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Abstract

Objectives The aim of this study was to investigate the
effects of intrauterine growth retardation (IUGR) and
Bacillus subtilis PB6 supplementation in formula milk
(FORM) on growth performance, intestinal development
and immune function of neonates using a porcine model.
Methods Fourteen pairs of normal birth weight and IUGR
piglets (7 days old) were randomly assigned to receive
FORM or FORM supplemented with B. subtilis PB6
(FORM-BsPB6) for a period of 21 days. Blood samples,
intestinal tissues and digesta were collected at necropsy
and analysed for morphology, digestive enzyme activities,
immune cell abundance, expression of genes associated
with innate immunity and barrier function and microbial
populations.

Results Regardless of diet, IUGR significantly decreased
average daily dry matter intake and average daily weight
gain (P < 0.05). Moreover, IUGR significantly decreased
plasma concentrations of immunoglobulin A, interleukin
1B, count and percentage of blood lymphocytes (P < 0.05).
Meanwhile, IUGR markedly decreased villous height and
maltase activity, as well as mRNA abundance of Toll-
like receptor 9 and Toll-interacting protein in the ileum
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(P < 0.05). Regardless of body weight, FORM-BsPB6
markedly decreased the feed conversion ratio (P < 0.05),
due to better intestinal development, as indicated by
increased villous height (P < 0.05), activities of maltase
and sucrase in the intestine (P < 0.10). Moreover, both
mRNA and protein abundances of zonula occludens-1 and
claudin-1 in the ileum as well as the copy number of Bacil-
lus in colonic digesta were increased (P < 0.05) in piglets
fed FORM-BsPB6 relative to FORM.

Conclusion The results of this study indicate that ITUGR
delayed growth, intestinal development and immune func-
tion of piglets, while FORM-BsPB6 improved digestive
capability and intestinal barrier function.

Keywords Birth weight - Probiotics - Intestine - Barrier
function - Immunity

Introduction

Intrauterine growth retardation (IUGR) impairs growth and
development of the mammalian embryo/foetus or its organs
during gestation [1]. IUGR in neonates is characterized
by delayed postnatal growth, permanent mal-development
and increased susceptibility to infection, resulting in high
morbidity and mortality during the early life period [2].
Several studies have demonstrated that IUGR is associated
with impaired intestinal development and poses a high risk
of intestinal diseases in neonates [3—5]. Also, our previous
studies found that both excessive and restricted nutrient
intake impaired intestinal development and immune func-
tion in neonates with IUGR [6, 7]. The intestine is impor-
tant for digestion and absorption of nutrients, and the gut-
associated lymphoid tissue is the largest immune organ in
the body [8]. Thus, new strategies to promote growth and
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intestinal function in neonates with IUGR are urgently
needed.

Establishment of intestinal microbiota after birth plays
an important role in the development of the gastrointestinal
and immune systems [9]. Previous studies have reported
that gut colonization by bacteria and the fermentation
activity of the resulting intestinal microbiota are altered in
neonates with IUGR, as compared with normal neonates,
because of the effect of IUGR on the small intestine [10,
11]. Many recent studies have highlighted the beneficial
role of probiotics in intestinal motor function. In humans,
probiotics supplementation was found to reduce both the
incidence and severity of necrotizing enterocolitis in new-
borns with IUGR [12]. In animals, moreover, probiotics
seem to be a good alternative to the use of antibiotics to
promote growth [13]. As we know, probiotics as microbial
supplementation convey beneficial effects when adminis-
tered in adequate quantities [14]. However, little is known
about the effects of probiotics supplementation on growth,
intestinal development and immune function in neonates
with IUGR.

Bacillus subtilis is a facultative anaerobe that plays the
vital roles in intestinal microecological balance by con-
sumption of intestinal oxygen, which creates an anaerobic
environment [15, 16]. Moreover, B. subtilis is preferred due
to the high resistance of its spores to harsh environments
and capacity for long-term storage at ambient temperatures
[17]. Previous studies have reported that some Bacillus spe-
cies improved porcine intestinal health by regulation of
immune function to protect against pathogenic challenge
[18, 19]. Moreover, some species can be used as potent
producers of extracellular degrading enzymes to promote
nutrient digestion and utilization [16, 18]. Pigs are multi-
foetal animals and exhibit serious IUGR occurrence, which
has been recognized as an ideal model for the study of clin-
ical nutrition [20]. In the present study, therefore, we inves-
tigated the effects of IUGR and B. subtilis PB6 supplemen-
tation on the growth performance, intestinal development
and immune function of piglets during the suckling period.

Materials and methods

The animal experiment followed the actual law of animal
protection and was approved by the Animal Care and Use
Committee of the Sichuan Agricultural University and was
performed in accordance with the National Research Coun-
cil’s Guide for the Care and Use of Laboratory Animals.

Animal and treatment

Piglets with a birth weight near the mean litter birth weight
(SD 0.5) were identified as normal birth weight (NBW),
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whereas those with at least 1.5 SD lower birth weight were
defined as IUGR according to our previous study [6, 21].
A total of 14 pairs newborn boars (Pig Improvement Com-
pany 327 x 1050) of NBW with body weight (BW) at
1.49 (SD 0.06) kg and IUGR with BW at 0.92 (SD 0.03)
kg were selected from 14 healthy sows (10 piglets/lit-
ter). All piglets were weaned at 7 days of age and moved
to be individually fed with formula milk by bottle feeding
every 3 h between 06:00 and 24:00 hours in nursing cages
(0.8 m x 0.7 m x 0.4 m). In each litter, one of the IUGR
and NBW piglets received the formula milk (FORM) or
formula milk supplemented with B. subtilis PB6 (FORM-
BsPB6), respectively. In total, four groups (BW-FORM)
of piglets were created and studied: NBW with FORM,;
IUGR with FORM; NBW with FORM-BsPB6; IUGR with
FORM-BsPB6 (n = 7 per group). The FORM was for-
mulated according to previous study [6]. FORM-BsPB6
was prepared by supplementing the spores of B. subtilis
PB6 (Kemin Industries, Inc., Des Moines, IA) at 60 g per
100 kg FORM powder, containing 2 x 10° cfu/kg. The lig-
uid formula milk was prepared by mixing 1 kg of formula
powder (DM 87.5 %) with 4 L of water, in which nutri-
ents composition and levels were similar as sow milk [7].
All piglets had free access to drinking water. Room tem-
perature was maintained at approximately 30 °C, and the
humidity was controlled between 50 and 60 %. The BW
and milk intake of piglets were recorded daily. The aver-
age daily DM intake (ADMI) was calculated via multiply-
ing the average daily intake of milk by its DM content (%),
while milk intake was calculated as the difference between
the offered amounts and the refusals.

Blood sampling and analyses

Blood samples were collected by venepuncture in the
morning (08:00) of day 21 after an overnight fast and were
injected into two vacuum tubes containing sodium heparin.
The vacuum tubes were immediately placed on ice until
the examination of leucocytes and flow cytometry analysis,
respectively (within 2 h). The differential leucocyte count
was obtained using an ADVIA 2120 Hematology System
(Bayer HealthCare, Tarrytown, NY). Total peripheral blood
lymphocytes were separated from heparinized peripheral
blood by separation medium and then were stained with
mouse anti-porcine CD3e-SPRD (PE-Cy5) (catalogue no.
4510-13), CD4a-FITC (catalogue no. 4515-02) and CD8a-
PE (catalogue no. 4520-09), which were purchased from
Southern Biotechnology Associates (Birmingham, AL).
PBS (1x, Gibco, Carlsbad, CA) and 1.0 % BSA (ICN Bio-
medicals, Aurora, OH) were used as diluent and washing
buffer. Flow cytometry analysis was performed on a FACS-
Calibur flow cytometer (Becton—Dickinson, San Jose, CA)
and repeated for the same sample.
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Tissue sample collection

After blood sampling, all piglets were anaesthetized with
an intravenous injection of pentobarbital sodium (50 mg/
kg BW) and slaughtered. Piglets were weighed, and crown-
rump length (CRL) was taken (the supine length of the
piglet from the crown of its head to the base of its tail).
Body mass index (BMI; BW/CRL?) was calculated for
each piglet. The liver, spleen, kidney, heart and pancreas of
each piglet were weighed immediately after slaughter. The
length and weight of small intestine were measured after
the removal of luminal contents. Duodenal, jejunal and
ileal samples of approximately 2 cm in length were stored
in 4 % paraformaldehyde solution for histological analyses.
The other pieces of the jejunum and ileum (approximately
2 cm) were snap-frozen and then stored in fridge with
—80 °C until further analysis. Finally, colonic digesta were
collected immediately and frozen at —80 °C.

Small-intestinal morphology and goblet cell countings

The duodenal, jejunal and ileal samples were preserved in
4 % paratormaldehyde solution and then embedded in par-
affin. Each of the samples (duodenum, jejunum and ileum)
was used to prepare five slides, and each slide had three
sections (5 pum thickness), which were stained with eosin
and haematoxylin for intestinal morphology measurement
by 20 well-oriented villi and crypts each section (Optimus
software version 6.5; Media Cybergenetics), and villi—crypt
ratio (VCR) was calculated. The goblets cells number per
villi was measured (NIS-Elements BR 2.3; Nikon France
SAS), and the values obtained from 10 villi by each small-
intestinal segment were averaged.

Measurement of plasma immunoglobulin subset
and cytokines

Commercially available enzyme immunoassays were per-
formed according to the instructions from the manufacturer
for the following markers: IgA (Bethyl Lab. Inc., Mont-
gomery, USA), IL-1B (R&D Systems, Oxford, UK), TNF-a
(R&D Systems, Oxford, UK), IL-10 (Bio Source/Med
Probe, Camarillo, CA). Absorbance (450 nm) was deter-
mined using a Bio-Tek synergy HT microplate reader (Bio-
Tek Instruments, VT). The detection limits were 12.5 ng/
mL for IgA, 7.0 pg/mL for TNF-a, 30.0 pg/mL for IL-18
and 8.0 pg/mL for IL-10, respectively; the inter- and intra-
assay coefficients of variation were less than 10 %.

Digestive enzyme activities

After thawing, the frozen jejunal tissue was weighed and
homogenized (5 min) in the 9 times volume of 50 mM

Tris—HCI buffer, pH 7.0, centrifuged (3000xg, 10 min).
The supernatant was collected and stored at —20 °C for
enzyme assay. Total proteins were extracted, and their
concentration was determined according to the procedure
of bicinchoninic acid (Solarbio, Inc.), with bovine serum
albumin as standard. Disaccharidases (including maltase,
sucrase and lactase) were measured using commercial kits
(Nanjing Jiancheng Bioengineering Institute) according to
the manufacturer’s instructions. The absorbance was deter-
mined with spectrophotometer (Beckman Coulter DU-800;
Beckman Coulter, Inc.). The activities of disaccharidases
were expressed as U/mg protein. One unit (U) was defined
as 1 nmol maltase, sucrase and lactase as substrate for the
enzymatic reaction.

Microbial population determination

Bacterial DNA was extracted from colonic digesta using
the Stool DNA Kit (Omega Bio-Tek) according to the man-
ufacturer’s instructions. Primers and probes (Table 1) were
designed with Primer Premier 5.0 (Premier Biosoft Interna-
tional, Palo Alto, CA) and followed 16S rRNA sequences
of maximum species of each genus homology downloaded
from GenBank database, European Molecular Biology
Laboratory and DNA Data Bank of Japan to obtain specific
amplification, and the sequences of all the genera taken
from the database were submitted to DNAStar (MegAlign)
program (DNASTAR, Inc., Madison, WI), as described
by Zhang et al. [22]. Next, these sequences were submit-
ted to alignment, in which the maximum number of spe-
cies belonging to one genus was gathered and the regions
showing conservations were picked up as genus-specific
primers and probes. All the primers and probes used in this
experiment were commercially synthesized by Invitrogen
(Shanghai, China).

Quantitative real-time PCR was conducted with CFX96
Real-Time PCR System (Bio-Rad Laboratories, Inc.,
Hercules, CA) with optical-grade 96-well plates. For
the quantification of total bacteria, the reaction mixture
(25 pL) contained 1 pL forward and 1 wL reverse primers
(100 nM), 12.5 pL SYBR Premix EX Taq (Takara, Dalian,
China), 1 pL template DNA and 9.5 pL nuclease-free
water. The thermal cycling conditions were an initial prede-
naturation step at 95 °C for 10 s, 40 cycles of denaturation
at 95 °C for 5 s, annealing at 64.5 °C for 25 s and extension
at 72 °C for 60 s. For the quantification of Lactobacillus,
Escherichia coli, Bifidobacterium and Bacillus, real-time
PCR was conducted in a reaction volume of 20 wL with
1 pL probe enhancer solution, 0.3 WL probe (100 nM),
1 wL forward and 1 pL reverse primers (100 nM), 8 nL.
RealMasterMix (Tiangen, Beijing, China), 1 pL template
DNA and 7.7 pL nuclease-free water. The PCR conditions
involved 10 s at 95 °C and 50 cycles for 5 s at 95 °C, 25 s
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Table 1 Oligonucleotide primers and probes used for bacteriological analysis

Primers/probes Sequence (5'-3') Tm (°C) Product size (bp)

Escherichia coli Forward CATGCCGCGTGTATGAAGAA 57 96
Reverse CGGGTAACGTCAATGAGCAAA
Probe AGGTATTAACTTTACTCCCTTCCTC

Lactobacilli Forward GAGGCAGCAGTAGGGAATCTTC 55.7 126
Reverse CAACAGTTACTCTGACACCCGTTCTTC
Probe AAGAAGGGTTTCGGCTCGTAAAACTCTGTT

Bifidobacterium Forward CGCGTCCGGTGTGAAAG 57 121
Reverse CTTCCCGATATCTACACATTCCA
Probe ATTCCACCGTTACACCGGGAA

Bacillus Forward GCAACGAGCGCAACCCTTGA 57 92
Reverse TCATCCCCACCTTCCTCCGGT
Probe CGGTTTGTCACCGGCAGTCACCT

Total bacteria Forward ACTCCTACGGGAGGCAGCAG 64.5 200
Reverse ATTACCGCGGCTGCTGG

at annealing temperature (Table 1) and 60 s at 72 °C. The
threshold cycle (CT) values and baseline settings were
determined by automatic analysis settings, and the copy
numbers of the target group for each reaction were calcu-
lated from the standard curves.

For the quantification of bacteria in the test samples,
specific standard curves were generated by constructing
standard plasmids, as presented by Han et al. [15]. Deoxy-
ribonucleic acid concentrations of standard plasmids were
detected using a spectrophotometer (Beckman Coulter DU
800; Beckman Coulter, Fullerton, CA). A series of tenfold
dilution (1 x 10° to 1 x 10' copies/wL) of plasmid DNA
were used to construct their respective standard curves.
Each standard curve was generated by a linear regression
of the plotted points with the logarithm of template copy
numbers as the abscissa and the CT values as the ordinate.
The gene copy numbers were calculated by the following
formula: (6.0233 x 10 copies/mol x DNA concentration
(mg/LL)/(660 x 10® x DNA size (bp)).

Total RNA extraction and real-time RT-PCR

Total RNA was extracted from frozen ileal samples using
TRIzol reagent (catalogue no. 15596-026; Invitrogen)
according to the manufacturer’s instructions, and the qual-
ity and purity of RNA samples were assessed by electro-
phoresis on 1.0 % agarose gels (Egel; Invitrogen, Carlsbad,
CA, USA) and nucleic acid analyser (A260/A280, Beck-
man DU-800; Beckman Coulter, Inc.), respectively. Sub-
sequently, the RNA was performed at 37 °C for 15 min,
followed by RT inactivation at 85 °C for 5 s using Prime-
Script™ RT reagent kit (catalogue no. RR047A, Takara).
A portion of the RT products (1nL) was used directly for
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real-time PCR. Real-time PCR assays were performed on
complementary DNA samples in 384-well optical plates on
a 7900HT ABI Prism Sequence Detection System (Applied
Biosystems, Foster City, CA, USA) using the SYBR green
system (catalogue no. RR820A, Takara). Primers for indi-
vidual genes were designed using Primer Express 3.0
(Applied Biosystems) and are given in Table 2. The reac-
tion mixture (10 pL) contained 5 pL of freshly SYBR®
Premix Ex Taq I (Tli RNaseH Plus) and 0.2 pL ROX
Reference Dye II (50x), 0.8 wL of the primers, 1 wL of
RT products and 3 L diethylpyrocarbonate-treated water.
The PCR protocol was used as following: 1 cycle (95 °C
30 s), 40 cycles (95 °C 5's, 60 °C 31 s) and 1 cycle (95 °C
15 s, 60 °C 1 min and 95 °C 15 s). The standard curve of
each gene was run in duplicate and three times for obtain-
ing reliable amplification efficiency values as described
previously [23]. The correlation coefficients (r) of all the
standard curves were more than 0.99, and the amplification
efficiency values were between 90 and 110 %. At the end
of amplification, dissociation analyses of the PCR product
were performed to confirm the specificity of PCR prod-
ucts. The relative mRNA abundance of analysed genes was
calculated using the method of 2722, as described previ-
ously [24]. The most stable housekeeping genes (f-actin
and GADPH) were chosen for normalization. Finally, the
mRNA level of each target gene for IUGR-FORM group
was set to 1.0.

Western blotting
Protein extracts were obtained by homogenizing ileal tis-

sues with a total protein extraction kit (Beyotime Biotech-
nology, Jiangsu, China), according to the manufacturer’s
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Table 2 Primer sequences of

Genes Primer sequence (5'-3') Product (bp) GenBank accession
the target and reference genes
TLR-2 F: TCGAAAAGAGCCAGAAAACCAT 58 NM213761
R: CTTGCACCACTCGCTCTTCA
TLR-4 F: AGAAAATATGGCAGAGGTGAAAGC 64 GQ304754
R: CTTCGTCCTGGCTGGAGTAGA
TLR-9 F: AATCCAGTCGGAGATGTTTGCT 79 AY859728
R: GACCGCCTGGGAGATGCT
MyD88 F: GTGCCGTCGGATGGTAGTG 65 NMO001099923
R: TCTGGAAGTCACATTCCTTGCTT
TRAF-6 F: GCTGCATCTATGGCATTTGAAG 70 AJ606305.1
R: CCACAGATAACATTTGCCAAAGG
NF-«kB F: TGCTGGACCCAAGGACATG 60 AK348766.1
R: CTCCCTTCTGCAACAACACGTA
IL-18 F: TCTGCCCTGTACCCCAACTG 64 NM214055.1
R: CCAGGAAGACGGGCTTTTG
IL-6 F: GATGCTTCCAATCTGGGTTCA 62 M80258.1
R: CACAAGACCGGTGGTGATTCT
SIGIRR F: ACCTGGGCTCCCGAAACTAC 62 AK?239384.1
R: GTCATCTTCTGACACCAGGCAAT
TOLLIP F: CCCGCGCTGGAATAAGG 74 AK239879.1
R: CATCAAAGATCTCCAGGTAGAAGGA
B-Actin F: GGCGCCCAGCACGAT 66 DQ845171.1
R: CCGATCCACACGGAGTACTTG
GAPDH F: TCGGAGTGAACGGATTTGGC 147 NM_001206359.1
R: TGCCGTGGGTGGAATCATAC
Claudin-1 F: TCTTAGTTGCCACAGCATGG 106 NM_001244539
R: CCAGTGAAGAGAGCCTGACC
Occludin F: TTCATTGCTGCATTGGTGAT 113 NM_001163647
R: ACCATCACACCCAGGATAGC
Z0-1 F: CCGCCTCCTGAGTTTGATAG 97 AJ318101
R: CAGCTTTAGGCACTGTGCTG

TLR Toll-like receptor, MyD88 myeloid differentiation factor 88, TRAF-6 TNF receptor-associated factor 6,
SIGIRR single immunoglobulin IL-1-related receptor, TOLLIP Toll-interacting protein, GAPDH glyceral-

dehyde-3-phosphate dehydrogenase, IL interleukin, ZO-1 zonula occludens-1

guide. The protein content was measured using the bicin-
choninic acid (BCA) protein assay kit (Pierce, Rockford,
IL, USA). The antibody was used in our experiment: goat
polyclonal anti-ZO-1 (sc-8146, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), goat polyclonal anti-claudin-1 (sc-
17658, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and mouse monoclonal anti-B-actin (sc-47778, Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Western blot analy-
sis was performed as previously described [25]. Chemilu-
minescence detection was performed using the ECL Plus™
Western Blotting Detection System (Amersham, Arling-
ton Heights, IL, USA), according to the manufacturer’s
instructions. The relative expression of target protein was
normalized using B-actin as the internal protein, and then,
the normalized values were used for the comparison of the
expression of target protein in groups.

Statistical analysis

The data were analysed by Duncan’s multiple compari-
sons for the 2 x 2 factorial experimental design using the
general linear model (GLM) procedure of SPSS statistical
software (Ver. 20.0 for Windows, SPSS, Chicago, IL, USA)
in the following model: y;; = 1 + a; + b; + (ab); + e
i=12,j=1,2,k=1,2, ..., nij), where Yijk Tepresents
the dependent variable, p is the mean, g; is the effect of
BW (IUGR, NBW), b; is the effect of diet (FORM, FORM-
BsPB6), (ab); is the interaction between BW and diet, and
e 1s the error term. Results are presented as means with
their standard errors (SEM). Differences were considered
as significant when P < 0.05, and a tendency was recog-
nized when P < 0.10.
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Table 3 Effects of B. subtilis

' Ttems FORM FORM-BsPB6 SEM P value
PB6 supplementation on
the growth performance of IUGR NBW IUGR NBW BW Diet BW x Diet
intrauterine growth retarded
(IUGR) and normal birth weight ~ Initial wt (kg) 1.70° 2.70° 1.70° 2.69" 0.16  <0.001  0.879  0.965
(NBW) neonates Final wt (kg) 5.20° 7.70° 5.54° 7.89° 0.83 <0.001 0388  0.865
Net wt gain (kg)  3.50° 5.00° 3.85% 5.21° 079 <0001 0351  0.866
ADG (g/day)
Days 0-7 113% 195° 120° 195° 42 <0.001  0.839  0.852
Days 7-14 1128 192° 146*®  187° 56 0012 0519  0.392
Days 14-21 275 323 284 362 74 0.041 0421 0616
Days 0-21 167 236° 183% 248° 37 <0.001 0342 0871
ADMI (g/day)
Days 0-7 1042 163° 91% 154° 29 <0.001 0326  0.870
Days 714 130 190 129 177 48 0.010  0.721  0.749
Days 14-21 201%>  248P¢ 178 278¢ 47 <0.001  0.830  0.148
Days 0-21 145° 200° 1338 203° 33 <0.001  0.714  0.585
FCR'
Days 0-7 0.92 0.84 0.75 0.79 0.11 0429  0.102  0.379
Days 7-14 1.16 0.99 0.88 0.94 0.15 0.132 0174 0453
Days 14-21 0.73 0.77 0.63 0.77 0.18 0702 0442  0.461
Days 0-21 0.87° 0.84**  0.722 0.82**  0.07 0.624  0.043  0.168

Mean values with their standard errors, n = 7 in each group

FORM formula milk, FORM-BsPB6 formula milk supplemented with B. subtilis PB6, BW body weight, wt
weight, ADG average daily gain, ADMI average daily DM intake, FCR feed conversion ratio

ab¢ Mean values within a row with different superscript letters were significantly different (P < 0.05)

T FCR was calculated via dividing the ADMI by its corresponding ADG

Results
Growth performance

Regardless of diet, both ADG (—28 %, P < 0.001) and
ADMI (—31 %, P < 0.001) were significantly decreased in
TUGR piglets compared with NBW piglets, while the FCR
had no significant difference, and accordingly, the final
BW and net BW gain of IUGR piglets were lower (—28
to 31 %, P < 0.001) than those of NBW piglets (Table 3).
Regardless of BW, FORM-BsPB6 had no significant
effects on the ADG, ADMLI, final BW and net BW gain, but
the FCR was markedly decreased (—10 %, P = 0.043) in
piglets fed FORM-BsPB6. During the whole experimental
period, furthermore, IUGR piglets fed FORM-BsPB6 had
significantly lower FCR compared with piglets fed FORM
(=17 %, P < 0.050).

Organ indices
As shown in Table 4, regardless of diet, [IUGR significantly
decreased (—11 to 35 %, P < 0.010) the weights of inter-

nal organs such as heart, liver, spleen, kidney, pancreas,
intestine and the BMI on day 28; moreover, the intestinal
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length and 28 CRL of TUGR piglets were shorter (—13 to
18 %, P < 0.010) than those of NBW piglets. However, the
relative intestinal length to intestinal weight and the rela-
tive intestinal length to BW in IUGR piglets were higher
(+18 to 22 %, P < 0.050) than NBW piglets. FORM-BsPB6
had no significant influence on the organ indices of piglets.

Plasma immunoglobulin and cytokines

As shown in Table 5, irrespective of diet, IUGR markedly
decreased the plasma concentrations of IgA (P < 0.001)
and IL-1B8 (P = 0.006) and the ratio of IL-1p to IL-10
(P < 0.001). However, FORM-BsPB6 had no significant
influence on plasma immunoglobulin subset and cytokines.
Furthermore, IL-18 concentration in IUGR piglets fed
FORM-BsPB6 had no significant difference with NBW
piglets.

Composition of peripheral leucocytes and lymphocyte
percentages

IUGR significantly decreased the count (P = 0.021) and
percentage (P = 0.025) of lymphocytes but markedly
increased the percentage of neutrophils (P = 0.023) and
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Table 4 Effects of B. subtilis Items FORM FORM-BsPB6 ~ SEM P value

PB6 supplementation on the

organ indices of intrauterine IUGR NBW IUGR NBW BW Diet BW x Diet

growth retarded IUGR) and

normal birth weight (NBW) Heart wt (g) 258 38° 25° 39° 6 <0.001 0.759 0.828

neonates Liver wt (g) 119° 188° 140* 196° 32 <0.001 0.239 0.579
Spleen wt (g) 82 13° 10? 13° 0.002 0.202 0.216
Kidney wt (g) 312 43b 328 45b 8 0.001 0.647 0.864
Pancreas wt (g) 10 13° 9? 14° <0.001 0.374 0.482
Intestinal wt (g) 280° 434° 2912 400° 68  <0.001 0.670 397
Intestinal L (cm) 832° 1039° 838" 992" 129 0.002 0.697 0.612
Intestinal L: wt (cm/g)  3.13°  2.41° 2.92%b  p.55%b 0.38 0.014 0.472 0.850
Intestinal wt: BW (%) 5.78 571 527 5.10 0.82 0.724 0.109 0.882
Intestinal L: BW (cm/kg)  159.50° 138.32%° 153.39%" 126.52* 28.81 0.017 0.351 0.767
Heart: BW (%) 0.48 0.49 0.46 0.49 0.05 0.357 0.595 0.481
Liver wt: BW (%) 227 2.44 2.50 2.50 0.24 0383 0.133 0.339
Spleen wt: BW (%) 0.15 0.17 0.18 0.16 0.04 0951 0318 0.258
Kidney wt: BW (%) 0.60 0.56 0.58 0.57 0.08 0.514 0.803 0.656
Pancreas wt: BW (%) 0.18 0.17 0.17 0.18 0.03 0910 0.808 0.554
Day 28 CRL (cm) 42° 48° 42° 48° 3 <0.001 0.698 0.868
Day 28 BMI (kg/m?) 29.26° 33.30*°  30.61*"  34.12° 3.59 0.010 0.607 0.945

Mean values with their standard errors, n = 7 in each group

FORM formula milk, FORM-BsPB6 formula milk supplemented with B. subtilis PB6, BW body weight, wt
weight, L length, CRL crown-rump length, BMI body mass index

&b Mean values within a row with different superscript letters were significantly different (P < 0.05)

Table 5 Effects of B. subtilis

. Items FORM FORM-BsPB6 SEM P value

PB6 supplementation on the

concentrations of IgA, TNF-a, IUGR NBW IUGR NBW BW Diet BW x Diet

IL-1B and IL-10 of intrauterine

growth retarded (UGR) and IgA (ng/mL) 4379%  54.42° 4721° 55.63° 6.91 <0.001 0235 0.565

normal birth weight (NBW) TNF-a (pg/mL)  143.55  147.31 15021 14825 1597  0.888 0.553 0.655

neonates IL-1 (pg/mL)  232.84° 280.46" 248.57*"  266.65° 41.02  0.006 0477  0.683
IL-10 (pg/mL)  73.42 79.20 77.55 75.48 786 0547 0946 0.207
TNF-q: IL-10 1.79 1.95 1.97 1.98 033 0304 0.608 0.358
IL-1B: IL-10 2.88" 3.54 3.21° 3.77° 0.62 <0.001 0.566 0.232

Mean values with their standard errors, n = 7 in each group

FORM formula milk, FORM-BsPB6 formula milk supplemented with B. subtilis PB6, BW body weight,
IgA immunoglobulin A, TNF-«, tumour necrosis factor-alpha, /L interleukin

&b Mean values within a row with different superscript letters were significantly different (P < 0.05)

CD8* (P = 0.009); moreover, the counts of leucocyte
(P = 0.057) and monocytes (P = 0.063) and the percent-
age of monocytes (P = 0.097) had a tendency to decrease
in IUGR piglets (Tables 6, 7). However, FORM-BsPB6 had
no significant influence on composition of peripheral leuco-
cytes and lymphocyte percentages in piglets. Furthermore,
the counts of monocytes, the percentages of neutrophils,
lymphocytes and monocytes in IUGR piglets fed FORM-
BsPB6 had no significant difference with NBW piglets.

Intestinal morphology and goblet cell density

As shown in Table 8, regardless of diet, IUGR significantly
decreased (P = 0.039) villous height in the duodenum of
piglets while increased goblet cell number per villous in the
duodenum (P < 0.001) and jejunum (P = 0.019). Regard-
less of BW, FORM-BsPB6 significantly increased vil-
lous height (P = 0.023) and the VCR (P < 0.001) while
decreased the crypt depth (P = 0.012) in the ileum.
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Table 6 Effects of B. subtilis
PB6 supplementation on

the count and percentage of
blood leucocytes, neutrophils,
lymphocytes and monocytes

of intrauterine growth retarded
(IUGR) and normal birth weight
(NBW) neonates

Table 7 Effects of B. subtilis
PB6 supplementation on
percentage of CD3", CD4™,
CDS8™ T lymphocytes and

the ratio of CD4™/CD8™ in
intrauterine growth retarded
(IUGR) and normal birth weight
(NBW) neonates

Table 8 Effects of B. subtilis
PB6 supplementation on the
intestinal morphology of
intrauterine growth retarded
(IUGR) and normal birth weight
(NBW) neonates

@ Springer

Items FORM FORM-BsPB6 SEM P value
IUGR NBW IUGR  NBW BW  Diet BW x Diet

Leucocyte (10%/L) 16.68 2132 17.65 23.76 351 0.057 0533 0.786
Neutrophils (10%L)  3.96 1.49 3.28 3.24 1.60 0236 0605 0.251
Lymphocytes (10%L)  12.61  19.49  14.15 20.25 400 0.021 0666 0.883
Monocytes (10°/L) 0.11* 033>  022*®  0.26* 0.17 0063 0843 0211
Neutrophils (%) 25.94°  7.01* 1938 1368 372 0.023 0991 0.201
Lymphocytes (%) 73.40°  91.41° 79504  8524** 1338 0.025 0.994 0.226
Monocytes (%) 0.66° 1.56° 1.12%0 1.07%° 0.65 0.097 0972 0.062

Mean values with their standard errors, n = 7 in each group
FORM formula milk, FORM-BsPB6 formula milk supplemented with B. subtilis PB6, BW body weight

&b Mean values within a row with different superscript letters were significantly different (P < 0.05)

Items FORM FORM-BsPB6 SEM P value

IUGR NBW IUGR NBW BW Diet BW x Diet
CD3" (%) 60.96 59.33 63.81 61.11 8.20 0.508 0.479 0.870
CD4™" (%) 32.99 28.95 34.60 30.94 6.78 0.148 0.492 0.942
CD8" (%) 263120 20.83% 28.43° 20.30* 6.92 0.009 0.740 0.583
CD4*/CD8* 1.33 1.44 1.37 1.53 0.43 0.416 0.718 0.878

Mean values with their standard errors, n = 7 in each group
FORM formula milk, FORM-BsPB6 formula milk supplemented with B. subtilis PB6, BW body weight

&b Mean values within a row with different superscript letters were significantly different (P < 0.05)

Items FORM FORM-BsPB6 SEM P value
IUGR NBW IUGR NBW BW Diet BW x Diet
Villous height (um)
Duodenum 466° 531° 516 537° 56 0.039  0.160 0272
Jejunum 480 523 522 521 54 0.324 0324 0297
Tleum 448° 489*b  517° 513° 56 0.355 0.023  0.245
Crypt depth (um)
Duodenum 219 214 246 237 34 0.580  0.057  0.864
Jejunum 182 165 174 148 40 0.183 0435  0.773
Ileum 184° 168** 126 1480 42 0.833 0.012 0201
VCR
Duodenum 2.15 2.50 2.13 2.34 0.42 0.089 0564 0.676
Jejunum 275 3.37 3.32 3.61 0.99 0.243 0.285  0.668
Tleum 2.532 2.99*%  413° 3.81°%¢  0.96 0.813  <0.001 0.187
Number per villus
Duodenum 20.17°  14.19° 1993 1575 343  <0.001 0457 0312
Jejunum 1729 1394 1654 1423  3.16 0.019 0840 0.651
Ileum 1549 1351 1397 1394 278 0362 0618 0375

Mean values with their standard errors, n = 7 in each group
FORM formula milk, FORM-BsPB6 formula milk supplemented with B. subtilis PB6, BW body weight,

VCR villous height: crypt depth

ratio

abe Mean values within a row with different superscript letters were significantly different (P < 0.05)
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Table 9 Effects of B. subrilis Parameters FORM FORM-BsPB6 SEM P value

PB6 supplementation on

enzyme activities in the jejunum IUGR NBW IUGR NBW BW Diet BW x Diet

of intrauterine growth retarded

(IUGR) and normal birth weight Lactase (U/mg protein) ~ 20.01°>  13.98%  20.20° 17.2080 496 0.030 0390 0.444

(NBW) neonates Maltase (U/mg protein) ~ 45.69°  66.01° 60.43** 73.02® 1531 0.011 0.082 0.525
Sucrase (U/mg protein)  11.96  14.61 17.40 15.23 451 0.890 0.095 0.180

Mean values with their standard errors, n = 7 in each group
FORM formula milk, FORM-BsPB6 formula milk supplemented with B. subtilis PB6, BW body weight

&b Mean values within a row with different superscript letters were significantly different (P < 0.05)

Table 10 Effects of B. subtilis

N Items FORM FORM-BsPB6 SEM P value

PB6 supplementation on the

mRNA abundance of innate IUGR NBW IUGR NBW BW Diet BW x Diet

immune-related genes in the

ileum of intrauterine growth MyD88 1.00 1.07 0.91 1.03 0.14 0.098 0.215 0.716

retarded (IUGR) and normal TLR-9 1.00° 1.26%° 1.06° 1.87° 0.51 0.020 0.138 0.215

birth weight (NBW) neonates TLR-2 1.00 1.30 0.75 1.19 048 0065 0365  0.700
TRAF-6 1.00 0.95 0.93 091 0.12 0.491 0.233 0.821
TLR-4 1.00 1.05 0.99 1.18 0.21 0.152 0.476 0.414
IL-6 1.00 1.14 1.00 1.23 0.30 0.155 0.722 0.749
NF-kB 1.00 0.89 0.87 0.99 0.15 0.576 0.831 0.178
SIGIRR 1.00° 0.88%° 0.90%° 0.75° 0.19 0.081 0.129 0.816
IL-1p 1.00 1.12 1.23 1.11 0.36 0.963 0.427 0.456
TOLLIP 1.00° 1112 0.94 1.34° 0.17 0.001 0.265 0.046
Z0-1 1.00° 0.88° 1.45° 1.37° 0.29 0.437 0.001 0.860
Occludin 1.00 1.02 1.00 0.95 0.19 0.844 0.742 0.714
Claudin-1 1.00 1.19 1.40 1.32 0.39 0.750 0.103 0.386

Mean values with their standard errors, n = 7 in each group
FORM formula milk, FORM-BsPB6 formula milk supplemented with B. subtilis PB6, BW body weight,

TLR Toll-like receptor, MyD88 myeloid differentiation factor 88, TRAF-6 TNF receptor-associated factor
6, SIGIRR single immunoglobulin IL-1-related receptor, TOLLIP Toll-interacting protein, /L interleukin,

Z0-1 zonula occludens-1

&b Mean values within a row with different superscript letters were significantly different (P < 0.05)

Digestive enzyme activities

In the jejunum, IUGR significantly decreased the activ-
ity of maltase (P = 0.011) while increased the activity of
lactase (P = 0.030). Regardless of BW, piglets fed FORM-
BsPB6 had a tendency to increase the activities of maltase
(P = 0.082) and sucrase (P = 0.095) compared to piglet
fed FORM. Furthermore, the activity of maltase in [UGR
piglets fed FORM-BsPB6 had no significant difference
with NBW piglets (Table 9).

Gene expression in the ileum
As shown in Table 10, ITUGR markedly decreased the

mRNA abundance of TLR-9 (P = 0.020) and TOL-
LIP (P = 0.001); moreover, the mRNA abundance of

MyD88 (P = 0.098) and TLR2 (P = 0.065) had a ten-
dency to decrease, while the mRNA abundance of SIGIRR
(P = 0.081) had a tendency to increase in the ileum of pig-
lets with [IUGR. FORM-BsPB6 markedly increased the
mRNA abundance of ZO-1 (P = 0.001) in the ileum of
piglets. In addition, the significant interaction between BW
and diet was observed for the mRNA abundance of TOL-
LIP (P = 0.046) in the ileum.

Gut microbial population

Regardless of diet, there were no significant differences in
microbial populations in colonic digesta between IUGR
and NBW piglets (Table 11). FORM-BsPB6 significantly
increased the copy number of Bacillus (P = 0.010) in
colonic digesta of piglets.
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Table 11 Effects of B. subtilis

¢ FORM FORM-BsPB6 SEM P value

PB6 supplementation on the

microbial populations (log,, IUGR NBW IUGR NBW BW Diet BW x Diet

copies/g of wet digesta) in

colonic digesta of intrauterine Total bacteria 10.35 10.27 10.48 1043 027 0523  0.181  0.896

growth retarded (IUGR) and Escherichia coli ~ 6.92 6.72 6.91 6.62 048  0.197 0787 0812

Egg:;eg‘”h weight (NBW) Bifidobacterium 6.00 5.98 6.10 620 030 0601 0870  0.853
Lactobacillus 7.16 7.23 7.81 742 0.72 0579  0.164  0.441
Bacillus 7.10° 7.35%0 7520 7.62° 036 0.160  0.010  0.571

Mean values with their standard errors, n = 7 in each group
FORM formula milk, FORM-BsPB6 formula milk supplemented with B. subtilis PB6, BW body weight

4> Mean values within a row with unlike superscript letters were significantly different (P < 0.05)

Protein abundances of Z0O-1 and claudin-1

Regardless of diet, [UGR had no significant influences on
the protein abundances of ZO-1 and claudin-1 in the ileum
of piglets. However, FORM-BsPB6 markedly increased
the protein abundances of ZO-1 (Fig. la) and claudin-1
(Fig. 1b) in the ileum of piglets (P < 0.050).

Discussion

IUGR is associated with increased neonatal mortality and
morbidity in both animals and humans [26, 27]. Numer-
ous studies using porcine models have shown that ITUGR
delayed postnatal growth and gut development [4, 7, 11].
Meanwhile, increased bacterial adhesion in the intestine
due to IUGR is a predisposing factor to intestinal patholo-
gies [10, 11]. B. subtilis, as a well-tolerated facultative
anaerobe, may facilitate growth performance and intestinal
homoeostasis in mammals [28]. In this study, we investi-
gated the effects of B. subtilis PB6 supplementation in for-
mula milk on growth performance, intestinal development
and immune function of IUGR piglets during the early
postnatal period.

First, the ADMI and ADG were reduced in IUGR pig-
lets, as compared to NBW piglets. As a result, the net
weight gain and final BW were much lower in ITUGR than
in NBW piglets. These findings indicate that IUGR nega-
tively affects birth weight and postnatal growth of neonates,
consistent with the results of previous studies [29-31].
Dietary supplementation with B. subtilis PB6 had no sig-
nificant influences on the ADMI and ADG, but significantly
improved feed efficiency, as indicated by the lower FCR
value. Similarly, previous studies indicated that B. subtilis
improves nutrient digestibility and utilization in both wean-
ing and finishing pigs via modulation of microbial popu-
lations [13, 32, 33]. The results of the current study also
showed that dietary supplementation of B. subtilis PB6
markedly increased Bacillus populations in colonic digesta,
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indicating the crucial role of B. subtilis PB6 on microbial
composition.

It was reported that maternal nutrition can be selec-
tively allocated for the growth of internal organs [34]. In
this study, the relative weights of internal organs of IUGR
piglets were similar to those of NBW piglets, although
the absolute weights of the internal organs were lower. In
accordance with the findings of a previous study [35], CRL
and BMI were lower in piglets with [IUGR than NBW pig-
lets. BMI could be used as an indicator of survival, with
a higher BMI value associated with greater survival [36].
In this study, the lower BMI in IUGR piglets may partially
explain the greater mortality in [UGR neonates [37].

Generally, intestinal morphology is an important factor
reflecting intestinal development [38]. Previous findings
showed that IUGR impaired cell proliferation, as well as
absorptive and digestive function in the small intestine [8,
39]. Similarly, our results indicated that IUGR significantly
decreased villous height in the duodenum of piglets. How-
ever, dietary supplementation with B. subtilis PB6 mark-
edly increased villous height and decreased crypt depth in
the ileum, resulting in a significant increase in the VCR.
Lee et al. [33] reported that increased villus height and
VCR in weaning piglets fed a diet supplemented with B.
subtilis LS 1-2. The VCR is an important parameter to eval-
uate nutrient digestion and absorption capacity [40]. There-
fore, an increase in villus height and VCR of piglets receiv-
ing B. subtilis PB6 suggests better intestinal development.

Several studies have reported that [IUGR decreased the
activity of digestive enzymes in the intestine of neonates
[10, 21]. In the present study, IUGR was found to inhibit
maltase activity, but enhanced lactase activity in the jeju-
num of piglets. The relatively higher lactase activity in
IUGR piglets may be a compensatory response to enteral
nutrition, which is consistent with the findings of our pre-
vious study [7]. However, dietary B. subtilis PB6 supple-
mentation tended to increase the activities of maltase and
sucrase in the jejunum of piglets. In particular, maltase
activity in IUGR piglets receiving B. subtilis PB6 was
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Fig. 1 Relative protein expression levels of ZO-1 (a) and claudin-1
(b) in the ileum of IUGR and NBW piglets fed FORM or FORM-
BsPB6. Values are means, with standard errors represented by ver-
tical bars, n = 7. The value of protein expression = densitometry
units of selected protein/densitometry units of B-actin detected by
Western blotting. [UGR intrauterine growth retardation, NBW normal
birth weight, FORM formula milk, FORM-BsPB6 formula milk sup-
plemented with B. subtilis PB6, ZO-1 zonula occludens 1. *®Mean
values with unlike letters were significantly different (P < 0.05).
*P < 0.05 for the respective sources of variation (the diet)

normalized to similar levels as NBW piglets. The increas-
ing activities of disaccharidases by B. subtilis PB6 indicate
improved digestive capability of piglets.

IUGR neonates suffer from persistent immunological
impairment throughout childhood [41]. The immunotype
of blood is an important tool in the diagnosis of immuno-
logical disorders. In the present study, concentrations of

IgA and IL-1B, numbers or percentages of lymphocytes
and monocytes and the IL-1f: IL-10 ratio in the peripheral
blood were lower in IUGR than in NBW piglets. Previ-
ous studies have demonstrated that IUGR alters cytokine
profiles in the placenta and foetus [42, 43]. Meanwhile,
decreased proliferation of lymphocytes in the thymus and
cytokine levels in the peripheral blood were observed in
rat and sheep models of IUGR [44, 45]. In this study, the
increase in the number of CD8™ T cells indicates impaired
T cell development in IUGR neonates. It has been shown
that dietary probiotics supplementation could enhance cel-
lular and humoral immune function in weaned piglets [46].
In this study, the levels of peripheral IL-1f, neutrophils,
lymphocytes and monocytes in IUGR piglets receiving B.
subtilis PB6 were consistently similar to those of NBW
piglets, suggesting that the impairment of cellular immune
function by IUGR can be alleviated by supplementation
with probiotics.

Generally, intestinal epithelial cells provide immu-
nological regulation to microbial invasion through both
innate and adaptive immune responses [47]. It has been
demonstrated that Toll-like receptors (TLRs) are typical
pattern recognition receptors that mediate the innate host
defence to maintain mucosal and commensal homoeostasis
[48]. In this study, immune function was impaired in the
intestine of ITUGR piglets, as indicated by the decreased
expression levels of TLR-9 and TOLLIP in the ileum of
IUGR compared to NBW piglets. However, these gene
expressions had not been markedly affected by dietary
supplementation with B. subtilis PB6. The doses and
strains of B. subtilis may affect the modulating effects
of the animal immune function, as reported previously
[49]. In addition, the gastrointestinal tract plays a central
role as a physiological barrier between the outer environ-
ment and the body [50]. The paracellular barrier function
of intestinal epithelia is thought to be regulated by tight
junction proteins [51, 52]. The results of the current study
indicate that dietary supplementation with B. subtilis PB6
increased expressions of ZO-1 and claudin-1 in the ileum
of piglets. Both ZO-1 and claudin-1 are essential structural
and functional components of tight junctions [25]. Hence,
increased expression of tight junction proteins suggests
improved intestinal barrier function in response to dietary
supplementation of B. subtilis PB6.

This study provides new insights into the effects of die-
tary probiotics supplementation on growth performance,
intestinal development and immune function of neonates.
The results showed that IUGR delayed postnatal growth,
intestinal development and impaired immune function in
piglets. However, dietary B. subtilis PB6 supplementation
improves growth rate, intestinal development and immune
function, as indicated by the better digestive capability,
barrier function and blood immunotype of piglets. These
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findings suggest that probiotics treatment could play an
important role in the intestinal development and immune
function of neonates during the early postnatal period.
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