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Abstract

The effect of holly polyphenols (HP) on intestinal inflammation and microbiota composition was evaluated in a piglet model of lipopolysac-
charide (LPS)-induced intestinal injury. A total of twenty-four piglets were used in a 2 X 2 factorial design including diet type and LPS challenge.
After 16 d of feeding with a basal diet supplemented with or without 250 mg/kg HP, pigs were challenged with LPS (100 pg/kg body weight) or
an equal volume of saline for 4 h, followed by analysis of disaccharidase activities, gene expression levels of several representative tight junction
proteins and inflammatory mediators, the SCFA concentrations and microbiota composition in intestinal contents as well as proinflammatory cyto-
kine levels in plasma. Our results indicated that HP enhanced intestinal disaccharidase activities and reduced plasma proinflammatory cytokines
including TNF-a and IL-6 in LPS-challenged piglets. Moreover, HP up-regulated mRNA expression of intestinal tight junction proteins such as clau-
din-1 and occludin. In addition, bacterial 16S rRNA gene sequencing showed that HP altered hindgut microbiota composition by enriching Prevotella
and enhancing SCFA production following LPS challenge. These results collectively suggest that HP is capable of alleviating LPS-triggered intestinal

injury by improving intestinal disaccharidase activities, barrier function and SCFA production, while reducing intestinal inflammation.
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As antibiotic-free animal production is in high demand, the effect
of diet on intestinal health and immune function becomes an
area of intense interest’’. The intestine is not only an important
organ for nutrient digestion, absorption and metabolism but also
harbours the largest number of immune cells in the body™.
However, intestinal epithelial cells especially in young animals
could be easily injured by inflammation and infection®®.
Inflammation often results in intestinal mucosal damage and
barrier function impairment, which negatively affects animal
performance and health®.

Polyphenols are secondary metabolites synthesised by
plants to provide protection against invasive pathogens, such
as bacteria, viruses and fungi, and also to prevent UV-induced
damage to DNA and the photosynthetic apparatus®. With
anti-inflammatory or antioxidative activities, dietary polyphenols
are well-known to exert a broad spectrum of health benefits©7.
In addition, polyphenols were recently shown to alter intestinal
microbiota and decrease the abundance of potentially patho-

genic bacteria in faecal samples of piglets” .

To investigate whether dietary supplementation of holly
polyphenol (HP) extracts could mitigate intestinal injury by regu-
lating inflammation and hindgut microbiota, we fed pigs a basal
diet with or without HP, followed by intraperitoneal administra-
tion of Escherichia coli lipopolysaccharide (LPS) to trigger gut
inflammation and damage in the present study™®. We revealed
that HP supplementation enhances intestinal disaccharidase
activities, barrier function, the Prevotella abundance and SCFA
production, while reducing the expression of proinflammatory
mediators in LPS-challenged pigs.

Experimental methods
Animals and diets

Animal experiment was conducted in compliance with the
Animal Scientific Procedures Act 1986 (Home Office Code of
Practice. HMSO: London January 1997) and in accordance with
EU regulation (Directive 2010/63/EU). Experimental procedures

Abbreviations: HP, holly polyphenols; HSP70, heat shock protein 70; LPS, lipopolysaccharide; OTU, operational taxonomic unit.
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were approved by the Animal Care and Use Committee of
Wuhan Polytechnic University (Wuhan, China). A total of
twenty-four weanling crossbred castrated barrows (Duroc X
Landrace X Large White, 35 (sem 1) d of age, 8:09 (sem 0-23) kg
initial body weight) were used in the present study. Piglets
were individually housed in stainless steel metabolic cages
(1-80 x 1-10 m?) with free access to feed and water in an envi-
ronmentally controlled house. The ambient temperature was
maintained at 22-25°C. The maize—soyabean meal basal diet
(Table 1) was formulated in accordance with the National
Research Council requirements. The basal diet was also sup-
plemented without or with 250 mg/kg of a commercial HP
product containing 65-5 % total polyphenols with main ingre-
dients being phenolic acids and tannins.

Experimental design

The experiment was a 2 X 2 factorial design as previous report
described™. Piglets were fed basal or HP diet for 16 d, followed
by intraperitoneal injection of LPS (E. coli O55:B5; purity > 99 %;
Sigma-Aldrich) at 100 pg/kg body weight in saline or the same
volume of saline. The main factors included diet type (basal
or HP diet) and immunological challenge (LPS or saline).
Body weight and feed intake were recorded on d 1 and d 17
(4 h post-LPS challenge).

Blood and intestinal sample collection

At 4 h after injection with saline or LPS, blood samples (8 ml)
were collected from the anterior vena cava into heparinised vac-
uum tubes. Plasma was isolated by centrifugation of the blood

Table 1. Composition of the experimental diet (%, as-fed basis)

Ingredients Nutrient levelst

Maize 66-24 Digestible energy (MJ/kg) 14-61

Soyabean meal, 44 % 7-50 Crude protein 18:00

crude protein
Fermented soyabean 800 Ca 0-80
meal

Fishmeal 5-00 Total P 0-61

Whey powder 5-00 Apparent total tract digestible P 0-36

Glucose 2.00 Total lysine 1-51

Soyabean oil 1-96 Standardised ileal digestible 1.35
lysine

Dicalcium phosphate 0-78 Total methionine 0.55

Limestone 0-84 Standardised ileal digestible 0-51
methionine

Salt 0-30 Total methionine + cystine 0-84

L-Lysine HCI, 78 % 0-79 Standardised ileal digestible 0.72
methioine + cystine

L-Methionine, 98 % 0-24 Total threonine 0.92

L-Threonine, 98 % 0-28 Standardised ileal digestible 0-79
threonine

L-Tryptophan, 98 % 0-07 Total tryptophan 0-25

Vitamin/mineral premix*  1-00 Standardised ileal digestible 0-22
tryptophan

* The nutrient levels were analysed values except digestible energy, apparent total
tract digestible P, standardised ileal digestible lysine, methionine,
methionine + cystine, threonine and tryptophan, which are calculated values.

1 Premix supplied per kg diet: retinyl acetate, 2700 pg; cholecalciferol, 62-5 ug; pL-a-
tocopheryl acetate, 20 mg; menadione sodium bisulphite complex, 4 mg; riboflavin,
5.-22 mg; p-calcium-pantothenate, 20 mg; niacin, 26 mg; vitamin B, 0-01 mg;

Mn (MnSO4-H,0), 40 mg; Fe (FeSO,4-Ho0), 75 mg; Zn (ZnSO,4-7H,0), 75 mg;
Cu (CuS0Q4-5H20), 100 mg; iodine (Caly), 0-3 mg; Se (Na,SeOs), 0-3 mg.

samples at 3000 RPM and 4°C for 10 min and subsequently trans-
ferred into two microcentrifuge tubes (2 mb. Plasma samples
were stored at —80°C for further analysis. Following blood collec-
tion, all piglets were humanely killed by injection of sodium
pentobarbital. Both a 3-cm and a 10-cm segment were collected
from each of the mid-jejunum and mid-ileum as we previously
described!”. The 3-cm intestinal segment was gently flushed
and stored in fresh 4 % paraformaldehyde/PBS for histological
analysis, while the 10-cm segment was opened longitudinally
and flushed gently to remove the luminal content. The mucosal
samples were collected by scraping with sterile glass slides, then
rapidly frozen in liquid N, and stored at -80°C for measurement
of enzymatic activities and mRNA expression levels of disacchar-
idases. All intestinal samples were collected within 15 min after
slaughter.

Measurement of plasma cytokines and hormones

Plasma concentrations of cytokines and hormones including
TNF-a, IL-6, insulin, growth hormone, cortisol and glucagon
were measured using commercial ELISA kits as we described®!?.

Intestinal morphometric measurement

The fixed intestinal segments were processed, embedded
in paraffin, sectioned at 5-um thickness and stained with
haematoxylin—eosin. Villus height and crypt depth were mea-
sured at 40X magnification. A minimum of ten well-oriented
and intact villi were selected. Villus height was measured from
the tip of a villus to the villus-crypt junction, while crypt
depth was defined as the depth of the invagination between
adjacent villi as described?.

Intestinal mucosa disaccharidase activities

Disaccharidase activities in the supernatant of intestinal mucosa
were determined as previously described® using a glucose kit
(no. A082-1 for lactase, no. A082-2 for sucrase and no. A082-3
for maltase; Nanjing Jiancheng Bioengineering Institute). The
protein concentrations of intestinal mucosa were determined
using Coomassie Brilliant Blue G-250 with bovine serum albu-
min as the standard.

mMRNA abundance analysis by real-time PCR

The methods for total RNA isolation, quantification, reverse tran-
scription and real-time PCR were the same as Pi et al.'?. The
primer pairs used are presented in Table 2 to amplify the target
genes. The 27AACT method was used to analyse the mRNA
abundance of the target genes relative to a housekeeping gene
(GAPDH)!?, In our study, GAPDH displayed no variation
among four treatments. Relative mRNA abundance of each target
gene was normalised to the pigs receiving basal diet and treated
with 0-9 % NaCl.

SCFA analysis

The concentrations of SCFA in caecal and colonic digesta were
analysed as previously described™® using GC (HP 6890 Series,
Hewlett Packard) equipped with a HP 19091N-213 column with
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Table 2. Primer sequences used for real-time PCR

Genes Forward (5'-3") Reverse (5'-3') Efficiency (%)  Product length (bp)  Accession numbers
Claudin-1 ATCAACAAAGGCAACTCT GCAGCAGCCATGTACTCT 99 249 NM_001244539.1
coxX2 ATGATCTACCCGCCTCACAC AAAAGCAGCTCTGGGTCAAA 101 284 AY028583
GAPDH CGTCCCTGAGACACGATGGT GCCTTGACTGTGCCGTGGAAT 100 194 AF017079.1
HSP70 GCCCTGAATCCGCAGAATA TCCCCACGGTAGGAAACG 98 152 NM_001123127.1
IRAK1 CAAGGCAGGTCAGGTTTCGT TTCGTGGGGCGTGTAGTGT 96 115 XM_003135490.1
MyD88 GATGGTAGCGGTTGTCTCTGAT GATGCTGGGGAACTCTTTCTTC 102 148 AB292176.1
NOD1 CTGTCGTCAACACCGATCCA CCAGTTGGTGACGCAGCTT 97 57 AB187219.1
NOD2 GAGCGCATCCTCTTAACTTTCG ACGCTCGTGATCCGTGAAC 99 66 AB195466.1
Occludin ATCAACAAAGGCAACTCT GCAGCAGCCATGTACTCT 103 157 NM_001163647.1
RIPK2 CAGTGTCCAGTAAATCGCAGTTG  CAGGCTTCCGTCATCTGGTT 103 206 XM_003355027.1
TLR4 TCAGTTCTCACCTTCCTCCTG GTTCATTCCTCACCCAGTCTTC 96 166 GQ503242.1
TRAF6 CAAGAGAATACCCAGTCGCACA ATCCGAGACAAAGGGGAAGAA 101 122 NM_001105286.1
ZO-1 GAGTTTGATAGTGGCGTT GTGGGAGGATGCTGTTGT 100 298 AJ318101.1

COX2, cyclo-oxygenase 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HSP70, heat shock protein 70; IRAK1, IL-1 receptor-associated kinase; MyD88, myeloid
differentiation factor 88; NOD1, nucleotide-binding oligomerisation domain protein 1; NOD2, nucleotide-binding oligomerisation domain protein 2; RIPK2, receptor-interacting protein
kinase 2; TLR4, toll-like receptor 4; TRAF6, TNF receptor-associated factor 6; ZO-1, zona occludins 1.

30-0m X 0-32 mm internal diameter (Agilent). The injector
and detector temperatures were 185 and 210°C, respectively.

Microbial diversity analysis

DNA extraction, PCR amplification, DNA quantification and
sequencing were performed commercially in accordance with
the standardised protocol of Shanghai Majorbio Bio-Pharm
Technology. In brief, microbial DNA was extracted from caecal
digesta with a FastDNA Spin Kit (no. 116560200; MP Biomedicals).
The V3-V4 region of the bacteria 16S rRNA gene was amplified
by PCR using 338F/806R barcoded primers. PCR amplification
products were quantified with a QuantiFluor™-ST Handheld
Fluorometer with UV/Blue Channels (Promega Corporation),
normalised and then sequenced on Miseq (Illumina). Operational
taxonomic units (OTU) were clustered with 97 % similarity cut-off
using Usearch (version 7.1; http://drive5.com/uparse/). The tax-
onomy of each 16S rRNA gene sequence was analysed using
RDP Classifier (version 2.2; http://sourceforge.net/projects/
rdp-classifier/) against the Silva bacterial 16S rRNA database
(Release128; http://www.arb-silva.de) with confidence thresh-
old of 70 %. Analyses for rarefaction curves, and calculation of
the Good’s coverage, ACE, Chao, and Simpson diversity indices
were performed using the MOTHUR software (version v.1.30.1;
http://www.mothur.org/wiki/Schloss_SOP#Alpha_diversity).

Statistical analysis

The growth performance data were analysed with Student’s  test
using SAS (SAS Institute Inc.). Other data were analysed asa 2 X 2
factorial design using the GLM procedure of SAS. The individual
piglet was the experimental unit for all parameters. The factors in
the model included diet type, LPS challenge and their interaction.
Least-squares means were derived for all treatments and were
compared using the PDIFF (adjusted Tukey) and STDERR
options of SAS. Results are expressed as least-squares means
with their standard errors. When diet type X LPS challenge
was significant (P<0-05) or strong
(0-05 < P<0-1), post hoc testing was performed using least sig-
nificant difference (LSD) multiple comparison tests. In addition,
partial least-squares discriminant analysis was performed using

showed a trend

the R package ‘mixOmics’ to compare bacterial composition
between four groups.

Results
Growth performance

Throughout the entire 16 d experiment (before LPS challenge),
no differences were observed for average daily gain (486 v.
461 g), average daily feed intake (1057 v. 894 g) and feed:gain
ratio (2-17 v. 1.94) between control and HP diet groups (Table 3).

Intestinal morphology

Diet type and LPS challenge had no significant effect on intestinal
villus height and crypt depth (Table 4). However, there was a
significant interaction between diet type and LPS challenge for
intestinal villus height:crypt depth ratio (P < 0-05). The piglets
challenged with LPS had decreased villus height:crypt depth
ratio compared with piglets without LPS challenge (P < 0-05).
Compared with the control piglets, villus height:crypt depth ratio
in HP-supplemented piglets significantly decreased (P < 0-05).
Interestingly, villus height:crypt depth ratio in LPS-challenged
piglets between the two diet groups had no difference.

Intestinal disaccharidase activities

There was a significant interaction between diet type and LPS
challenge for the jejunal lactase activity (P<0-05, Table 5).
Dietary HP increased the jejunal lactase activity of the piglets
challenged with LPS (P<0-05). LPS challenge reduced the

Table 3. Effects of holly polyphenols on growth performance of weanling
piglets (n 6 (1 piglet/pen))
(Mean values with their pooled standard errors)

Holly
Item Control polyphenols SEM P
Average daily gain (g) 486 461 24 0-764
Average daily feed intake (g) 1057 894 102 0-141
Feed:gain ratio 217 1.94 0-23 0-250

ssaud Aisianun abplquied Aq auluo paysiignd 80000025t L L£000S/2101°0L/B10"10p//:sdny


http://drive5.com/uparse/
http://sourceforge.net/projects/rdp-classifier/
http://sourceforge.net/projects/rdp-classifier/
http://www.arb-silva.de
http://www.mothur.org/wiki/Schloss_SOP#Alpha_diversity
https://doi.org/10.1017/S0007114520000082

o

British Journal of Nutrition

884

X. Xu et al.

Table 4. Effects of holly polyphenols on ileal morphology after lipopolysaccharide (LPS) challenge in weanling pigs (n 6 (1 piglet/pen))

(Mean values with their pooled standard errors)

Saline LPS P
ltem Control Holly polyphenols Control Holly polyphenols SEM Diet type LPS Interaction
Villus height (pm) 277 247 248 254 12 0-288 0-387 0-151
Crypt depth (pm) 106 108 116 117 8 0-839 0-221 0-903
Villus height/crypt depth 2612 2.29° 2.14P 2.47° 0-10 0-066 0-004 0-018

ab Mean values within a row with unlike superscript letters were significantly different (P < 0-05).

Table 5. Effect of holly polyphenols on the intestinal disaccharidase activities after lipopolysaccharide (LPS) challenge in weanling pigs (U/mg protein)

(n 6 (1 piglet/pen))
(Mean values with their pooled standard errors)

Saline LPS P
Iltems Control Holly polyphenols Control Holly polyphenols SEM Diet type LPS Interaction
Jejunum
Sucrase 3135 52-67 2712 52.71 6:94 0-002 0-760 0-755
Maltase 248-81 357-56 20252 251-18 47-20 0-115 0-126 0-537
Lactase 12.48° 24.47° 9.74° 34702 3.01 <0-001 0-231 0-045
lleum
Sucrase 27-47 49-11 17.31 18-44 5.82 0-071 0-003 0-101
Maltase 21512 251-36 141.27 118-86 38-48 0-866 0-018 0-475
Lactase 2.95 362 238 2.38 0-21 0-147 0-001 0-150

ab.e Mean values within a row with unlike superscript letters were significantly different (P < 0-05).

Table 6. Effect of holly polyphenols on plasma TNF-q, IL-6, insulin, growth hormone (GH), cortisol and glucagon concentrations after lipopolysaccharide

(LPS) challenge in weanling pigs (n 6 (1 piglet/pen))
(Mean values with their pooled standard errors)

Saline LPS P
Items Control Holly polyphenols Control Holly polyphenols SEM Diet type LPS Interaction
TNF-a (pg/ml) 684 15-4 9787 4236 1392 0-044 <0-001 0-091
IL-6 (pg/ml) ND ND 9787 4594 1333 0-045 <0-001 0-075
Insulin (1U/ml) 4866 25-10 12.96 818 5.03 0-018 <0-001 0-103
GH (ng/ml) 0-960 0917 0-998 1.058 0-095 0-941 0-349 0-586
Cortisol (ng/ml) 60-3 44.8 239-0 2144 210 0-341 <0-001 0-827
Glucagon (pg/ml) 124 154 254 316 25 0-067 <0-001 0-497

ND, not determined.

activities of sucrase, maltase and lactase in the ileum (P < 0-05).
The piglets fed HP had higher activities of sucrase and lactase in
the jejunum (P < 0-05) and sucrase in the ileum (P =0-071) com-
pared with piglets fed the control diet.

Plasma inflammatory cytokines and hormone
concentrations

There was no significant interaction between diet type and LPS
challenge for plasma inflammatory cytokine and hormone con-
centrations (Table 6). LPS-challenged piglets had higher concen-
trations of TNF-a, IL-6, cortisol and glucagon compared with
non-challenged piglets (P < 0-05). Meanwhile, the insulin level
of LPS-challenged piglets significantly decreased (P < 0-05).
Supplementation with HP significantly reduced the concentra-
tions of TNF-q, IL-6 and insulin (P < 0-05). However, the piglets
fed HP diets had a higher concentration of plasma gluca-
gon (P=0-067).

mMRNA expression of intestinal tight junction proteins

There was a significant interaction between diet type and LPS
challenge for jejunal mRNA expression of claudin-1 (P < 0-001,
Table 7). Supplementation with HP significantly increased
mRNA expression of claudin-1 in the jejunum of LPS-challenged
piglets (P < 0-05). HP also enhanced mRNA expression of zona
occludens 1 in the jejunum (P=0-098). On the other hand, LPS
reduced mRNA abundance of jejunal and ileal occludin and
ileal claudin-1 (P <0-05), while HP restored the LPS-induced
suppression of the claudin-1 and occludin expression in the
ileum (P < 0-05).

mMRNA abundance of intestinal inflammatory mediators

Relative to control piglets, LPS-challenged piglets had higher
mRNA abundance of jejunal toll-like receptor 4, receptor inter-
acting protein kinase 2, cyclo-oxygenase 2 and heat shock
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Table 7. Effects of holly polyphenols on intestinal mRNA expression of tight junction proteins after lipopolysaccharide (LPS)

challenge in weanling pigs (n 6 (1 piglet/pen))
(Mean values with their pooled standard errors)

Saline LPS P
Iltems Control Holly polyphenols Control Holly polyphenols SEM Diet type LPS Interaction
Jejunum
Claudin-1 1.00°° 1.18b¢ 0-73¢ 2.902 0-22 <0-001 0-004 <0-001
Occludin 1.00 1-03 0-80 0-82 0-08 0-782 0-015 0-930
Z0-1 1-00 1.36 1-01 1.03 0-11 0-098 0-163 0-144
lleum
Claudin-1 1.00 1.73 0-68 1-24 0-37 <0-001 0-011 0-595
Occludin 1.00 1-26 0-91 1.02 0-11 0-029 0-036 0-428
Z0-1 1-00 1.06 1-01 0-84 0-09 0-461 0-584 0-793

Z0-1, zona occludins 1.

a5¢ Mean values within a row with unlike superscript letters were significantly different (P < 0-05).

Table 8. Effects of holly polyphenol supplementation on intestinal MRNA expression of inflammatory pathways after lipopolysaccharide

(LPS) challenge in weanling pigs (n 6 (1 piglet/pen))
(Mean values with their pooled standard errors)

Saline P
ltems Control Holly polyphenols Control Holly polyphenols SEM Diet type LPS Interaction
Jejunum

TLR4 1.00 0-92 1.30 114 012 0-340 0-045 0-780
MyD88 1.00 1-11 1.00 0-89 0-06 0-930 0-110 0-089
TRAF6 1.00 0-96 1.08 113 0-06 0-999 0-052 0-469
IRAK1 1.00 0-92 0-96 1-20 010 0-427 0-246 0-132
NOD1 1.00° 1.512 1.21P° 1.12b¢ 013 0-116 0518 0-030
NOD2 1.00 097 1.32 1-00 013 0-191 0-195 0-260
RIPK2 1.00 1.05 1.45 1.59 013 0-506 0-001 0-755
COX2 1-00 0-96 1.66 1-36 017 0-321 0-005 0-446
HSP70 1.00 1-31 10-86 854 1.75 0-551 <0-001 0-439
lleum
TLR4 1.00 0-95 1.48 1.77 012 0-326 <0-001 0175
MyD88 1-00 0-88 1.02 1.03 0-06 0-406 0-207 0-293
TRAF6 1.00 0-86 1.24 1.16 0-06 0-074 <0-001 0-638
IRAK1 1.00 0-88 1-11 1.08 0-08 0-335 0-059 0-568
NOD1 1.00 1.04 1.36 115 017 0-603 0-156 0-442
NOD2 1.00 110 1.47 1-61 013 0-338 <0-001 0-848
RIPK2 1.00 091 1.47 1.73 017 0-611 <0-001 0-298
COX2 1.00 0-82 225 247 0-31 0-929 <0-001 0-496
HSP70 1.00° 1.21¢ 29.08° 44.662 3-88 0-037 <0-001 0-042

TLR4, toll-like receptor 4; MyD88, myeloid differentiation factor 88; TRAF6, TNF receptor-associated factor 6; IRAK1, IL-1 receptor-associated kinase;
NOD1, nucleotide-binding oligomerisation domain protein 1; NOD2, nucleotide-binding oligomerisation domain protein 2; RIPK2, receptor-interacting

protein kinase 2; COX2, cyclo-oxygenase 2; HSP70, heat shock protein 70.

abc Mean values within a row with unlike superscript letters were significantly different (P < 0-05).

protein 70 (HSP70) (P < 0-05, Table 8). There was a significant
diet type X LPS challenge interaction observed for mRNA abun-
dance of jejunal nucleotide-binding oligomerisation domain
protein 1 (P<0-05). LPS also increased mRNA abundance of
ileal toll-like receptor 4, TNF-a receptor-associated factor 6, IL-1
receptor-associated kinase 1, nucleotide-binding oligomerisa-
tion domain protein 2, receptor interacting protein kinase 2,
and cyclo-oxygenase 2 (P < 0-05). HP supplementation, on the
other hand, suppressed the expression of ileal TNF-a recep-
tor-associated factor 6 (P=0-05). There was a significant diet
type X LPS challenge interaction observed for ileal HSP70
(P <0:05). Supplementation with HP significantly increased
mRNA expression of ileal HSP70 in the LPS-challenged pig-
lets (P < 0-05).

Bacterial composition in the caecal and colonic digesta

In total, 983 024 and 937 361 high-quality sequence reads were
obtained from forty-eight caecal and colonic digesta samples,
respectively. The Good’s coverage of each group was over
99 %, and the rarefaction curves showed clear asymptotes, indi-
cating a near complete sampling of the community. Table 9
shows the bacterial community richness (ACE and Chao) and
the diversity indices (Shannon). There were no significant
differences in most indices, except that LPS challenge increased
Shannon index in the caecal digesta (P < 0-05). Core OTU analy-
sis among the four groups was shown in Fig. 1. In the caecum,
there were 561, 524, 527 and 508 core OTU in each of these four
individual groups, respectively, with a total of 428 core OTU
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Table 9. Effects of holly polyphenol supplementation on bacterial communities diversity in caecal and colonic digesta after lipopolysaccharide (LPS)

challenge in weanling pigs (n 6 (1 piglet/pen))
(Mean values with their pooled standard errors)

Saline LPS P
Items Control Holly polyphenols Control Holly polyphenols SEM Diet type LPS Interaction
Caecum
Coverage 0-999 0-999 0-999 0-999 0-001 0-845 0-216 0773
Ace 37545 357-93 37401 392.08 13-.70 0-990 0-436 0-397
Chao 382.15 363-22 384-14 39714 1417 0-891 0-409 0-462
Shannon 4.00 393 4.28 4.26 0-09 0736 0-037 0-853
Colon
Coverage 0-997 0-998 0-998 0-997 0-001 0-396 0-659 0-570
Ace 390-65 389-45 386-13 39408 13-48 0-862 0-998 0-814
Chao 402-39 390-18 390-76 397-85 13-77 0-897 0-920 0-627
Shannon 417 4.25 4.31 4.34 0-11 0723 0-482 0-879
(@) CON_LPS (b) CON_LPS
HP_Saline 5 CON_Saline  HP_Saline CON_Saline

Fig. 1. Venn diagram of core operational taxonomic units in the caecal (a) and colonic (b) digesta after lipopolysaccharide (LPS) challenge in weanling pigs.
CON_Saline, piglets fed the control diet and injected with saline; HP_Saline, piglets fed holly polyphenols and injected with saline; CON_LPS, piglets fed the control
diet and challenged with LPS; HP_LPS, piglets fed holly polyphenols and challenged with LPS (n 6; 1 pig/pen).

common to all groups (Fig. 1(a)). Meanwhile, there were 584,
537, 522 and 521 core OTU in each of these four individual
groups, respectively, with a total of 454 core OTU common to
all groups in the colon (Fig. 1(b)).

Bacterial compositions in the caecum and colon of the four
treatments were analysed at the phylum and genus levels
(Figs. 2 and 3, Table 10). At the phylum level, the caecal
and colonic microbiota mainly consisted of Firmicutes,
Bacteroidetes, Actinobacteria and Proteobacteria. In the cae-
cum, there was no significant difference in the microbiota
among the four groups. However, LPS challenge increased
the abundance of Firmicutes (P<0-05) and Actinobacteria
(P=0-094) and reduced the abundance of Bacteroidetes
(P<0:05) in the colon. HP supplementation had a higher
abundance of Firmicutes and reduced Bacteroidetes in the
colon (P < 0-05). Furthermore, top thirty bacterial genera were
further analysed (Fig. 4). LPS challenge reduced relative abun-
dance of Prevotella_9 in the colon. HP increased relative
abundance of Prevotella_9 in the caecum and Lactobacillus
both in the caecum and colon of LPS-challenged pigs.

SCFA concentrations in caecal and colonic digesta

LPS increased the concentrations of butyrate and isovalerate
both in the caecum and colon, as well as valerate in the colon
(P<0-05, Table 11). HP significantly increased the concentra-
tions of caecal valerate and colonic acetate and isovalerate in
LPS-challenged piglets (P < 0-05).

Discussion

In the present study, we explored the effect of HP supplemen-
tation on intestinal integrity and proinflammatory gene expres-
sion after a 4-h E. coli LPS challenge in a piglet model. The
intraperitoneal injection of LPS is widely used as an experimen-
tal model in the study of endotoxin-induced acute intestinal
injury*!'>. Polyphenols, as the secondary plant metabolites,
have been proved to play a role in protection against invasive
pathogens, such as bacteria, viruses and fungi®. In the present
study, we showed that dietary supplementation with HP
improved the intestinal disaccharidase activities and mRNA
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(a) Community barplot analysis (b) Community barplot analysis

0 02 04 06 08 1 0 02 04 06 08 1
Percent of community abundance at phylum level

Samples
Samples

Percent of community abundance at phylum level

Fig. 2. Relative abundance of the bacterial composition in the caecal (a) and colonic (b) digesta in weanling pigs at the phylum level. CON_Saline, piglets fed the control
diet and injected with saline; HP_Saline, piglets fed holly polyphenols and injected with saline; CON_LPS, piglets fed the control diet and challenged with lipopolysac-
charide; HP_LPS, piglets fed holly polyphenols and challenged with lipopolysaccharide (n 6; 1 pig/pen). I, Firmicutes; [ll, Bacteroidetes; M, Actinobacteria; [,
Proteobacteria; [ll, others; (b) [, Firmicutes; ll, Bacteroidetes; ll, Actinobacteria; 1, Proteobacteria; [ll, Spirochaetae; [, others.

(a) Community barplot analysis (b) Community barplot analysis
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Fig. 3. Relative abundance of the bacterial composition in the caecal (a) and colonic (b) digesta in weanling pigs at the genus level. CON_Saline, piglets fed the
control diet and injected with saline; HP_Saline, piglets fed holly polyphenols and injected with saline; CON_LPS, piglets fed the control diet and challenged with
lipopolysaccharide; HP_LPS, piglets fed holly polyphenols and challenged with lipopolysaccharide (n 6; 1 pig/pen). (a) M, Prevotellaceae_NK3B31_
group; M, Prevotella_9; WM, Blautia; W, Lactobacillus; M, unclassified_f_Lachnospiraceae; , Rikenellaceae_RC9_gut_group; W, Faecalibacterium;

, norank_f_bacteroidales_S24-7_group; WM, Megamonas; WM, Megasphaera; WM, Subdoligranulum; ,  Ruminococcus_1; W, Intestinibacter,
W, Phascolarctobacterium; WM, Acidaminococcus; M, Ruminococcaceae_UCG-005; , Prevotella_7; WM, Prevotella_T1, , Terrisporobacter,
M, Ruminococcaceae_UCG-008; [, Anaerovibrio; , Parabacteroides; [, Collinsella; M, norank_f_Prevotellaceae; [, Cooprococcus_3; M, Prevotella_2,

, Ruminococcaceae_UCG-002; [, Ruminococcaceae_UCG-014; W, Dialister; W, Oribacterium; ll, [Eubacterium]_hallii_group; M, Dorea; 1, [Eubacterium]_
coprostanoligenes_group; M, Selenomonas; M, Clostridium_sensu_stricto_1; W, Catenibacterium; WM, unclassified_c_Bacteroidia; m, Streptococcus;

, Prevotellaceae_UCG-003; , Catenisphaera; WM, Holdemanella; , Treponema_2; , Escherichia-Shigella; W, others. (b) WM, Prevotella_g;
M, Faecalibacterium; M, Blautia; [, Prevotellaceae_NK3B31_group; M, Lactobacillus; , unclassified_f_Lachnospiraceae; ll, Subdoligranulum; [, Intestinibacter,
W, Phascolarctobacterium; W, Terrisporobacter;, WM, Cooprococcus_3; [, [Eubacterium]_coprostanoligenes_group; WM, Alloprevotella; W, Anaerovibrio;
M, Ruminococcus_1; M, Sarcina;, |, Parabacteroides; M, Solobacterium; |, Ruminococcaceae_UCG-008; M, Leeia; M, Holdemanella; =, norank_
f_bacteroidales_S24-7_group; WM, Dorea; M, Ruminococcaceae_UCG-005; WM, Collinsella; W, Clostridium_sensu_stricto_1; [, Megamonas; |, Dialister,
M, [Eubacterium]_hallii_group; WM, Prevotella_7; [\, Prevotellaceae_UCG-003; M, Streptococcus; [, Ruminococcaceae_UCG-014; |, Anaerotruncus; M,
Selenomonas; M, Intestinimonas; [, Ruminococcaceae_NK4A214_group; [, Ruminococcaceae_UCG-002; W, Megasphaera; |, Escherichia-Shigella; ll, others.

expression of intestinal tight junction proteins. Furthermore, HP failed to improve the growth performance of healthy pig-
HP reduced plasma inflammatory cytokine concentration, lets prior to LPS challenge, which is consistent with previous
altered microbiota composition and protected intestinal barrier studies'®!”. The lack of an effect from the plant polyphenols

integrity in LPS-challenged piglets. on growth performance may be due to some anti-nutritional
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Table 10. Effects of holly polyphenol supplementation on bacterial composition in caecal and colonic digesta after
lipopolysaccharide (LPS) challenge in weanling pigs (n 6 (1 piglet/pen))

(Mean values with their pooled standard errors)

Saline LPS P
Items Control  Holly polyphenols  Control  Holly polyphenols  sem  Diettype = LPS Interaction
Caecum
Firmicutes 76-04 68-43 6858 7373 4.50 0-849 0-867 0-331
Bacteroidetes 16-90 2574 24.78 18-80 5.02 0-842 0-948 0-311
Actinobacteria 1.85 3.03 314 361 0-60 0-344 0-283 0-681
Proteobacteria 3-39 1.88 243 2.76 0-65 0-529 0-967 0-332
Colon
Firmicutes 53:13 63-58 64-80 6978 3-29 0-043 0-035 0-586
Bacteroidetes 40-84 31-34 27-98 2326 317 0-048 0-024 0-620
Actinobacteria 1.68 2:28 261 3-68 0-44 0-224 0-094 0-729
Proteobacteria 1-29 1-00 316 1.34 0-57 0-233 0-210 0-383
(a) Community heatmap (b) Community heatmap
_I zmmwnr:;:ansu_smm_I :::;:vl:o;ae_uxaaal_nroun
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i j Panbacicdes Subdabgranutum
r— - :om.m‘mm ; | Ruminococcus_1
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Fig. 4. Heatmap of relative abundance of top thirty bacterial genera in the caecal (a) and colonic (b) digesta in weanling pigs. CON_Saline, piglets fed the control diet and
injected with saline; HP_Saline, piglets fed holly polyphenols and injected with saline; CON_LPS, piglets fed the control diet and challenged with lipopolysaccharide;
HP_LPS, piglets fed holly polyphenols and challenged with lipopolysaccharide (n 6; 1 pig/pen).

propertties of certain polyphenols such as the inactivation of cer-
tain polyphenols by dietary protein®1?,

Tight junctions maintain gut homoeostasis by preventing
the penetration of luminal bacteria and dietary allergens into
the mucosa®”, and intestinal injury is closely associated with
changes in tight junctions”. In the present study, LPS caused
intestinal barrier injury in weanling piglets by decreasing
intestinal mRNA expressions of claudin-1 and occludin, while
HP restored barrier integrity by enhancing the expression of
claudin-1, occludin and zona occludens 1 mRNA expression
in LPS-challenged pigs.

Disaccharides must be hydrolysed to monosaccharides by
disaccharidases such as lactase, maltase and sucrase to be
absorbed®”. Therefore, the disaccharidase activities are
involved in the energy metabolism and good indicators of

intestinal digestive function”. In the present study, the activities
of lactase, sucrase and maltase in the ileum were all reduced
by LPS, which is in agreement with previous studies*??, HP
supplementation increased the sucrase activity in both the
jejunum and ileum of healthy piglets and jejunal lactase in
LPS-challenged piglets, suggesting that dietary polyphenols
could improve the intestinal digestive function of weanling
piglets. The plasma cortisol concentration was increased in
the piglets challenged with LPS, which is similar to the pre-
vious studies®>??. LPS leads to immune stress and affected
nutrients digestion and metabolism. The decreased insulin
and increased glucagon concentration in the plasma of piglets
challenged with LPS illustrated that LPS challenge affected
energy metabolism which is in accordance with the results
of reduced disaccharide activities. HP decreased insulin and
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Table 11. Effects of holly polyphenol supplementation on concentrations of SCFA in caecal and colonic digesta after lipopolysaccharide

(LPS) challenge in weanling pigs (mg/g) (n 6 (1 piglet/pen))
(Mean values with their pooled standard errors)

Saline LPS P
Items Control Holly polyphenols Control Holly polyphenols SEM Diet type LPS Interaction
Caecum
Acetate 2800-22 2582.73 2769-87 2797-59 26672 0-725 0733 0-650
Propionate 134770 112713 1214-40 1389-30 148.27 0-885 0-684 0-219
Butyrate 112-45 111.69 117.02 162-12 12.72 0-107 0-049 0-096
Isobutyrate 58703 63158 768-29 74659 107-14 0-918 0-189 0-764
Valerate 217-18° 218.06° 216-51° 329-40° 2354 0-035 0-040 0-038
Isovalerate 160-81 20804 224.48 261-64 24.76 0-113 0-032 0-845
Colon
Acetate 2696-942P 1395.97° 2195.73° 2853202 32239 0-061 0-008 <0-001
Propionate 1089-61° 627-44° 1049-56° 1292.98° 174-11 0-245 0-003 0-001
Butyrate 130-02 9376 160-97 156-11 15.75 0-282 0-020 0-408
Isobutyrate 961-56° 650-28° 1032-49° 1292.75% 116-06 0-782 0-001 0-005
Valerate 29256 21751 354-31 364-64 29-33 0-468 0-026 0-340
Isovalerate 201.77 171.85 285.97 323-39 29-86 0-899 0-001 0-264

abe Mean values within a row with unlike superscript letters were significantly different (P < 0-05).

increased glucagon concentration in plasma which is similar
to previous studies®>?9 . Plant polyphenol extract is a good
kind of food additive to improve insulin sensitivity and
decrease plasma glucose concentration®>2%,

We hypothesised that HP exerts its beneficial effect on the
intestine by reducing inflammatory response. Similar to proin-
flammatory cytokines such as TNF-a and IL-6, increased
expression of HSP70 and cyclo-oxygenase 2 is indicative
of intestinal inflammation®”?®_ In the present study, LPS chal-
lenge indeed resulted in higher TNF-a and IL-6 concentrations
in plasma and higher mRNA expression of HSP70 and cyclo-
oxygenase 2 in the jejunum and ileum. However, HP supple-
mentation suppressed LPS-mediated increase in the concentrations
of TNF-a and IL-6 in plasma, suggesting that HP was effective in
alleviating intestinal inflammation in weanling piglets, consistent
with several eatlier reports®2?3%,

Intestinal microbiota is critical in host intestinal function and
immune development®", We found that HP enriched Firmicutes
and diminished Bacteroidetes in colonic digesta of piglets in the
present study. Consistently, Jang et al. reported that oral supple-
mentation of polyphenols increased the relative abundance of
Lactobacillus, which belongs to Firmicutes®. As a main contribu-
tor of SCFA, Bacteroidetes promote the balance of intestinal
microbiota and play an important role in a variety of major met-
abolic activities involving fermentation of carbohydrates and uti-
lisation of nitrogenous substances®?.
Bacteroidetes in the colon suggested that HP might change bac-
terial fermentation.

At the genus level, LPS decreased colonic Prevotella_9
abundance, while HP increased caecal Prevotella_9 abundance,
consistent with an earlier study by Fiesel et al.”. Prevotella
belongs to the family Prevotellaceae and phylum Bacteroidetes.
Prevotella is a major dietary fibre fermenter and SCFA producer
in the gut of pigs®**¥. In addition, Lactobacillus was considered
beneficial for intestinal function®. Consistent with a previous
study, we showed that HP increased Lactobacillus in the caecum
and colon, suggesting that HP may play an important role in main-
taining gut health by modulating gut microbiota composition”.

Lower abundance of

SCFA, a group of saturated aliphatic organic acids that are
comprised of no more than six hydrocarbons, are produced
by fermentation of polysaccharides by anaerobic intestinal
microbiota®®. SCFA are transported from the intestinal lumen
into the circulation of the host and utilised by various organs,
where they play an important role as energy substrates or signal-
ling mediators®”. Growing evidence has demonstrated that
SCFA suppress the generation of proinflammatory cytokines
and alleviate various inflammatory disorders®®. SCFA also play
a crucial role as energy sources for intestinal epithelial cells and
certain bacterial species and thus improve gut function®. In the
present study, dietary HP increased the concentrations of caecal
valerate and colonic acetate, propionate and isovalerate in the
piglets following LPS challenge, which may help contribute to
the improvement of intestinal integrity and a reduction in proin-
flammatory cytokine gene expression. It is noted that an increase
in SCFA production is consistent with an enrichment in
Prevotellaceae in response to HP supplementation.

In summary, dietary HP supplementation enhances intestinal
disaccharidase activities, barrier function, the Prevotella abun-
dance and SCFA production in LPS-challenged pigs, which
may collectively help explain the effect of HP on the alleviation
of intestinal inflammation and injury triggered by LPS.
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