioxidant status of placenta in lactating sows. CON, control treatment; FSE, Forsythia suspensa extract
treatment; (A) SOD, superoxide dismutase; (B) T-AOC, total antioxidant capacity; (C) GSH-Px, glutathione peroxidase; (D) CAT, catalase; (E) MDA, malondialdehyde.
All values are expressed as means + SEM (n = 6). *P < 0.05.

Hanover, MD, USA) and its content was determined by BCA
Protein Assay Kit (Beyotime, Shanghai, China). The protein
was separated by 10% Sodium dodecyl-sulfate polyacrylamide
electrophoresis (SDS-PAGE), and then transferred to an activated
polyvinylidene difluoride membranes (Bio-Rad Laboratories,

Hercules, CA, USA). The membrane was blocked by 5% BSA-
TBST for 60 min, washed with TBST for 3 times, and then
incubated overnight at 4°C using an appropriate primary
antibody. The primary antibodies include Rabbit anti occludin
(1:200, Abcam) and Rabbit anti-B-Actin (1:1000, Abcam). After
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FIGURE 3 | Effects of Forsythia suspensa extract on antioxidant capacity of suckling piglets. CON, control treatment; FSE, Forsythia suspensa extract treatment. (A)
GSH-Px, glutathione peroxidase; (B) CAT, catalase; (C) MDA, malondialdehyde. All values are expressed as means + SEM (n = 12). *P < 0.05, **P < 0.01.

incubation with a goat anti-rabbit IgG secondary antibody for
60 min, the target bands were displayed by Odyssey Infrared
Imaging System (LI-COR Biosciences, Lincoln, NE, USA) and
analyzed by Quantity One Software (BioRad Laboratories,
Hercules, CA, USA). The target protein-to-p-actin protein ratio
was used to express the relative abundance of occludin in
jejunal mucosa.

The RNA Extraction and Quantitative

Real-Time PCR Analysis

Trizol reagent (CWBIO Biotech Co., Beijing, China) was used
to extract the total RNA in the liver samples. A Nanodrop ND-
1000 spectrophotometer (Thermo Fisher Scientific, Wilmington,
DE) was used to check the integrity and purity of RNA. Following
the instructions of the manufacturer, the PrimeScriptRT Reagent
Kit (TaKaRa, Dalian, China) was used to conduct the reverse
transcription of PCR. In the thermal cycling conditions, the

real-time PCR was performed for 3min (at 95°C), 40 cycles
at 95°C for 3s, and then 60°C for 0.5min according to the
procedure of Zhang et al. (30). The primer sequences of GPx1
(glutathione peroxidase 1), SOD1 (superoxide dismutase 1), HO-
1 (heme oxygenase 1), Nrf2 (nuclear factor E2-related factor 2),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
listed in Supplementary Table 1. The 2~22¢T method was used
to analyze the mRNA expression level relative to GAPDH.

Analysis of Volatile Fatty Acids in Suckling
Piglets

The digesta samples in the cecum and colon of piglets were used
for the measurement of VFA contents. About 1.5 g of fresh digesta
sample were taken into a centrifuge tube, mixed with 1.5mL
sterile water, and centrifuged at 15,000 x g for 15 min (at 4°C).
A gas chromatograph sample bottle was used to transfer the
supernatant, mixed it with 200 L meta-phosphoric acid, placed
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FIGURE 4 | Effects of Forsythia suspensa extract on inflammatory cytokines in serum of lactating sows. CON, control treatment; FSE, Forsythia suspensa extract
treatment. (A) Inflammatory cytokines in serum of sows at farrowing; (B) Inflammatory cytokines in serum of sows at weaning. All values are expressed as means +

in ice for 30 min, and then centrifuged at 15,000 x g for 15 min
(at 4°C). The VFA contents in digesta samples were measured
by high-performance gas chromatography (HPGC; GC-2014;
Shimadzu Corporation) equipped with a hydrogen flame detector
and a capillary column (Agilent Technologies, Inc., Wilmington,
DE, USA; 30 m long, 0.32 mm diameter, 0.50 pum film) following
the procedure mentioned by Long et al. (31).

Analysis of Gut Microbiota Composition

The DNA was extracted from the fecal samples of sows of pigs
using the bacterial DNA Kit (Omega Bio-Tek Inc., Norcross, GA,
USA). The DNA concentration and purity were preliminarily
evaluated by using the Shimadzu spectrophotometer. The
barcoded primers 338F (5 -ACTCCTACGGGAGGCAGCAG-3)
and 806R (5 -GGACTACHVGGGTWTCTAAT-3) were used to
amplify the V3-V4 hypervariable regions of the bacterial 16S
rRNA genes. The amplified library was sequenced for paired-
end reads of 300 bp on the Illumina Hiseq PE250 platform
(Ilumina, San Diego, US). Paired-end reads were assembled into
longer tags and quality-filtered to remove tags with an average
quality score <20, a length of <220 bp, and tags containing
> 3 ambiguous bases by PANDAseq. After discarding the
singletons, the high-quality tags were clustered into operational
classification units (OTUs) using Quantitative Insights Into
Microbial Ecology (QIIME) pipeline software (version 1.8.0)
(a similarity threshold of 0.97). The operational classification
unit (OTU) (97% similarity) was categorized by using UPARSE,
and the chimeric sequences were identified and removed by
using UCHIME. Based on the analysis of the classification (32),
the RDP classifier (at 80% confidence level) to the RDP OTU
database (https://rdp.cme.msu.edu/) was performed in this study,
while the a-diversity was analyzed by using the QIIME (33, 34).
According to Segata et al. (35), the linear discriminant analysis

(LDA) effect size (LEfSe) tool was used to analyze the LEfSe. The
data presented in the study are deposited in the NCBI repository,
accession number PRJNA848636.

Statistical Analysis

The GLM procedure of SAS (SAS Inst. Inc., Cary, NC, 2008)
(36) was used to analyze the data except for the microbiota,
while the Univariate procedure of SAS was used to measure
the homogeneity and normality of variance. Individual piglet
or sow was the experimental unit for all the responses. The R
software (version 3.2.2) was used to read normalized OTU for
microbiota. The relative abundances of Lactobacillus at the genus
level were analyzed by Students t-test. Differences in gut bacterial
abundance were analyzed by LDA EffectSize. LEfSe analysis uses
the Kruskal-Wallis rank-sum test to detect significantly different
abundances and performs LDA scores to estimate the effect size
(Threshold: >2). The least squares means were presented in all
values, a trend for the significance was defined at 0.05 < P < 0.10,
while the significant difference was defined at P < 0.05.

RESULTS

Performance of Lactating Sows and

Suckling Piglets

As shown in Table 2, sows fed FSE diet showed reduced (P <
0.05) body weight loss from farrowing to weaning and WEI
compared with CON. Moreover, there was a tendency (P = 0.10)
of increased ADG of piglets from d 0 to 21 and enhanced (P <
0.05) ADG of piglet from d 7 to 21 and d 14 to 21 in sows fed FSE
in comparison with CON.
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FIGURE 5 | Effects of Forsythia suspensa extract on inflammatory cytokines in serum of suckling piglets. CON, control treatment; FSE, Forsythia suspensa extract
treatment. (A) Inflammatory cytokines in serum of piglets at farrowing; (B) Inflammatory cytokines in serum of piglets on d 7 of lactation. (C) Inflammatory cytokines in
serum of piglets on d 14 of lactation. (D) Inflammatory cytokines in serum of piglets at weaning. All values are expressed as means + SEM (n = 6). *P < 0.05.

Antioxidant Status in Lactating Sows and
Suckling Piglets

Compared with CON, sows fed FSE diet showed higher (P <
0.05) serum GSH-Px and CAT contents at farrowing. These sows
also had higher (P < 0.05) serum GSH-Px and CAT contents at
weaning (Figure 1).

As shown in Figure2, compared with CON, sows
supplemented with an FSE diet showed higher T-AOC levels and
lower (P < 0.05) MDA levels in the placenta.

As presented in Figure 3, the content of serum MDA was
lower (P < 0.05) in suckling piglets of FSE-fed sows at farrowing
compared with CON. On d 7 of lactation, the content of
serum MDA was reduced (P < 0.05) in piglets of FSE-fed sows
compared with CON. On d 14 of lactation, compared with CON,

the contents of serum GSH-Px and CAT were increased (P <
0.05), while the content of serum MDA was reduced (P < 0.05) in
piglets from FSE-fed sows. At weaning, compared with CON, the
contents of serum GSH-Px were enhanced (P < 0.05) in piglets
from FSE-fed sows.

Interleukin Cytokines of Sows and
Suckling Piglets
As shown in Figure4, compared with CON, sows fed FSE
had lower (P < 0.05) TNF-a and IL-8 contents in serum at
farrowing and decreased (P < 0.05) serum IL-8 and IL-6 contents
at weaning.

As shown in Figure 5, compared with CON, piglets from sows
fed FSE had lower (P < 0.05) serum IL-1f and IL-6 contents and
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higher (P < 0.05) serum IL-10 content at farrowing. These piglets
also had lower (P < 0.05) content of IL-6 in serum on d 7 of
lactation compared with CON. On d 14 of lactation, piglets from
sows supplemented with FSE had lower (P < 0.05) TNF-a, IL-
1B, IL-6, and IL-8 contents and higher (P < 0.05) IL-10 content
in serum compared with CON. On d 21 of lactation, compared
with CON, piglets from sows fed FSE had lower (P < 0.05) serum
TNF-a, IL-1P, and IL-8 contents.

The mRNA Expression of Antioxidant

Enzymes in Suckling Piglets

For piglets of FSE-fed sows, the gene expression of Nrf2 and HO-
1 were increased (P < 0.05), while the gene expression of SOD1
and GPx1 tended to be increased (P = 0.08) in the liver compared
with CON (Figure 6).

Intestinal Morphology and Gut Barrier

Function in Suckling Piglets
At weaning, piglets from FSE-fed sows had enhanced (P < 0.05)
villus height to crypt depth ratio in duodenum and jejunum,
higher (P < 0.05) villus height in the jejunum, and tended to have
increased villus height in the duodenum (P = 0.10) and ileum (P
= 0.08) compared with CON (Table 3).

Moreover, piglets from sows supplemented with FSE had
higher (P < 0.05) protein expression of occludin in jejunal
mucosa at weaning (Figure 7).

Intestinal VFA and Microbiota Composition

in Lactating Sows or Suckling Piglets
Compared with CON, the contents of formic acid and isobutyric
acid were increased (P < 0.05) in the cecum of suckling piglets
from FSE-fed sows. The content of propionic acid was increased
(P < 0.05), while the contents of isobutyric acid and total VFA
(TVFA) tend to be improved (P = 0.09) in the colon of piglets
from FSE-fed sows compared with CON (Table 4).

As shown in Table 5, there was no significant difference in
a-diversity in sows and piglets between the two treatments.
As shown in Figures 8, 9, in the feces of sows, sows fed FSE
tended to have increased (P = 0.09) the relative abundance of
Lactobacillus and increased (P < 0.05) the relative abundance of
Mogibacterium, Rikenellaceae_RC9_gut_group, Intestinimonas,
Ruminococcus_torques_group, Butyrivibrio, and Roseburia at the
genus level.

DISCUSSION

During lactation, sows and piglets might face with oxidative
stress, which could lead to poor antioxidant status, immunity,
and reproductive performance in sows, and inhibit and impair
the growth and health status in suckling piglets (3). Moreover,
high-productive sows might also face severe backfat and BW
losses during lactation, which might reduce the sow’s longevity
and reproductive efficiency. Therefore, it is important to find
a solution to reduce their body tissue losses and increase the
feed intake of lactating sows. The FSE is a kind of traditional
Chinese medicine herb, which has been showing potentially
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TABLE 3 | Effects of Forsythia suspensa extract on intestinal morphology of suckling piglets.

Control Forsythia suspensa extract SEM P-Value
Duodenum
Villus height, pm 444 602 59.26 0.10
Crypt depth, pm 277 305 22.22 0.42
Villus height/Crypt depth 1.59 1.98 0.10 0.04
Jejunum
Villus height, pm 313 490 38.86 0.02
Crypt depth, pm 171 223 20.43 0.13
Villus height/Crypt depth 1.83 2.21 0.11 0.05
lleum
Villus height, pm 306 364 18.33 0.08
Crypt depth, pm 171 176 5.29 0.50
Villus height/Crypt depth 1.77 2.1 0.12 0.12
SEM, standard error of means. n = 6.
CON FSE
Occludin [= s ————
B-Actin ).—ﬂ
0.4 -
% Bl coN
I FSE
0.3 A

Occludin protein /B-A ctin protein
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FIGURE 7 | Effects of maternal dietary Forsythia suspensa extract supplementation on protein expression of occludin proteins in jejunum mucosa of suckling piglets.
CON group, basal diet; FSE group, basal diet + 100 mg/kg Forsythia suspensa extract. All values are expressed as means + SEM. “P < 0.05. n = 6.

$
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effective in increasing ADFI and ADG in weaned piglets and
broilers (14, 22), indicating that 100 mg/kg FSE could lead
to better appetite in animals. Moreover, under heat-induced
oxidative stress conditions, FSE could also improve ADFI and
ADG of animals (9), which indicated the beneficial effects of
ESE on alleviating stresses. In the current study, we found sows
fed FSE diet showed an increase of ADFI by 2% and lower

the BW loss from farrowing to weaning, which demonstrated
the beneficial effect of FSE on alleviating the oxidative stress-
induced BW loss in sows. The bioactivity-guided fractionation
of the methanol extract of the fruits of Forsythia suspensa
Vahl contained forsythialan A, B, and phillyrin (37). The FSE
in this study mainly contained forsythiaside A, forythialan A,
phillygenin, and phillyrin, while the phenolic hydroxyl in these
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components of FSE could act as hydrogen donor and play an
effective role in scavenging a variety of ROS (38). Moreover,
this finding might also be due to the beneficial effects of these
polyphenols in FSE on reacting with metal ions, such as iron ions
and copper ions, which could promote the generation of ROS,
thus protecting the animals from oxidative stress (39). In this
study, FSE could also decrease the WEI in lactating sows, which
might be due to the beneficial effect of FSE on maintaining the
BW of sows and partly help improve the PSY of sows.

In the present study, we also found the improvement of ADG
on d 7-21 of lactation in suckling piglets of FSE-fed sows, which
proved that maternal FSE supplementation could be used to
improve performance in their offspring. This finding might be
due to the effect of polyphenol in forythialan A, forsythiaside
A, phillygenin, and phillyrin on improving immunity and
antioxidant capacity in pigs. Moreover, similar to the current
finding, previous studies in our lab also demonstrated that
FSE could lead to better ADG of weaned piglets or broilers,
especially in the later phases, which was mainly due to its
accumulation effect and beneficial effects on improving nutrient
digestibility, immunoglobulin, and intestinal health (14, 23). The
appearance of oxidative stress in the perinatal period of animals
made the energy used for synthesizing milk or other production
turn to the synthesis of antioxidant substances, which reduced
the production efficiency and the quality of milk due to the
accumulation of oxidative substances (40). Since the colostrum
and milk were the only resources of energy, protein, and other
nutrients for suckling piglets, the quality of colostrum and milk
from sows played an important role in the growth and health
status of suckling piglets from birth to weaning. A previous
study showed that maternal FSE supplementation in sows could
increase the milk fat content on d 7 of lactation, indicating
that FSE might increase the growth performance of piglets by
improving the milk quality (41). Long et al. (24) also reported
that FSE could increase the apparent total tract digestibility of
gross energy, crude protein, and ether extract in gestating sows,
which might provide piglets with more lactose, protein, fat, and
other nutrients, and contribute to the enhanced ADG in piglets
in the current study.

When oxidants and antioxidants were in an unbalanced state
in body tissue, a large number of ROS could be produced. The
Fe?* and Cu?* in organisms could make cells react in the process
of aerobic metabolism to produce hydroxyl radicals. These
excessive ROS and free radicals could lead to lipid peroxidation,
DNA damage, and even cell death (42). The protective effect of
forsythiaside A, forythialan A, and phillygenin in FSE (100 mg/kg
BW) against oxidative stress was better than vitamin C, indicating
that FSE could effectively reduce free radical in vitro (11). Long et
al. (24) reported that FSE could improve the antioxidant capacity
in serum of gestating sows and newborn piglets at farrowing,
indicating that FSE might effectively reduce oxidative stress in
vivo. To figure out the effect and possible maternal antioxidant
transmission pathway of FSE on modulating antioxidant capacity
of lactating sows and their offspring, we measured the parameter
for antioxidant enzymes system (including GSH-Px and CAT)
and lipid oxidation marker (MDA) in serum of sows, placenta,
and serum of piglets from farrowing to weaning. We found sows

TABLE 4 | Effects of maternal dietary Forsythia suspensa extract supplementation
on the contents of total volatile fatty acid in digesta of suckling piglets (mg/kg).

Items CON FSE SEM P-Value
Cecum

Formic acid 0.15 0.22 0.39 0.05
Acetic acid 7.28 6.95 0.92 0.07
Propionic acid 4.74 6.87 0.44 0.70
Butyric acid 3.20 2.1 0.44 0.88
Isobutyric acid 0.04 0.08 0.30 0.02
Valeric acid 0.20 0.41 0.51 0.19
Isovaleric acid 0.02 0.02 0.01 1.00
Total volatile fatty acid 156.63 16.66 4.73 0.94
Colon

Formic acid 0.13 0.17 0.02 0.21
Acetic acid 4.23 6.98 1.19 0.20
Propionic acid 2.53 4.23 0.20 <0.01
Butyric acid 0.92 1.62 0.23 017
Isobutyric acid 0.05 0.07 0.01 0.09
Valeric acid 0.02 0.04 0.01 0.34
Isovaleric acid 0.08 0.13 0.038 0.30
Total volatile fatty acid 7.96 13.15 1.50 0.09

SEM, standard error of means. n = 6.
CON, Control; FSE, Forsythia suspensa extract.

TABLE 5 | Effects of maternal dietary Forsythia suspensa extract supplementation
on a-diversity in cecum and colon microbiota of fecal microbiota of sows.

Items CON FSE SEM P-Value
Sobs 324.75 377.25 100.72 0.49
Shannon 2.34 3.12 0.56 0.12
Simpson 0.30 0.14 0.11 0.13
Ace 404.71 437.67 99.82 0.66
Chao 406.61 446.34 110.55 0.63

SEM, standard error of means. n = 4.
CON, Control; FSE, Forsythia suspensa extract.

fed FSE had enhanced serum CAT and GSH-Px contents at
farrowing and weaning, as well as reduced MDA content in the
placenta compared with CON. While the suckling piglets of FSE-
fed sows had increased serum GSH-Px contents at weaning, as
well as lower serum MDA content on d 0, 7, and 14 of lactation.
One of the possible reasons for the current finding might be the
forsythiaside in FSE could activate antioxidant enzymes system
(such as CAT and GSH-Px) via upregulating the Nrf2 level in the
nucleus, and therefore prevent cell apoptosis and reducing ROS
and MDA generation (43). Furthermore, this finding might also
be due to the beneficial effect of polyphenols in FSE on regulating
antioxidant gene expression in the placenta by the Keapl-Nrf2
pathway and Sirtl, leading to increased GSH-Px and CAT levels
in serum of sows and piglets (44).

Li et al. (45) reported that traditional Chinese medicine could
increase the SOD and GSH contents and reduce MDA level and
cell apoptosis via upregulating the Nrf2/HO-1 signaling pathway.
To reveal the possible mechanism of FSE in modulating the
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antioxidant capacity of lactating sows and their offspring, we
measured the mRNA expression of Nrf2, HO-1, SOD1, and GPx1
in the liver of suckling piglets at weaning. The upregulation of
Nrf2 and HO-1 genes could alleviate oxidative stress, while the
HO-1 was also proved effective in increasing anti-inflammatory
function (46, 47). The SOD1 (CuZn-SOD) could regulate
functions in growth, metabolism, and oxidative stress responses
(48). The GPx1 could reduce the alkyl hyperoxides and hydrogen
peroxide (49), while the overexpression of GPx1 was beneficial
to protect mice against oxidative stress (50). Currently, we
found the mRNA expression of Nrf2 and HO-1 was enhanced,
while the mRNA expression of SOD1 and GPx1 tended to
be increased in the liver in piglets of FSE-fed sows, which
supported the improved levels of antioxidant enzyme activities
in the serum of piglets. This finding revealed that the Nrf2/HO-
1 signaling pathway might play a protective role in FSE in
alleviating oxidative stress in sows and their offspring because
of its antioxidant and anti-inflammatory functions (51). Thus,
based on previous and current findings, we suspected that FSE
might activate the Nrf2/HO-1 signaling pathway, increase the
mRNA expression of SOD1 and GPx1, and thus enhance the
levels of antioxidant enzymes (including SOD and GSH-Px)
in serum of sows and their offspring. We also speculated the
possible maternal antioxidant transmission pathway of FSE on
modulating antioxidant capacity might be from the serum or
milk of sows to the liver and serum of suckling piglets.

Oxidative stress and inflammation played critical roles in
the health status of livestock. Lu et al. (11) reported that 25,
50, and 100 mg/kg FSE could effectively substitute 100 mg/kg
vitamin C in lowering plasma TNF-a, IL-1p, and IL-6 levels in
vivo. Previous studies also showed that FSE could alleviate the
negative effects of corticosterone (15) or anaphylactic symptoms
induced by p-conglycinin (10), which indicated that FSE might
potentially play an important role in inflammatory responses.
The current study showed that sows had lower serum IL-8 and
TNF-a contents at farrowing and decreased serum IL-8 and IL-6
contents at weaning, while their offspring had lower serum IL-6
content on d 0, 7, and 14 of lactation and decreased serum IL-18

level on d 14 and 21 of lactation. The reason for this finding might
be that the forsythiaside A in FSE could reduce inflammatory
responses in cells via inhibiting NF-k B and Nrf2/HO-1 signaling
pathway activation (52). Besides, this finding might also be
due to that the forsythiaside in FSE could also decrease the
contents of local and systemic inflammatory mediators (53) and
inhibit the activation of NF-?B, which might help detoxifying
and heat-clearing in lactating sows and their offspring (54).
Another possible reason for the modulation of anti-inflammatory
factors was that the FSE could inhibit the Nrf2-mediated anti-
inflammatory response (13). The current study also found that
piglets from sows fed FSE had higher serum IL-10 (one of the
anti-inflammatory cytokines) content at farrowing and on d 14
of lactation, which might be due to that the forsythiaside in FSE
could improve the anti-inflammatory function via the activation
of NF-k B signaling pathway (55). Therefore, we suspected
that FSE might improve the anti-inflammatory function in
sows and suckling piglets via regulating the NF-kB signaling
pathway, reducing pro-inflammatory cytokines (IL-1f8 and IL-6),
or increasing anti-inflammatory cytokines (IL-10).

Stress might also lead to the impairment of gut morphology
and barrier function (56). For the suckling piglets, the
development of gut morphology was important for their
utilization of nutrients (including protein, lactose, lipid, and
minerals) from milk. Han et al. (22) reported the positive effects
of FSE on improving villus height and villus height to crypt
depth ratios in both duodenum and ileum. Long et al. (23) also
pointed out that the FSE could enhance the villus height to crypt
depth ratio in the ileum of piglets. The current study showed
that maternal dietary FSE supplementation could modulate gut
morphology by increasing the villus height and the villus height
to crypt depth ratio in the duodenum and jejunum. This finding
was mainly due to that the FSE could repair epidermis damage
caused by antigens and pathogens in feed (22), as well as
modulate intestinal permeability and alleviate intestinal injury
in piglets (13). Epithelial barrier function was important for
nutrient absorption, while the occludin protein was one of the
main conjunction proteins (57). Our previous study also showed
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that maternal FSE supplementation could increase the occludin  containing FSE) might be due to the increased protein expression
protein expression in their piglets after weaning for 28 days (41),  of zona occludens 1/occludin/claudin-1 (58).

while in the current study, the protein expression of occludin was The VFA played an important role in solving some gut
increased in FSE-fed suckling piglets, indicating the absorption of ~ diseases. Feng et al. (59) reported that the herb medicines
nutrients in milk might be improved, which was beneficial for the ~ could regulate the composition of TVFA via modulating the
intestinal development and health status of suckling piglets. The ~ gut microbial community. In the current study, we found the
improved barrier function by Chinese medicine (Tong-fu-li-fei, ~ contents of formic acid and isobutyric acid were increased in
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cecum piglets from FSE-fed sows. The content of propionic acid
was increased, while the contents of isobutyric acid and TVFA
tended to be increased in the colon of piglets from FSE-fed
sows, indicating that gut VFA could be modulated by FSE. The
propionic acid could be used as the intermediate of succinyl
COA and methylmalonyl COA (60). The VFA produced by
bacterial fermentation was an important component of colonic
contents, which could be rapidly absorbed by colonic epithelial
cells and participate in metabolism and supply energy (61), while
the organic acids in the large intestine could also help enhance
the immunity and regulate the micro-ecological environment in
the digestive tract of piglets (31, 62). Therefore, the trend for
the increased TVFA content in the colon was beneficial for the
immunity and gut health of suckling piglets in the current study.

The intestinal microbiota was crucial to the health status
via providing metabolic, immunologic, and protective
functions (63). Many methods could be used to modulate
the intestinal microbial composition of animals. Dietary
B.  subtilis supplementation could improve microbial
community and growth performance of animals via increasing
abundance of Blautia, Faecalibacterium, Flavonifractor,
Hydrogenoanaerobacterium, and Romboutsia (64). Besides,
some enzymes, such as IONzymes, had antibacterial effects and
could reduce S. enteritidis infections in animals (65). Moreover,
many plant extracts, such as isoflavones exert, also had protective
effects on the intestinal health of animals (66). In the present
study, sows fed FSE tended to have a higher relative abundance
of Lactobacillus at genus level in feces at weaning, the beneficial
bacteria might pass from sows to their offspring, which was
possibly a pathway of maternal FSE on modulating gut barrier
function and health status in suckling piglets (67). This finding
helped explain the improved immunity, anti-inflammatory
functions, and ADG in piglets, since Lactobacillus, serving as a
probiotic, could effectively increase the expression of IL-10 and
TGF-p and decrease the expression of some pro-inflammatory
cytokines (such as TNF-o and IL-6) in the colon (68), and
thus decreased diarrhea and improved performance in suckling
piglets (69). This finding might be due to that the forsythiaside
in FSE could enhance the levels of Bifidobacteria, Lactobacillus,
and other beneficial microbial community (10). Long and Piao
(41) also showed that maternal FSE supplementation could
also increase the relative abundance of Lactobacillus in their
piglets after weaning for 28 days, indicating maternal FSE
supplementation might also have a beneficial effect on suckling
piglets. Moreover, previous studies also reported that FSE could
modulate the microbial community in the large intestine of
broilers (22) and piglets (23), which might also be due to the
beneficial effect of essential oil from FSE (70).

The current study also found that FSE increased the relative
abundance of Ruminococcus_torques_group, Butyrivibrio, and
Roseburia at the genus level in the sows. Roseburia spp. could
effectively produce VFA (e.g., butyrate or butyric acid) and could
be beneficial probiotics for gut health (71). The increased relative
abundance of Ruminococcus_torques_group indicated that some
fermentative microbiota were modulated by FSE and seemed to
promote better maternal intestinal microbial sources for piglets.
Butyrivibrio could ferment glucose to produce butyrate, which
was beneficial for supplying energy for the gut cell and the growth

of beneficial bacteria (31, 72). The reason for the current findings
might be that Chinese medicine could help decrease colonic
or caecal pH levels, enhance the abundance of the beneficial
microbial community, and colonic inflammation response via
downregulating the TLR4/MyD88/NF-«B signaling pathway and
reducing mRNA expression of some pro-inflammatory cytokines
(73). The current findings indicated that the maternal FSE could
influence the composition of the intestinal microbiota in sows
while its mechanism still needed to be further investigated.

CONCLUSION

In conclusion, dietary FSE supplementation improved
reproductive performance, antioxidant status, inflammatory
responses, and gut microbiota composition in lactating sows.
Besides, maternal dietary FSE supplementation could also
improve the antioxidant capacity, anti-inflammatory function,
intestinal development (via improving intestinal morphology
and barrier function), and health status (via improving gut
volatile fatty acid) in suckling piglets. The result of this study
suggested that maternal dietary FSE supplementation could be
a beneficial way to solve the oxidative stress problem in sow
production during late gestation and lactation periods.
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