ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/354339950

Effects of Bacillus subtilis on jejunal integrity, redox status and microbial
composition of intrauterine growth restriction suckling piglets

Article in Journal of Animal Science - September 2021

DOI: 10.1093/jas/skab255

CITATIONS READS
0 25

9 authors, including:

Yang Yun Shuli Ji
«rr Nanjing Agricultural University \ Nanjing Agricultural University

4 PUBLICATIONS 0 CITATIONS 13 PUBLICATIONS 49 CITATIONS

SEE PROFILE SEE PROFILE
4 Zhang Xin Tian Wang

Nanjing Agricultural University Nanjing Agricultural University

1 PUBLICATION 0 CITATIONS 134 PUBLICATIONS 2,462 CITATIONS
SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

Project An evaluation of natural and synthetic vitamin E supplementation on growth performance and antioxidant capacity of broilers in early age View project

All content following this page was uploaded by Yang Yun on 28 September 2021.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/354339950_Effects_of_Bacillus_subtilis_on_jejunal_integrity_redox_status_and_microbial_composition_of_intrauterine_growth_restriction_suckling_piglets?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/354339950_Effects_of_Bacillus_subtilis_on_jejunal_integrity_redox_status_and_microbial_composition_of_intrauterine_growth_restriction_suckling_piglets?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/An-evaluation-of-natural-and-synthetic-vitamin-E-supplementation-on-growth-performance-and-antioxidant-capacity-of-broilers-in-early-age?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yang-Yun-14?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yang-Yun-14?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Nanjing_Agricultural_University?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yang-Yun-14?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Shuli-Ji-2?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Shuli-Ji-2?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Nanjing_Agricultural_University?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Shuli-Ji-2?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zhang-Xin-129?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zhang-Xin-129?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Nanjing_Agricultural_University?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zhang-Xin-129?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Tian-Wang-58?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Tian-Wang-58?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Nanjing_Agricultural_University?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Tian-Wang-58?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yang-Yun-14?enrichId=rgreq-162bdc63e266e96d7743c40743674fda-XXX&enrichSource=Y292ZXJQYWdlOzM1NDMzOTk1MDtBUzoxMDcyOTc0MDI3MzA5MDU2QDE2MzI4MjgzNTE2Njg%3D&el=1_x_10&_esc=publicationCoverPdf

Effects of Bacillus subtilis on jejunal integrity, redox status and microbial composition

of intrauterine growth restriction suckling piglets*

Yang Yun %, Shuli Ji*, Ge Yu ", Peilu Jia®, Yu Niu*, Hao Zhang ", Xin Zhang ", Tian Wang ",

Lili Zhang "2

" College of Animal Science and Technology, Nanjing Agricultural University, Nanjing,

Jiangsu, China, 210095.

! This work was supported by the National Natural Science Foundation of China (No.

31802101) and the Fundamental Research Funds for the Central Universities (No.

KJQN201935).

2 Corresponding author: Lili Zhang, Email: zhanglili@njau.edu.cn.

© The Author(s) 2021. Published by Oxford University Press on behalf of the American Society of Animal Science. All
rights reserved. For permissions, please e—mail: journals.permissions@oup.com.

1202 Jaquiaidag {1 uo Jasn AusiaAlun [ednynouby BullueN Aq | #929£9/55zaes/sel/S601 01 /10p/aloIe-soueape/sel/woo dno-olwspeoe//:sdiy Wolj papeojumoc]



Abstract

The present study used intrauterine growth restriction (IUGR) piglets as an animal
model to determine the effect of Bacillus subtilis on intestinal integrity, antioxidant capacity,
and microbiota in the jejunum of suckling piglets. In total, 8 normal birth weight (NBW)
newborn piglets (1.62 + 0.10 kg) and 16 newborn IUGR piglets (0.90 + 0.08 kg) were
selected and assigned to 3 groups. Piglets were orally gavaged with 10 mL sterile saline
(NBW and IUGR groups), IUGR piglets were orally gavaged with 10 mL/d bacterial fluid
(Bacillus subtilis diluted in sterile saline, gavage in the dose of 2 x 10° colony-forming units
per kg of body weight) (IBS group) (n = 8). IUGR induced jejunal barrier dysfunction and
redox status imbalance of piglets, and changed the abundances of bacteria in the jejunum.
Treatment with Bacillus subtilis increased (P < 0.05) the ratio of villus height to crypt depth
(VH/CD) in the jejunum, decreased (P.< 0.05) the plasma diamine oxidase (DAO) activity,
and enhanced (P < 0.05) the gene expressions of zonula occludens-1 (ZO-1), Occludin and
Claudin-1 in the jejunum of ITUGR piglets. Treatment with Bacillus subtilis decreased (P <
0.05) the concentration of protein carbonyl (PC), and increased (P < 0.05) the activities of
catalase (CAT) and total superoxide dismutase (T-SOD) in the jejunum of IUGR piglets.
Treatment with Bacillus subtilis also increased (P < 0.05) gene expressions of superoxide
dismutase 1 (SOD1), CAT, and nuclear factor erythroid 2-related factor (Nrf2), as well as the
protein expressions of heme oxygenase-1 (HO-1), SOD1, and Nrf2 in the jejunum of IUGR
piglets. Treatment with Bacillus subtilis also improved the abundances and the community
structure of bacteria in the jejunum of IUGR piglets. These results suggested that IUGR

damaged the jejunal barrier function and antioxidant capacity of suckling piglets, altered the
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abundances of bacteria in the jejunum. Treatment with Bacillus subtilis improved the
intestinal integrity and antioxidant capacity, while also improved the abundances and

structure of bacteria in the jejunum of suckling piglets.

Key words: Bacillus subtilis, gut microbiota, intestinal integrity, intrauterine growth

restriction, redox status, suckling piglets
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Abbreviations

B. subtilis, Bacillus subtilis; IUGR, intrauterine growth restriction; NBW, normal birth
weight; CFU, colony-forming units; ADG, average daily gain; VH/CD, villus height to crypt
depth ratio; ZO-1, zonula occludens-1; PC, protein carbonyl; T-SOD, total superoxide
dismutase; CAT, catalase; Nrf2, nuclear factor erythroid 2-related factor; SOD1, superoxide
dismutase 1; SOD2, superoxide dismutase 2; HO-1, heme oxygenase-1; VH, villus height;
CD, crypt depth; DAO, diamine oxidase; T-AOC, total antioxidant capacity; GSH-Px,
glutathione peroxidase; GSH, glutathione; MDA, malondialdehyde; 8-OHdG, 8-hydroxy-2-
deoxyguanosine; cDNA, complementary DNA; GPx1, glutathione peroxidase 1; PMSF,
phenylmethylsulfonyl fluoride; BCA bicinchoninic acid; SDS-PAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; PVDF, polyvinylidene fluoride; OTUs,
Operational taxonomic units; FDR, false discovery rate; PCoA, Principal coordinate analysis;

LDA, Linear discriminant analysis; IBW, initial body weight; FBW, final body weight.
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INTRODUCTION

Intrauterine growth restriction (IUGR) is a specific syndrome of restricted growth and
development of the fetus or its organs during gestation (Wu et al., 2006). A neonate with
IUGR has a high perinatal mortality and morbidity, as well as increased susceptibility to
disease (Pallotto and Kilbride, 2006). Previous studies have shown that the growth of key
organs (e.g., brain and heart) of an IUGR fetus is prioritized for protection over that of organs
(e.g., intestines) due to metabolic priority (Hu et al., 2015; Monaghan, 2008). Hence, IUGR

can cause adverse effects on intestinal development and function.

A high occurrence rate of IUGR occurs in pigs, which are multifetal animals that have
been deemed an ideal model for clinical study (Sangild, 2006). Compared to normal body
weight (NBW) newborns, IUGR piglets show a reduced small intestinal weight and length, as
well as a smaller the ratio of small intestine weight to length (D'Inca et al., 2010), Which are
indicative of a thinner intestinal wall (Li et al., 2017). Previous studies have indicated that
IUGR damages the intestinal morphology of piglets, as indicated by the decreased intestinal
villus height and the ratio of villus height to crypt depth in IUGR piglets, and ultimately
affects digestion and absorption functions in the small intestine (Huang et al., 2019; Su et al.,
2018; Zhang et al., 2020). The developmental defects observed in the intestines of IUGR
piglets indicate that homeostasis of the intestinal epithelium is easily disrupted. Huang et al.
(2017) found that IUGR caused intestinal oxidative stress and impaired antioxidant capacity.
In addition, IUGR can damage intestinal immune function by promoting an imbalance of T
lymphocyte sub-populations and poor cytokine secretion ability in the small intestine (Dong

etal., 2014; Dong et al., 2015).

Improved intestinal health has been shown in pigs through the regulation of intestinal

morphology and functions by probiotics such as Bacillus subtilis (B. subtilis). B. subtilis is a
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kind of gram-positive facultative aerobic beneficial species. B. subtilis can create an
anaerobic environment that supports the growth of beneficial bacteria such as lactobacillus
and bifidobacteria by consuming oxygen in the intestine (Han et al., 2012). B. subtilis can
also produce vitamins, enzymes, and short-chain fatty acids, that are beneficial to the
organism, Moreover, B. subtilis shows high resistance to harsh environmental conditions by
virtue of its spores, and it can protect live beneficial bacteria as they pass through the acidic
environment of the stomach into the gut (Setlow, 2014). It has been suggested that B. subtilis
improved intestinal health of pigs through the regulation of immune function (Hu et al.,
2017). In pigs, B. subtilis can alter the gut bacterial diversity by decreasing harmful bacteria
and increasing beneficial bacteria (Hu et al., 2014). In addition, B. subtilis shows beneficial
effects on the digestion, antioxidant capacity, and the growth performance of these animals

(Aliakbarpour et al., 2012; Hu et al., 2014; Zhang et al., 2017).

One key period in the growth and development of piglets is the suckling stage. The
suckling piglet is in a rapid stage of development; however, the development of organs and
their physiological functions are still immature. In particular, the structure and various
functions of the intestine have not reached adult levels, leaving the piglet susceptible to
alternations in the environment of the intestinal lumen. Most studies have focused on
weaning piglets, but little is known about suckling piglets. The aim of the present study was
to investigate whether B. subtilis would have beneficial effects in this very early life stage of
IUGR piglets. The overall goal was to study the effect of B. subtilis on the intestinal

integrity, barrier function, redox status, and gut microbiota in JUGR suckling piglets.
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MATERIALS AND METHODS
Animal experiment

The experiment was approved by the Animal Care and Use Committee of Nanjing
Agricultural University (Permit number SYXK-2017-0027), and was carried out in
accordance with the Regulations for the Administration of Affairs Concerning Experimental

Animals of China.

Crossbred neonatal piglets (Duroc x [Landrace x Yorkshire]) were chosen from sows
with similar parity and litter size. A NBW piglet was defined as having a BW within 0.5
standard deviation (SD) of the mean BW of the herd, while a piglet with a BW 2 SD lower
than the mean herd BW was defined as IUGR (Zhang et al., 2020; Zhang et al., 2021). At
birth, 8 male NBW and 16 same-sex IUGR littermates were selected from 8 litters (one NBW
piglet and two IUGR piglets per litter). In this study, piglets with birth weights of 1.62 + 0.10
kg and 0.90 + 0.08 kg (mean + SD) were defined as NBW and IUGR piglets, respectively.
After sucking colostrum, all piglets were fostered to 3 new sows with good body condition
and equivalent milk yields; each sow adopted 8 newborn piglets. The experiment was divided
into three treatments consisting of 8 replicates (pens) of 1 pig each. The groups were as
follows: NBW piglets were orally gavaged with 10 mL/d sterile saline (NBW group), the
IUGR piglets were orally gavaged with 10 mL/d sterile saline (ITUGR group), and the IUGR
piglets were orally gavaged with 10 mL/d bacterial fluid (Bacillus subtilis diluted in sterile
saline, the dose of 2 x 10° colony-forming units (CFU) per kg of body weight) (IBS group).
Piglet was weighed at 3, 7, 14, and 21 days of age to determine the gavage doses of Bacillus
subtilis. All piglets only had free access to the sows’ breast milk. The trial lasted for 21 days

from 3 to 24 days of age.
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The Bacillus subtilis was provided by Qingdao Vland Biological Technology Co., Ltd.
(Qingdao, China). The spore count of Bacillus subtilis was 20 x 10° CFU per g. The detailed
information of Bacillus subtilis was outside the scope of the paper and cannot be described

because of commercial sensitivity.
Sample collection

At 24 days of age, all piglets were weighed as the final body weight (FBW) before blood
collection. The initial body weight (IBW) and FBW of piglet were used to calculate average
daily gain (ADG) from 3 days to 24 days of age. Then blood samples were taken from the
precaval vein of each piglet. Plasma was obtained by centrifugation at 3000 x g for 15 min at
4°C, and stored at -20°C for subsequent analysis. After blood sampling, all selected piglets
were killed by exsanguination following an electrical stunning and the jejunum of piglet was
immediately collected. The lumen of jejunum was flushed with saline, and approximately 2-
centimeter-long jejunum sample was fixed in 4 % paraformaldehyde solution for histological
analyses. Mucosa of jejunum was obtained through scraping luminal surface with glass slide,
and frozen in liquid nitrogen until further analysis. Jejunal digesta was collected into the

sterile freezing tube and stored at -80°C until subsequent analysis.
Intestinal morphology observation

Jejunal segments were dried up using a graded series of xylene and ethano after fixation
in paraformaldehyde solution for 24 h. After that, they were embedded in paraffin, then
specimens were sliced into 5 micron-thick sections and dyed with hematoxylin and eosin for
morphological evaluation. The intestinal morphology images were obtained using a virtual
microscope (Nikon 80i, Tokyo, Japan). Intestinal villus height (VH), which means from the
tip of the villus to the villus-crypt junction, and crypt depth (CD) was measured from crypt

opening to crypt base (Woyengo et al., 2011). All data were measured by Image-Pro Plus
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software. Finally to calculate the ratio of villus height to crypt was defined as VH/CD.
Fifteen intact villi and adjacent crypts were randomly selected from each section for the

evaluation of jejunal morphology.

Plasma parameter

The activity of plasma diamine oxidase (DAQ) was detected using a colorimetric assay
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) based on the
spectrophotometry method (Zhang et al., 2020). All procedures strictly followed the

manufacturer’s instructions.

Jejunal mucosal redox status

The levels of total antioxidant capacity (T-AOC), the activities of total superoxide
dismutase (T-SOD), glutathione peroxidase (GSH-Px), and catalase (CAT), the
concentrations of malondialdehyde (MDA) and protein carbonyl (PC) in the jejunum were
determined using kits which obtained from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China) (Ahmad et al., 2012). The concentration of 8-hydroxy-2-deoxyguanosine
(8-OHAG) in the jejunum were detected by porcine-specific ELISA Kits bought from
Quanzhou Ruixin Biological Technological Co., Ltd. (China). All procedures strictly

followed the manufacturer’s instructions.

RNA extraction and quantitative real-time polymerase chain reaction

Total RNA from the jejunum mucosal samples was extracted using the Total RNA
Extraction Reagent (Vazyme Biotechnology, Nanjing, Jiangsu, China). Then the
concentration and purity of isolated RNA samples were assessed using a Nanodrop-ND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). After that, total RNA

was reverse-transcribed into complementary DNA (cDNA) using a HiScript 111 RT SuperMix
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Reagent (Vazyme Biotechnology, Nanjing, Jiangsu, China). Quantitative real-time
polymerase chain reaction was carried out on a StepOne Plus real-time PCR system (Applied
Biosystems, Foster City, CA, USA) using ChamQ SYBR gPCR Master Mix (Vazyme
Biotechnology, Nanjing, Jiangsu, China), according to the manufacturer’s instructions. The
primer sequences for the target and housekeeping genes (5-actin, Nrf2, CAT, superoxide
dismutase2 (Sod2), glutathione peroxidasel (GPx1), Sodl, HO-1, zonula occludens-1 (ZO-
1), Occludin, Claudin-1) were listed in Table 1. The specific mMRNAS expression levels were

Z-AACI

calculated using the method (Schmittgen and Livak, 2008), and normalized by using

gene S-actin which is defined as an internal standard.

Western blotting

The mucosa of jejunum was lysed with Cell lysis buffer for Western and IP assay
reagent (Beyotime Institute of Biotechnology, Jiangsu, China) with 1 mmol/L
phenylmethylsulfonyl fluoride (PMSF) (Beyotime Institute of Biotechnology, Jiangsu,
China). The lysates were centrifuged at 14000 x g for 5 min at 4 °C after homogenate. Then,
the concentration of protein in supernatant was determined by using the bicinchoninic acid
(BCA) assay method (Beyotime Institute of Biotechnology, Jiangsu, China) and the
concentration of protein was unified to 8 pug/uL, then mixed with 2 x sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample loading buffer (Beyotime Institute
of Biotechnology, Shanghai, China). The mixture was boiled at 99°C for 10 min, before

performing gel electrophoresis.

Extracted protein was electrophoresed in SDS-PAGE and transferred onto
polyvinylidene fluoride (PVDF) membrane (Millipore, Bedford, MA, USA), The membranes
were blocked with 5% nonfat dry milk in Tris-buffered saline combined with 0.2% Tween-20

(TBST) at room temperature for 2h. After washing membranes with TBST, the membranes
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were incubated with primary antibodies at 4°C overnight with shaking on the shaker. Primary
antibodies included nuclear transcription factor erythroid 2-related factor (Nrf2, Abcam,
Cambridge, MA, USA), heme oxygenase 1 (HO-1, Proteintech Group, Inc., Wuhan, China),
superoxide dismutase 1 (SOD1, Proteintech Group, Inc., Wuhan, China), superoxide
dismutase 2 (SOD2, Proteintech Group, Inc., Wuhan, China) and beta actin (-actin,
Proteintech Group, Inc., Wuhan, China). After being washed with TBST, membranes were
incubated with appropriate secondary antibody (horseradish peroxidase conjugated Goat
Anti-Rabbit 1gG, Sigma-Aldrich, USA) at room temperature for 1 hour. Finally, the
membranes were used for Western blotting analysis after washing with TBST. The blots were
developed using an ECL (biosharp, Hefei, China). The image of membranes was snapped
with ChemiDocTM Imaging System (BIO-RAD, Hercules, CA, USA) and the grayscale
value of each membrane was measured using Image-Pro Plus 6.0 (Media Cybernetics, Inc.,

Rockville, USA).

16S rRNA analysis of bacteria

The microbial genomic DNA of jejunal digesta was extracted using MagPure Stool
DNA KF kit B (Magen, China) following the manufacturer's instructions (n = 6 for each
group). The amount and quality of DNA was determined using Qubit dsSDNA BR Assay kit

(Invitrogen, USA) and 1% agarose gel electrophoresis, respectively.

The VV3-V4 region of bacterial 16S rRNA gene was amplified using the specific primer
pair 341F/806R, (341F: 5°- ACTCCTACGGGAGGCAGCAG-3’) and (806R: 5°-
GGACTACHVGGGTWTCTAAT-3’). The PCR reaction was a thermal cycle with initial
denaturation at 94°C for 3 minutes, 30 cycles of 94°C for 30 seconds, 56°C for 45 seconds,
72°C for 45 seconds, and final extension for 10 minutes at 72°C. PCR enrichment was

performed in a 50 u L reaction containing 30ng template, fusion PCR primer and PCR master
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mix. The PCR products were purified with AmpureXP beads and eluted in Elution buffer.
Libraries were qualified by the Agilent 2100 bioanalyzer (Agilent, USA). The validated
libraries were used for sequencing on lllumina MiSeq platform (BGI, Shenzhen, China)

following the standard pipelines of Illumina, and generating 2 x 300 bp paired-end reads.

Raw reads were filtered to remove adaptors and low-quality, ambiguous bases, then
paired-end reads were added to tags by the Fast Length Adjustment of Short reads program
(FLASH, v1.2.11) to get the tags (Magoc and Salzberg, 2011). The tags were clustered into
Operational taxonomic units (OTUs) with a cutoff value of 97% using UPARSE software (v7
.0.1090) (Edgar, 2013) and chimera sequences were compared with the Gold database using
UCHIME (v4.2.40) (Edgar et al., 2011) to detect. OTU representative sequences were
taxonomically classified using Ribosomal Database Project (RDP) Classifier v.2.2 with a
minimum confidence threshold of 0.6, and trained on the Greengenes database v201305 by
QIIME v1.8.0 (Caporaso et al., 2010). The USEARCH_global (Edgar, 2010) was used to

compare all Tags back to OTU to get the OTU abundance statistics table of each sample.

Statistical analysis

All data were analyzed by one-way analysis of variation (ANOVA) using SPSS
statistical software (SPSS, ver. 20.0 for Windows, SPSS Inc., Chicago, USA) except the
analysis of gut microbiota, multiple comparisons were conducted using the Tukey test. P <

0.05 was considered as significant in statistics. Data are presented as the means and SEM.

Differences in the abundances of microbial taxa among three groups were performed
using the Kruskal-Wallis test with Benjamini-Hochberg p-value correction followed by the

post hoc Mann-Whitney U-test in R3.5.0. Alpha and beta diversity were estimated by

MOTHUR (v1.31.2) and QIIME (v1.8.0) at the OTU level, respectively in R (version 3.3.1).

Principal coordinate analysis (PCoA) was performed based on unweight UniFrac using
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QIIME (v1.8.0). The differential bacterial taxa among groups were identified using Linear

discriminant analysis (LDA) by LEfSe.

RESULTS

Growth performance

Compared with the NBW group, IUGR significantly decreased (P < 0.05) the final body
weight of piglets, and the ADG of the NBW group was higher than that of the IUGR group
(Table 2). Relative to the IUGR group, the final body weight and ADG had the tendencies to

be improved in the IBS group.

Jejunal morphology

As shown in Fig. 1, villi with impaired integrity and abnormally obscure appearance of
brush border in the jejunum were observed in the IUGR group, compared with the NBW
group. However, the integrity of villi and the tight cell junctions in the jejunum were
improved in the IBS group, so IUGR piglets had a normally oriented morphology after oral

gavage of B. subtilis.

As shown in Table 3, no significant difference (P > 0.05) in jejunal morphology was
observed between the NBW and IUGR groups. Compared with the IUGR group, the VH/CD

of the jejunum was significantly increased (P < 0.05) in the IBS group.
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Intestinal barrier function

Compared with the IUGR group, the activity of plasma DAO was significantly
decreased (P < 0.05) in the IBS group (Fig. 2A). The gene expression of Claudin-1 was
significantly decreased (P < 0.05) by IUGR in the jejunum of piglets (Fig. 2B). By contrast,
the gene expressions of Occludin, ZO-1, and Claudin-1 were markedly upregulated (P <

0.05) in the IBS group, relative to the IUGR group.

Oxidative metabolite levels

As shown in Fig. 3, the effect of oral gavage of B. subtilis on the concentrations of PC
(A), 8-OHdG (B) and MDA (C) in the jejunum of IUGR piglets. Relative to the IUGR group,

the concentration of PC (Fig. 3A) was significantly decreased (P < 0.05) in the IBS group.

Jejunal antioxidant activity

As shown in Table 4, the activity of T-SOD was significantly decreased (P < 0.05) by
IUGR in the jejunum of piglets. However, supplementation with B. subtilis increased (P <

0.05) the activities of T-SOD and CAT in the jejunum of piglets, relative to the IUGR group.

Compared with the NBW group, the gene expressions of Nrf2, SOD1, and SOD2 in the
jejunum were significantly decreased (P < 0.05) by IUGR (Fig. 4). However, the gene
expressions of Nrf2, SOD1, and CAT were significantly upregulated (P < 0.05) in the IBS

group, compared to the IUGR group.
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The protein expression of Nrf2 were significantly decreased (P < 0.05) in the JUGR
group, compared with the NBW group (Fig. 5). By contrast, supplementation with B. subtilis
increased (P < 0.05) the protein expressions of Nrf2, SOD1, and HO-1 in the jejunum of

IUGR piglets.

Microbiota composition of jejunal digesta

As shown in Table 5, the alpha diversity analysis showed that supplementation with B.
subtilis decreased (P < 0.05) the bacterial community richness (Sobs index) in the jejunum of
IUGR piglets compared with the IUGR group. There was difference in the structure of the
bacterial community between the IUGR and IBS groups by PCoA (Fig. 6A) and ANOSIM

(Fig. 6B, P < 0.05), and the bacterial composition of these two groups has a distinct clustering

property.

At the Phylum level, Firmicutes was the dominant phyla in the jejunum among these
groups (Fig. 6C). Compared with the NBW group (98.89%), the relative abundance of
Firmicutes was decreased in the IUGR group (95.92%). However, the relative abundance of
Firmicutes in the IBS group (99.85%) was higher (P < 0.05) than that in the IUGR group
(95.92%). Supplementation with B. subtilis significantly decreased (P < 0.05) the relative
abundances of Bacteroidetes (0.01%) and Proteobacteria (0.03%) in the IBS group,
compared with the IUGR group (Bacteroidetes, 0.76% and Proteobacteria, 1.66%). At the
genus level, we observed that Lactobacillus, Veillonella, Clostridium, and Streptococcus

were the dominant genera in these groups (Fig. 6D).

To further investigate the differences among each group, we attempted to find the key
phylotypes as microbiological markers at the different level in each group using linear
discriminant analysis effect size (LEfSe). In particular, at the genus level, higher

proportions of the genus Pasteurella and Sarcina were observed in the IUGR group than
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those of in the NBW group, and Bifidobacterium was significantly expanded in the NBW
group (Fig. 7A). Compared with the JUGR group, supplementation with B. subtilis
increased the proportion of genus Veillonella, and decreased proportions of genus

Desulfovibrio, Prevotella, and Escherichia in the jejunum of piglets (Fig. 7B).

DISCUSSION

The weight of the IUGR neonate is significantly lower than that of the normal neonate in
mammals, and IUGR exerts adverse long-term effects on the growth and development of
neonates. In the present study, the ADG were reduced in the IUGR group compared with the
NBW group, in agreement with previous studies (Alvarenga et al., 2013; Hu et al., 2017).
However, B. subtilis had beneficial effects on the ADG of IUGR piglets during the suckling
period. A study by Zong et al. (2019) also showed that Bacillus treatment improved the ADG,
while decreasing the diarrhea rate of weaned piglets by improving the ability to digest and

utilize nutrients.

Intestinal morphology is one major indicator reflecting intestinal function and health,
and the intestinal villus height and crypt depth are associated with the digestion and
absorption of nutrients (Niu et al., 2020). VH/CD is considered an indicator that can be used
to evaluate the capacity of nutrient digestion and absorption (Lm et al., 2003). In the present
study, no significant difference was observed in VH/CD of suckling piglets between NBW
and IUGR groups, consistent with previous study (Hu et al., 2017). B. subtilis treatment
increased the VH/CD in the jejunum of the IUGR piglets. Previous studies have similarly
reported that supplementation with B. subtilis increased the small intestinal VH/CD of IUGR
suckling piglets (Hu et al., 2017). Therefore, B. subtilis treatment might improve the ability

of digestion and absorption in IUGR piglets by improving intestinal morphology.
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The gut is not only the main place where digestion and absorption occur, it also serves
as an important barrier to the invasion of pathogens. The tight junction proteins such as ZO-1,
Occludin, and Claudin-1 are vital components required for the integrity of the intestinal
barrier (Anderson and Van ltallie, 2009; Xue et al., 2021). Additionally, DAO is an
intracellular enzyme that is mainly located in the top of the intestinal villi, but it can be
released from the cells into the circulatory system following the impairment of intestinal
integrity (Miyoshi et al., 2015). The present study indicated an increase in plasma DAO
activity and a decrease in the mRNA expressions of jejunal tight junction proteins in the
IUGR group, as well as the impaired integrity of jejunal villi was observed form the sections.
Substantial evidence supports the impairment of the intestinal. mucosal barrier and an
increased permeability of the intestine in IUGR piglets (Zhang et al., 2019; Zhang et al.,
2020). In the present study, treatment with B. subtilis decreased plasma DAO activity and
increased the gene expressions of jejunal tight junction proteins. Similar studies have
reported that a B. subtilis probiotic strain increased the gene expressions of Claudin-1 and
ZO-1 in the intestine of pigs (He et al., 2020; Kim et al., 2019). Taken together, B. subtilis
supplementation improved the integrity of the intestinal barrier by upregulating the

expressions of tight junction proteins.

IUGR has been shown to cause an imbalance of redox in the small intestine of piglets,
because intestine with the impaired integrity is more susceptible to oxidative damage (Wang
et al., 2010). Oxidative stress can cause damage to cells by promoting lipid peroxidation,
oxidation and inactivation of proteins, and harmful DNA modifications (Ott et al., 2007). The
concentration of protein carbonyl (PC) can be used to assess the level of protein oxidative
damage (Hauck et al., 2019). In the present study, the concentration of PC in the jejunum was
increased in the IUGR group, but treatment of IUGR piglets with B. subtilis significantly

decreased the concentration of PC. Growing evidence has shown that probiotics have
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antioxidant abilities, as reflected by improving the activity of antioxidant enzymes and
scavenging excessive ROS in vivo or vitro (Wang et al., 2017). Previous studies also have
shown that B. subtilis can inhibit the production of reactive oxygen metabolites, such as

MDA, PC, and 8-OHdG (Zhang et al., 2017).

The body has a natural antioxidant system which can clear harmful metabolites
generated by oxidative stress. This system mainly includes enzymatic antioxidants such as
SOD, CAT, and GPx (Mates et al., 1999). In the present study, we found that the jejunal SOD
activity was significantly decreased in the IUGR group. B. subtilis treatment increased the
SOD and CAT activity in the jejunum of IUGR piglets. SOD is a major antioxidant enzyme
that catalyzes the conversion of the highly reactive superoxide anion to the less reactive
species H,0,, H,0; is further detoxified into harmless molecules by CAT (Mates et al.,
1999). Similarly, previous studies have indicated that [IUGR reduced the antioxidant enzymes
activity and damaged the antioxidant system.in the jejunum of piglets (Huang et al., 2017;
Zhang et al., 2020). Previous evidence has shown that B. subtilis treatment could enhance the
activity of antioxidant enzymes in different tissues (Bai et al., 2017; Zhang et al., 2017).
Therefore, B. subtilis treatment appeared to promote antioxidant ability by increasing the

antioxidant enzyme activity, thereby decreasing the level of oxidative stress products.

We further investigated the molecule mechanism of antioxidant capacity of B. subtilis
by studying the nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway. Nrf2
plays a vital role in the defense responses to oxidative stress, it can induce the expressions of
downstream genes such as SOD, HO-1 and CAT (Bellezza et al., 2018). In the present study,
the expressions of Nrf2 and its downstream genes in the jejunum was decreased in the IUGR
group. However, B. subtilis treatment enhanced the expressions of SOD, HO-1 and CAT by
inducing Nrf2 expression in the jejunum of IUGR piglets. Recent evidence has demonstrated

that probiotic Bacillus spp. can alleviate the H,O,-induced IPEC-1 oxidative stress by
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suppressing ROS levels and inducing Nrf2 expression (Wang et al., 2017). The combined
data from this study indicated that B. subtilis might improve jejunal antioxidant ability by
activating Nrf2 signaling pathway. A recent research found that probiotics could activate Nrf2
signaling pathway by secreting small molecule such as 5-methoxyindoleacetic acid (Saeedi et
al, 2020). In the future research, therefore, it will be critical to investigate which a small

molecule produced by B. subtilis activates Nrf2 signaling pathway.

Growing evidence suggests that the composition of gut microbiota is-closely related to
the host health (Shreiner et al., 2015; Saffouri et al., 2019). Therefore, we investigated
whether B. subtilis altered the composition of microbiota in the jejunum to affect the growth
and development of IUGR piglets. In the present study, no difference in the microbial a-
diversity was found between the NBW and IUGR groups, but B. subtilis decreased the
microbial richness in the jejunum of IUGR piglets. Analogously, a recent report indicated no
significant difference in the microbial richness of NBW and IUGR piglets at 21 days of age
(Zhang et al., 2019). In the current study, no difference was apparent in the bacterial
community structure of the NBW and IUGR piglets, in agreement with a previous study
carried out by Zhang et al. (2019). However, we observed a significant separation of the
bacterial community structures in the jejunum between the IUGR and IBS groups, which

might be related to the reduction in microbial richness by B. subtilis treatment.

The dominant phylum in the jejunum was Firmicutes. The IUGR piglets showed a
decrease in the abundance of Firmicutes and the value of Firmicutes/Bacteroidetes ratio
compared to the NBW piglets. Previous studies have shown that the Firmicutes/Bacteroidetes
ratio is positively correlated with an increased ADG (Ding et al., 2021). We also observed
that B. subtilis treatment increased the abundance of Firmicutes, while decreasing the
abundances of Bacteroidetes and Proteobacteria in IUGR piglets. The ratio of Firmicutes to

Bacteroidetes was also markedly increased in the IBS group. Therefore, we speculated that a
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high Firmicutes/Bacteroidetes ratio might be associated with the improvement of ADG in the
IBS group. The Proteobacteria include a variety of pathogens such as Escherichia and
Salmonella, and a previous study revealed an increase in the abundance of Proteobacteria in
association with dysbiosis of the gut microbial community (Shin et al., 2015). Therefore, in
the present study, the improvement of gut microbiota in IBS group might be related to the

low abundance of Proteobacteria.

Lactobacillus was the most abundant genus in the jejunum of suckling piglets. LEfSe
analysis revealed a high proportion of Pasteurella in the jejunum of IUGR piglets, in
agreement with results reported by Zhang (2019). Many Pasteurella species are
opportunistic pathogens for animals (Wilson and Ho, 2013), they will increase the
susceptibility of IJUGR piglets to disease. We also observed a low proportion of
Bifidobacterium in the IUGR group, in agreement with previous study (Zhang et al., 2019).
Bifidobacterium is a commonly used prabiotic for the treatment of certain diseases by
regulating the gut microbiota, and it also plays important roles in nutrient metabolism and
immune homeostasis of the host (Azad et al., 2018). The present study also indicated an
increased abundance of Veillonella and decreased abundances of Desulfovibrio, Prevotella,
and Escherichia in-the jejunum of IBS group. Veillonella could metabolize lactate to
produce acetate and propionate, which are absorbed by intestinal epithelial cells and used

for synthesis and metabolism by the host (Kastl et al., 2020).

Previous data also confirmed that Escherichia had negative correlations with ADG and
carcass weight, and it was reported that the abundance of Desulfovibrio was negatively
associated with body mass index (Fu et al., 2015; Torres-Pitarch et al., 2020). As pointed
out above, the improvement of ADG in the IBS group might be related to the increased
abundance of Veillonella, but it may also be attributed to the decreased abundances of

Escherichia and Desulfovibrio. Furthermore, a recent study has shown that pigs with a high
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abundance of Prevotella tended to have poorer feed efficiency; therefore, Prevotella could

be considered a potential biomarker for lower feed efficiency (Niu et al., 2015).

In conclusion, IUGR delayed growth, damaged the intestinal barrier function and

antioxidant capacity, and altered the abundance of bacteria in the jejunum of suckling piglets.

However, oral gavage of B. subtilis improved the growth performance and the jejunal
integrity, and appeared to increase jejunal antioxidant capacity by activating the Nrf2
signaling pathway in IUGR piglets. B. subtilis treatment also altered the structure of the
bacterial community by increasing the abundance of beneficial bacteria and decreasing the
abundance of detrimental bacteria in the jejunum of IUGR suckling piglets. Therefore, B.
subtilis appears to be beneficial to the intestinal health and functions of piglets, and would be
expected to regulate the growth and development of IUGR piglets in pig production. These
findings also suggested that piglets could be supplement with B. subtilis before weaning to

prevent the oxidative stress caused by the weaning process.
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Figure legend

Fig. 1. Effect of oral gavage of Bacillus subtilis on jejunal histomorphology in IJUGR
suckling piglets. All samples were stained with hematoxylin and eosin (HE). Scale bar
represents 100 um. NBW, normal birth weight; IUGR, intrauterine growth restriction;

IBS, IUGR with oral administration of Bacillus subtilis.

Fig. 2. Effect of oral gavage of Bacillus subtilis on plasma diamine oxidase activity
(A) and the mRNA levels of jejunal tight junction protein (B) inlUGR suckling
piglets. Data are expressed as mean with their standard errors represented by vertical
bars, n=8. " P < 0.05. DAO, plasma diamine oxidase; ZO-1, zonula occludens 1.
NBW, normal birth weight; IUGR, intrauterine growth restriction; IBS, IUGR with

oral administration of Bacillus subtilis.

Fig. 3. Effect of oral gavage of Bacillus subtilis on the concentration of jejunal PC
(A), 8-OHdG (B) and MDA (C) in IUGR suckling piglets. Data are expressed as
mean with their standard errors represented by vertical bars, n = 8. * P < 0.05. PC,
protein carbonyl; 8-OHdG, 8-hydroxy-2-deoxyguanosine; MDA, malondialdehyde.
NBW, normal birth weight; IUGR, intrauterine growth restriction; IBS, IUGR with

oral administration of Bacillus subtilis.
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Fig. 4. Effect of oral gavage of Bacillus subtilis on the mRNA expressions of jejunal
antioxidant related genes in IUGR suckling piglets. Data are expressed as mean with
their standard errors represented by vertical bars, n = 8. * P < 0.05. Nrf2, nuclear
factor erythroid 2-related factor 2; HO-1, heme oxygenase-1; SOD1, superoxide
dismutase 1; SOD2, superoxide dismutase 2; Cat, catalase, GPx1, glutathione
peroxidase 1. NBW, normal birth weight; IUGR, intrauterine growth restriction; IBS,

IUGR with oral administration of Bacillus subtilis.

Fig. 5. Effect of oral gavage of Bacillus subtilis on the expressions of jejunal related
antioxidant protein in IUGR suckling piglets. Data are expressed as mean with their
standard errors represented by vertical bars, n =8. * P < 0.05. Nrf2, nuclear factor
erythroid 2-related factor 2; HO-1, heme oxygenase-1; SOD1, superoxide dismutase
1, SOD2, superoxide dismutase 2. NBW, normal birth weight; IJUGR, intrauterine

growth restriction; IBS, IUGR with oral administration of Bacillus subtilis.

Fig. 6. Principal coordinate analysis (PCoA) of all samples (A) and analysis of
similarities (ANOSIM) (B) indicate that microbial structure in each group. The
percentage of community abundance on Phylum level (C) and Genus level (D)
indicate that gut microbiota composition of these groups. Data are shown as means, n
= 6. NBW, normal birth weight; IUGR, intrauterine growth restriction; IBS, IUGR

with oral administration of Bacillus subtilis.
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Fig. 7. Different bacterial taxa enriched in each group. Histograms of a linear
discriminant analysis (LDA) score (threshold: >2) in jejunal samples. n = 6. NBW,
normal birth weight; IUGR, intrauterine growth restriction; IBS, IUGR with oral

administration of Bacillus subtilis.
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Table 1. Primer sequences of target gene.

Gene Accession No. Sequences
Nrf2 MH_101365.1 F: GCCCAGTCTTCATTGCTCCT
R: AGCTCCTCCCAAACTTGCTC
HO-1 NM_001004027.1 F:-TACCGCTCCCGAATGAACAC
R: TGGTCCTTAGTGTCCTGGGT
GPx1 NM_214201.1 F: CAAGTCCTTCTACGACCTCA
R: GAAGCCAAGAACCACCAG
SOD1 NM_001190422.1 F: GTACCAGTGCAGGTCCTCAC
R: TTTGCCAGCAGTCACATTGC
SOD2 NM_214127 F: GGACAAATCTGAGCCCTAACG
R:CCTTGTTGAAACCGAGCC
CAT NM_214301.2 F: CTGTAAGGCTAGTCGGACACC
R: ATATCAGGTTTCTGCGCGGC
Z0-1 XM_021098896.1 F: TGCCAGCTGGAGCTTAGAAC
R: AGGCATCAAGAGGGGCTACT
Occludin NM_001163647.2 F: CAGTGGTAACTTGGAGGCGT
R: CCGTCGTGTAGTCTGTCTCG
Claudin-1 NM_001244539.1 F: AGAAGATGCGGATGGCTGTC
R: ACTGGGGTCATGGGGTCATA
p-actin XM_003124280.5 F: GCCAGAAGGACTCCTACGTG

R: CATGTCGTCCCAGTTGGTGA

Nrf2, nuclear factor erythroid 2-related factor 2. HO-1, heme oxygenase-1. GPx1,

glutathione peroxidase 1. SOD1, superoxide dismutase 1. SOD2, superoxide

dismutase 2. CAT, catalase. ZO-1, zonula occludens 1.
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Table 2. Effect of oral gavage of Bacillus subtilis on the growth performance of

IUGR suckling piglets from 3 to 24 days of age™

Groups®
Items® SEM P value
NBW IUGR IBS
IBW (day 3), kg 2.24° 1.51° 1.53° 0.09 <001
FBW (day 24), kg 7.16° 5.66" 6.73% 0.25 0.04
ADG, g/d 234.10 197.30 24750 0.01 0.14

! Data are expressed as means and SEM, n = 8. Mean values with different letters

indicate a significant difference (P < 0:05).

2 NBW, normal birth weight; IUGR, intrauterine growth restriction; IBS, IUGR with

oral administration of Bacillus subtilis.

$1BW, initial body weight; FBW, final body weight; ADG, average daily gain.
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Table 3. Effect of oral gavage of Bacillus subtilis on jejunal morphology of IUGR

suckling piglets™.

ltems® Groups® SEM P value
NBW IUGR IBS

VH, pum 347.53 343.65 389.16 12.18  0.25

CD, pm 200.87 213.55 167.16 937 011

VH/CD 1.87° 1.81° 2.43° 0100 <0.01

! Data are expressed as means and SEM, n = 8. Mean values with different letters

indicate a significant difference (P < 0:05).

2 NBW, normal birth weight; IUGR, intrauterine growth restriction; IBS, IUGR with

oral administration of Bacillus subtilis.

$\VH, villus height; CD, crypt depth; VH/CD, the ratio of villus height to crypt depth.
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Table 4. Effect of oral gavage of Bacillus subtilis on jejunal antioxidant activity in

IUGR suckling piglets.

2
Items® Group SEM P value
NBW IUGR IBS
T-AOC, U/mg protein 1.39 1.11 1.09 0.06 0.128

T-SOD, U/mg protein 132.80° 111.06° 167.86° 5.75 <0.01
CAT, U/mg protein 8.22° 7.89° 9.75° 0220 <0.01

GSH-Px, U/mg protein 63.99 60.41 58.57 1.05 0.095

! Data are expressed as means and SEM, n = 8. Mean values with different letters

indicate a significant difference (P < 0:05).

2 NBW, normal birth weight; IUGR, intrauterine growth restriction; IBS, IUGR with

oral administration of Bacillus subtilis.

¥ T-AOC, total antioxidant capacity; T-SOD, total superoxide dismutase; CAT,

catalase; GSH-Px, glutathione peroxidase.

1202 Jaquiaidag {1 uo Jasn AusiaAlun [ednynouby BullueN Aq | #929£9/55zaes/sel/S601 01 /10p/aloIe-soueape/sel/woo dno-olwspeoe//:sdiy Wolj papeojumoc]



Table 5. Effect of oral gavage of Bacillus subtilis on alpha diversity of jejunal

bacteria in IUGR suckling piglets.

Groups®

ltems® SEM P value
NBW IUGR IBS

Sobs index 169.67° 163.67° 87.33" 15.13 0.03

Chao index 253.22 252.79 170.51 22.08 0.24

Ace index 309.43 301.67 292.98 23.52 0.96

Shannon index 0.97 131 0.91 0.11 0.37

Simpson index 0.65 0.50 0.64 0.04 0.27

! Data are expressed as means and SEM, n = 6. Mean values with different letters

indicate a significant difference (P < 0:05).

2 NBW, normal birth weight; IUGR, intrauterine growth restriction; IBS, IUGR with

oral administration of Bacillus subtilis.

% Sobs, observed species.
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Figure 1
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Figure 2
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Figure 3
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Figure 4

Downloaded from https://academic.oup.com/jas/advance-article/doi/10.1093/jas/skab255/6362641 by Nanjing Agricultural University user on 14 September 2021

mm NBW
/3 IUGR

I‘P S

GPx1

*
SOD2

*
|_|
SODI1

HO-1

Nif2

oL

\n =
— —

= \n =
i = =

S[3AJ] VN YW Jo uorssaadxa aanedy



Figure 5
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Figure 6
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