Animal Nutrition 7 (2021) 1078—1086

Contents lists available at ScienceDirect

KeAi

CHINESE ROOTS
GLOBAL IMPACT

Animal Nutrition

journal homepage: http://www.keaipublishing.com/en/journals/aninu/

Original Research Article

Tannic acid extracted from gallnut prevents post-weaning diarrhea
and improves intestinal health of weaned piglets

l.)

Check for
updates

Yanyan Song ?, Yong Luo °, Bing Yu ?, Jun He ¢, Ping Zheng ?, Xiangbing Mao ?,
Zhiging Huang °, Junqiu Luo ¢, Yuheng Luo °, Hui Yan “, Quyuan Wang , Huifen Wang

Daiwen Chen * 7, Jie Yu ™"

2 Animal Nutrition Institute, Sichuan Agricultural University, Key Laboratory of Animal Disease-Resistance Nutrition, Sichuan Province, Chengdu, 611130,

China

b Departments of Traditional Chinese Medicine, Sichuan Academy of Medical Sciences, Sichuan Provincial People’s Hospital, Chengdu, 610031, China

ARTICLE INFO

Article history:

Received 4 November 2020
Received in revised form

16 March 2021

Accepted 13 April 2021

Available online 14 September 2021

Keywords:

Tannic acid

Weaned piglet
Post-weaning diarrhea
Intestinal health

ABSTRACT

This experiment was conducted to evaluate the effects of different levels of tannic acid (TA) on growth
performance, diarrhea rate, nutrient digestibility and intestinal health in weaned piglets. A total of 180
weaned piglets (Duroc x Landrace x Yorkshire, 24 d of age, initial average BW = 7.77 + 0.17 kg) were
allotted to 5 groups (6 pigs/pen and 6 replicates/group) in a randomized complete block design according
to their gender and body weight. Piglets were fed a basal diet, or the basal diet supplemented with 0.05%,
0.1%, 0.2% or 0.4% TA for 28 d. The supplementary levels of TA in the diets were obtained by adding
tannalbin containing 51% TA and 40.17% protein. The results showed that, compared with the CON group,
dietary TA did not affect ADFI, ADG or F:G, and linearly reduced (P < 0.01) the diarrhea rate and diarrhea
index of piglets. There were no significant effects on apparent total tract digestibility (ATTD) in the 0.05%,
0.1% and 0.2% TA groups, while negative effects (P < 0.05) on apparent digestibility of crude protein and
gross energy were observed in the 0.4% TA group. In addition, the nutrient digestibility of dry matter,
crude protein and gross energy linearly decreased (P < 0.01) with the increase of TA dosage. Supple-
mentation of TA increased (P < 0.05) the villus height of the duodenum and jejunum, as well as increased
(P < 0.05) catalase (CAT) activity in serum. Dietary TA improved (P < 0.05) the Bacillus counts in cecal
digesta. Further, TA significantly improved (P < 0.05) Bacillus counts and reduced (P < 0.05) the
Escherichia coli counts in colonic digesta. The concentration of acetic acid, propionic acid, butyric acid and
isovaleric acid in cecal digesta were significantly increased (P < 0.05). The mRNA expression level of
zonula occludens-1 (ZO-1), zonula occludens-2 (Z0-2), and claudin-2 (CLDN-2) in the jejunum were
greater (P < 0.05) in TA supplemented groups. The study showed that, compared to the control, TA
prevented post-weaning diarrhea and improved intestinal health of weaned piglets, and the appropriate

level of TA supplementation would be from 0.1% to 0.2%.
© 2021 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Weaning stress syndrome in piglets may lead to growth depri-
vation, intestinal villus atrophy, deepening crypts and an increased
incidence of diarrhea due to the transition to a solid diet, envi-
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because of the increased mortality rate resulting in huge economic

Production and Hosting by Elsevier on behalf of KeAi

losses in the swine industry (Yu et al., 2020). Antibiotic drugs and
high doses of zinc oxide (ZnO) have been widely applied to alleviate
post-weaning diarrhea for many years, however, the usage of an-
tibiotics and ZnO has resulted in some adverse side effects such as
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environmental pollution and bacterial resistance (Mathew and
Ebner, 2005; Davin et al., 2013). Plant extracts or purified plant
derivatives could be potential alternatives to antibiotics, and tannic
acid (TA) has received considerable attention due to its astringency
and anti-diarrhea effect (Redondo et al., 2014).

Tannic acid is a naturally polyphenolic compound that can be
found in different plants, including forages, shrubs, cereals, me-
dicinal herbs and fruit species (Jezierny et al., 2012; Huang et al,,
2018). Tannic acid is generally classified as hydrolysable tannic
acid (HT) and condensed tannic acid (CT) due to its variable
chemical structure (Buyukcapar et al., 2011). It is well known that
TA can form a precipitate by binding proteins, digestive enzymes,
alkaloids, polysaccharides and metal ions, and reduce nutrient di-
gestibility in animal, therefore, TA is generally considered as an
anti-nutritional factor (ANF) (Jansman, 1993; Lavin et al., 2010).
However, some studies have found that appropriate doses of TA not
only have a beneficial effect on the prevention of diarrhea, but also
have no negative impacts on the growth performance of animals
(Schiavone et al., 2008; Biagia et al., 2010). Tannic acid has various
biological activities, for example, it can be an antidiarrheal, anti-
oxidative, antibacterial, antiparasitic, antiviral and anticancer drug
due to its polyphenolic hydroxyl structure (Giilgin et al., 2010;
Tonda et al., 2018), and it might also be capable of improving gut
health and growth performance.

There is still much controversy about the effects of TA at
different concentrations in monogastric animals. We were inter-
ested in making a preliminary assessment on the effects of 0%,
0.05%, 0.1%, 0.2% and 0.4% dietary TA on growth performance and
gut health in weaned pigs. Thus, the objective of our study was to
evaluate the effects of different levels of TA supplementation on
growth performance, diarrhea rate, nutrient digestibility, intestinal
morphology and health in weaned piglets.

2. Materials and methods
2.1. Ethics statement

All experimental procedures used in this study were approved
by the Institutional Animal Care and Use Committee of Sichuan
Agricultural University.

2.2. Experimental animals, design, diets and housing

A total of 180 crossbred piglets (Duroc x Landrace x Yorkshire)
were weaned at 21 + 1 d. Piglets were fed the basal diet in a 5-
d adaptation period. All piglets with an initial average body
weight of 7.77 + 0.17 kg, were divided into 5 dietary groups (6 pigs/
pen and 6 replicates/group) in a randomized complete block design
based on body weight and gender. Piglets were fed the basal diet
with 0% (CON), 0.05%, 0.1%, 0.2% and 0.4% TA supplementation,
respectively. These TA levels were obtained by adding tannalbin
containing 51% TA and 40.17% protein. Namely, tannalbin was
added to the diet for 0%, 0.1%, 0.2%, 0.4% and 0.8% at the expense of
the soybean meals in the equal amount. Tannalbin was provided by
Guangzhou Insighter Biotechnology Co., Ltd. (Guangzhou, China)
and it contained TA that was extracted from gallnut. The compo-
sition of experimental diets was formulated according to National
Research Council (NRC, 2012) recommendations to meet or exceed
nutrition requirements of weaned piglets (Table 1). All pigs were
housed in an environmentally-controlled room with a slatted
plastic flooring and an effective mechanical ventilation system.
Each pen had 2 stainless feeders and four nipple drinkers. Pigs had
ad libitum access to feed and water throughout the experimental
period. The animal house temperature was controlled at 25 to 28 °C
and relative humidity controlled at 55% to 65%.
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Table 1
Ingredient and nutrient levels of basal diets (%, as-fed basis).

Item Content

Ingredients
Corn 31.00
Soybean meal 11.30
Expanded soybean 5.30
Expanded corn 29.00
Soybean protein concentrate 5.00
Soybean oil 1.50
Sucrose 3.00
Plasma protein powder 2.50
Low protein whey powder 6.00
Fish meal 2.52
L-Lysine HCI 0.40
DL-Methionine 0.15
L-Threonine 0.08
L-Tryptophan 0.02
Choline chloride 0.10
Limestone 0.90
Dicalcium phosphate 0.58
Nacl 0.40
Vitamin premix’ 0.05
Mineral premix” 0.20

Nutrient level
DE, MJ/kg 14.64
CcpP 18.68
Ca 0.73
Total P 0.52
Available P 0.41
SID Lysine 1.35
SID Methionine 0.43
SID Methionine + Cystine 0.74
SID Threonine 0.79
SID Tryptophan 0.22

DE = digestible energy; SID = standardized ileal digestible.

! Provided per kilogram of complete diet: 17,500 IU vitamin A; 3,500 IU vitamin
Ds3; 37.5 mg vitamin E; 4 mg vitamin K; 4.5 mg vitamin B; 11.5 mg vitamin B,; 6 mg
vitamin Bg; 0.05 mg vitamin Bj; 2.5 mg folic acid; 50 mg nicotinamide; 0.3 mg D-
biotin; 25 mg D-pantothenic acid.

2 Provided per kilogram of complete diet: Fe (as FeSO4eH,0), 100 mg; Cu
(CuSO4e5H,0), 6 mg; Mn (as MnSO4eH>0), 4 mg; Zn (as ZnSO4eH,0), 100 mg; I (as
KI), 0.14 mg; Se (as Na,SeOs-5H;0), 0.35 mg.

2.3. Sampling and measurements

All piglets were monitored for general health throughout the
trial, and feed intake was recorded daily. All piglets were individ-
ually weighed at the beginning (1 d), middle (15 d) and end (29 d)
of the experiment after 12 h of fasting. The average daily feed intake
(ADFI), average daily gain (ADG) and feed-to-gain (F:G) ratio were
calculated. The incidence and severity of piglet diarrhea were
assessed by scoring fecal consistency: 0 = normal, firm feces;
1 = soft feces, possible slight diarrhea; 2 = unformed, moderately
fluid feces; 3 = very watery and frothy diarrhea. Piglets were
considered to be diarrheic when the diarrhea score was 2 or above.
Diarrhea rate (%) S (The number of pigs with diarrhea per
pen x Days of diarrhea)/(Total number of piglets x 28 d) x 100.
Diarrhea index = Sum of diarrhea scores of pigs per pen/(Number of
piglets per pen x Total days) (Yu et al., 2020).

Fecal samples were collected on d 25 and 28 of the experiment.
Fresh excrement of each pen (6 piglets) was immediately collected
into a respective sealed plastic bag after defecation and then 10 mL
of a 10% H,SO4 solution was evenly added to 100 g excrement to
prevent nitrogen loss. At the end of 4 d period, all fecal samples of
each pen were mixed thoroughly and dried at 65 °C in an oven for
72 h. After that, the samples were ground to pass through a 1-mm
screen. All feed and fecal samples were measured for dry matter
(method 930.15), crude protein (method 990.03), ether extract
(method 920.39) and ash (method 942.05) according to procedures
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described by AOAC (1995). Gross energy was determined using an
adiabatic oxygen bomb calorimetry (Parr Instrument Co., Moline, IL,
USA). The apparent total tract digestibility (ATTD) of nutrients was
calculated by means of acid-insoluble ash (AIA) as an endogenous
indicator. The AIA in feed and fecal samples was measured as
described by Standards Press of China (2009). The ATTD was
calculated by referencing the following formula: ATTD (%) = 100 -
(A1 x F2)/(A2 x F1) x 100, in which A1 = the AIA content of the
feed, A2 = the AIA content of feces, F1 = the nutrient content of the
feed, and F2 = the nutrient content of feces.

At the end of the trial, one piglet, with the closest to average
weight per pen, was selected for collection of 10 mL of blood from
the anterior vena cava to a glass vacuum tube (Bokan Bioengi-
neering Co., Ltd, Shenyang, China) after 12 h fasting. Blood samples
were then centrifuged at 3,000 x g for 15 min at 4 °C, and subse-
quently serum was separated and stored at —20 °C for further
analysis. The same 30 piglets were then euthanized with an
intravenous injection of chlorpromazine hydrochloride (3 mg/kg
BW) according to a previous study (Chen et al., 2018). Subsequently,
each abdomen was quickly opened to separate and obtain duo-
denum, jejunum, ileum, cecum and colon. About 1 cm segments of
duodenum, jejunum and ileum were immediately isolated, and
then fixed in 4% paraformaldehyde solution and stored to deter-
mine villus height and crypt depth. The digesta samples in the
cecum and colon were collected into aseptic tubes by carefully
massaging the tract for the determination of intestinal microbial
DNA and volatile fatty acids (VFA). A segment of duodenum,
jejunum and ileum tissue were obtained from each piglet, and then
washed in 0.9% ice-cold physiological saline. The intestinal mucosa
was scraped on the tray with a sterile glass microscope slide, and
ice cubes were placed at the bottom of the tray to ensure a
continuous low temperature. The digesta and mucosa samples
were immediately frozen in liquid nitrogen and then stored
at —80 °C for further analysis.

The 4% paraformaldehyde-fixed duodenum, jejunum and ileum
samples were embedded in paraffin wax blocks, and consecutive
sections at 5 um thickness were stained with hematoxylin-eosin for
histomorphological examination. Intestinal morphology including
villus height and crypt depth was measured at 40x magnification
with an Olympus CK 40 microscope (Olympus Optical Company,
Shenzhen, China).

The small intestine mucosal samples were mixed with physio-
logical saline (precooled at 4 °C) at 1:9 (wt/vol), and were then
homogenized on ice. After homogenization, the homogenized
buffer was centrifuged at 3,000 x g for 15 min at 4 °C to obtain
supernatant for further analysis. The antioxidant parameters of
serum and mucosal homogenate including malondialdehyde
(MDA), catalase (CAT), total superoxide dismutase (T-SOD), gluta-
thione peroxidase (GPx) and total antioxidant capacity (T-AOC)
were measured by commercial kits (Nanjing Jiancheng Institute of
Bioengineering, Jiangsu, China) according to the manufacturer's
instructions. In addition, the total protein content of the homoge-
nized samples was determined using the Bradford brilliant blue
method (Jiali et al., 2018). These measurement results were dis-
played by using UV-VIS Spectrophotometer (UV1100, MAPADA,
Shanghai, China). All samples were measured in duplicate.

Bacterial DNA was extracted from the digesta samples
(approximately 0.2 g) of cecum and colon using the E.Z.N.A stool
DNA kit (Omega Bio-Tek, Doraville, GA) according to the manu-
facturer's instructions. Primers and probes for total bacteria,
Escherichia coli, Lactobacillus, Bacillus and Bifidobacterium were
commercially synthesized by Invitrogen (Shanghai, China), and the
specific sequences are shown in Table 2. The quantitative real-time
PCR was carried out on CFX96 Real-Time PCR Detection System
(Bio-Rad Laboratories, Inc., Hercules, CA). The 25 pL reaction system
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Table 2
Sequence of primers and probes used for the real-time PCR analysis of microbial
populations.

Primer Nucleotide sequence (5'-3") Size, bp Ar, °C

200

1

: ACTCCTACGGGAGGCAGCAG

: ATTACCGCGGCTGCTGG
CATGCCGCGTGTATGAAGAA

: CGGGTAACGTCAATGAGCAAA

: AGGTATTAACTTTACTCCCTTCCTC
GAGGCAGCAGTAGGGAATCTTC

: CAACAGTTACTCTGACACCCGTTCTTC
: AAGAAGGGTTTCGGCTCGTAAAACTCTGTT
: GCAACGAGCGCAACCCTTGA

: TCATCCCCACCTTCCTCCGGT

: CGGTTTGTCACCGGCAGTCACCT
CGCGTCCGGTGTGAAAG

: CTTCCCGATATCTACACATTCCA

: ATTCCACCGTTACACCGGGAA

Total bacteria 64.5

Escherichia coli 96 53.0

Lactobacillus 126 53.0

92

Bacillus

Bifidobacterium 121

VAWMU ATOATT AN A

PCR = polymerase chain reaction; Ar = annealing temperature.

of total bacteria includes 12.5 pL SYBR Premix EX Taq (TaKaRa,
Dalian, China), 1 pL forward primer, 1 pL reverse primer, 9.5 pL
nuclease-free water and 1 pL template DNA. The cycle procedure
included pre-denaturation at 95 °C for 25 s, 40 cycles of denatur-
ation at 95 °C for 5 s, annealing at 64.5 °C for 25 s, and extension at
72 °C for 60 s. The reaction system of 20 uL for Escherichia coli,
Lactobacillus, Bifidobacterium and Bacillus included 0.4 pL probe,
0.6 pL forward and 0.6 pL reverse primer, 10 pL 2 x SuperReal
PreMix (Tiangen, Beijing, China), 1 pL template DNA, and 7.4 pL
nuclease-free water. The cycle procedure included 15 min at 95 °C
and 49 cycles for 3 s at 95 °C, 25 s at annealing temperature, and
60 s at 72 °C. Each sample was run simultaneously in triplicate on
the same PCR plate, and the average value of the number of copies
was used for statistical analysis.

Approximately 0.7 g thawed cecal and colonic digesta samples
were weighed respectively, and added to a 5-mL centrifuge tube
together with 1.5 mL of ultrapure water. This was centrifuged for
15 min at 10,000 x g, then 1 mL of the supernatant was transferred
to a new sterile tube and 0.2 mL 25% (wt/vol) metaphosphoric acid
was added. This was further centrifuged for 10 min at 10,000 x g,
then 0.3 mL of the supernatant was transferred to a new sterile tube
with 0.9 mL chromatographic methanol (1:3). After being centri-
fuged at 3,500 x g for 5 min, the supernatant was filtered through a
0.22-pm filter to a 1.5-mL centrifuge tube for further analysis.
Volatile fatty acids (acetic acid, propionic acid, butyric acid, iso-
butyric acid, valeric acid, and isovaleric acid) were separated and
quantified in a gas chromatographic system (VARIAN CP-3800,
Varian, Palo Alto, CA, USA).

Frozen jejunum and ileum mucosal samples (approximately 0.1 g)
were homogenized in 1 mL Trizol reagent (TaKaRa, Dalian, China),
and total RNA was extracted according to the instructions of the
manufacturer. The concentration and purity of RNA were analysed
spectrophotometrically (Beckman Coulter DU80O; Beckman Coulter
Inc., Brea, USA)at 260 and 280 nm. The ratio of OD260:0D280 (optical
density) was between 1.8 and 2.0 for all samples. The integrity of RNA
was measured by formaldehyde gel electrophoresis and the 28S:18S
ribosomal RNA band ratio was determined as > 1.8. Subsequently,
reverse transcription was performed using PrimeScript RT reagent kit
with gDNA Eraser (TaKaRa, Dalian, China) to obtain ¢cDNA for all
samples according to the manufacturer's instructions. The quanti-
tative real-time PCR was performed to analyze the expression levels
of zonula occludens-1 (Z0-1), zonula occludens-2 (Z0-2), occludin
(OCLN), claudin-1 (CLDN-1) and claudin-2 (CLDN-2) on CFX96 Real-
Time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules,
CA). Glyceraldehyde-3 phosphate dehydrogenase (GAPDH) was
chosen as the reference gene transcript. The specific primers of
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specific genes (primer sequences are reported in Table 3) were syn-
thesized commercially by Invitrogen (Shanghai, China). The 10 pL
reaction system included 5 pL SYBR Green (TaKaRa, Dalian, China),
0.5 pL forward primer, 0.5 pL reverse primer, 3 pL nuclease-free H,0
and 1 puL cDNA. The cycle procedure included a pre-cycling stage at
95 °C for 30 s, 40 cycles of denaturization at 95 °C for 5 s, and
annealing at annealing temperature for 30 s with a final extension at
72 °C for 5 min. After the reaction, the melting curve generated after
PCR determination was observed to check the purity and specificity of
the product. All samples were run simultaneously in triplicate on the
same PCR plate, and the average value of the number of copies was
used for statistical analysis.

2.4. Statistical analysis

The pen served as the experimental unit for growth perfor-
mance, diarrhea rate and nutrient digestibility data, whereas the
piglet was considered as the experimental unit for the other
response criteria. All data for diarrhea evaluation were converted
by arcsine square root transformation for statistics. Experimental
data were preprocessed by Microsoft Excel 2010), and were then
analyzed using the general linear models (GLM) procedure of SAS
9.2 (SAS Inst. Inc., Cary, NC, USA). Linear and quadratic contrasts
were used to further illustrate the dose effect of TA in weaned
piglets. Differences between different groups were determined
using a Duncan multiple comparison. The results are shown as
mean and the standard error of mean (SEM). Significance was
considered at P < 0.05, and 0.05 < P < 0.1 was considered to have a
trend of difference.

3. Results
3.1. Growth performance and diarrhea rate

The effects of TA supplementation in the diets on growth per-
formance, diarrhea rate and diarrhea index are presented in
Tables 4 and 5. Compared with the CON group, ADFI, ADG and F:G
of piglets were not influenced (P > 0.05). The addition of 0.2% and
0.4% TA to the diet reduced (P < 0.01) the diarrhea rate and diarrhea
index of weaned piglets. The decrease of diarrhea rate and diarrhea
index by dietary TA was dose-dependent (P < 0.01, linear).

3.2. Nutrient digestibility

As shown in Table 6, compared with the CON group, dietary TA
at 0.05%, 0.1%, or 0.20% did not affect nutrient digestibility

Table 3
Sequences for real-time PCR primers.
Gene Accession Primer sequences Size, Ar,
No. (5'-3") bp °C
Z0-1 XM_005659811.1 F: CAGCCCCCGTACATGGAGA 114 55.8
R: GCGCAGACGGTGTTCATAGTT
Z0-2 NM_001206404.1 F: ATTCGGACCCATAGCAGACATAG 90 55.8
R: GCGTCTCTTGGTTCTGTTTTAGC
OCLN NM_001163647.2 F: CTACTCGTCCAACGGGAAAG 158 558
R: ACGCCTCCAAGTTACCACTG
CLDN-1 NM_001258386.1 F: GCCACAGCAAGGTATGGTAAC 140 55.8
R: AGTAGGGCACCTCCCAGAAG
CLDN-2 NM_001161638.1 F: GCATCATTTCCTCCCTGTT 156 558
R: TCTTGGCTTTGGGTGGTT
GAPDH NM_001206359.1 F: TGAAGGTCGGAGTGAACGGAT 114 59.7

R: CACTTTGCCAGAGTTAAAAGCA

PCR = polymerase chain reaction; Ar = annealing temperature; ZO-1 = zonula
occludens-1; Z0-2 = zonula occludens-2; OCLN = occluding; CLDN-1 = claudin-1;
CLDN-2 = claudin-2; GAPDH = glyceraldehyde-3 phosphate dehydrogenase.
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(P > 0.05). The 0.4% TA group increased (P < 0.05) digestibility of
ether extract, but reduced (P < 0.05) digestibility of crude protein
and gross energy. In addition, the nutrient digestibility of dry
matter, crude protein, gross energy and crude fiber linearly
decreased (P < 0.05, linear) with the increase of TA dosage.

3.3. Intestinal morphology

As shown in Table 7, compared with the CON group, the 0.4% TA
group had greater (P < 0.05) villus height in the duodenum, and
diets with 0.05%, 0.2% and 0.4% TA had greater (P < 0.05) villus
height in the jejunum. The villus height of duodenum and jejunum
was positively correlated with the TA supplemental level (P < 0.05
linear).

3.4. Serum and jejunal anti-oxidative properties

The effects of dietary TA supplementation on serum and jejunal
anti-oxidation are shown in Table 8. Compared with the CON group,
CAT activity was improved (P < 0.05) in 0.2% TA group. The CAT
activity of jejunum showed a linear increasing trend with the in-
crease of TA dosage (P = 0.075, linear).

3.5. Intestinal digesta microbiota and microbial metabolites

As shown in Table 9, compared with the CON group, the addition
of 0.05%, 0.1%, 0.2% and 0.4% TA improved (P < 0.05) Bacillus counts
in cecal digesta. The Bacillus counts were improved (P < 0.01) in
0.4% TA group and the Escherichia coli counts were reduced
(P < 0.05) in 0.1% TA group in colonic digesta. It was worth noting
that the number of Bacillus in cecal and colon digesta linearly
increased (P < 0.05, linear) with the increase of TA dosage. As
shown in Table 10, compared with the CON group, dietary TA
supplementation improved (P < 0.05) the concentrations of acetic
acid (0.2%), propionic acid (0.2%, 0.4%), butyric acid (0.05%, 0.1%,
0.2%, 0.4%) and isovaleric acid (0.1%, 0.2%, 0.4%) in cecal digesta. The
0.4% TA group improved (P < 0.05) the concentrations of acetic acid
in colon digesta. The increase of propionic acid, butyric acid and
valeric acid concentrations in cecal chyme by dietary TA was dose-
dependent (P < 0.05). In colonic chyme, acetic acid was linearly
increased and isobutyric acid was linearly decreased with the in-
crease of TA supplemental level (P < 0.05).

3.6. The mRNA expression of tight junction protein

As shown in Fig. 1, compared with the CON group, the mRNA
expression levels of ZO-1 (0.4%), ZO-2 (0.05%, 0.2%, 0.4%) and CLDN-
2 (0.2%) were improved (P < 0.05) in the jejunum.

4. Discussion

Tannic acid is an excellent astringent that has impressive anti-
diarrhea effects (Song et al., 2017; Girard et al., 2018). Tannic acid
can significantly increase dry matter content and reduce moisture
content in feces (Schiavone et al., 2008; Rezar and Salobir, 2014).
Tannic acid exhibits antidiarrheal activity against castor oil-
induced diarrhea in mice through alleviating diarrhea symptoms
and inhibiting small intestinal motility and secretion (Song et al.,
2017). Tannic acid significantly reduced the incidence rate of
diarrhea and the duration of diarrhea in an experimental ETEC F4
challenge model (Girard et al., 2018). Our study found that addition
of TA significantly reduced diarrhea rate and diarrhea index of
weaned piglets, and there was a dose-dependent relationship
between the decrease of diarrhea rate and index and the increase
of TA supplementation. It is speculated that TA coagulates proteins
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Table 4
Effects of tannic acid (TA) supplementation on growth performance in weaned piglets.!
Item TA, % SEM P-value
0 0.05 0.1 0.2 04 ANOVA Linear Quadratic
Initial BW, kg 7.77 7.77 7.77 7.77 7.77 0.17 1.000 0.999 0.995
Final BW, kg 15.26 15.93 15.40 15.43 15.20 0.37 0.680 0.510 0.675
Oto14d
ADF], g 374 396 377 394 376 13.38 0.626 0.852 0.356
ADG, g 213 241 208 226 206 10.86 0.157 0.310 0.433
F:G ratio 1.78 1.65 1.81 1.75 1.83 0.05 0.188 0.208 0.733
15t028d
ADFI, g 591 612 602 593 599 17.09 0.919 0.899 0.955
ADG, g 323 341 337 322 325 12.13 0.689 0.579 0.817
F:G ratio 1.84 1.80 1.79 1.85 1.85 0.05 0.805 0.482 0.756
0to28d
ADFI, g 483 504 489 493 487 14.21 0.860 0.870 0.637
ADG, g 268 291 273 274 265 9.21 0.324 0.336 0.538
F:G ratio 1.81 1.73 1.80 1.80 1.84 0.04 0.338 0.198 0.647

ADFI = average daily feed intake; ADG = average daily gain; F:G ratio = feed-to-gain ratio.
! Values represent the means of 6 pens with 6 piglets per replicate pen (n = 36) per group for body weight, and 6 pens (n = 6) per group for ADFI, ADG, and F:G ratio.

Table 5
Effects of tannic acid (TA) supplementation on diarrhea rate and diarrhea index in weaned piglets.’
Item TA, % SEM P-value
0 0.05 0.1 0.2 04 ANOVA Linear Quadratic
Oto14d
Diarrhea rate, % 16.472 15.67% 13.49%° 8.73" 3.77¢ 2.27 0.001 <0.0001 0.876
Diarrhea index 0.342 0.34? 0.24% 0.18° 0.08° 0.04 0.0003 <0.0001 0.691
15t028d
Diarrhea rate, % 17.86° 11.11%° 9.92b¢ 5.95% 5.56° 2.39 0.005 0.0005 0.087
Diarrhea index 0.35° 0.22% 0.20%¢ 0.12°¢ 0.10¢ 0.05 0.007 0.0005 0.166
0to28d
Diarrhea rate, % 17.16° 13.39° 11.71% 7.34% 466° 1.81 0.0001 <0.0001 0214
Diarrhea index 034 0.28% 022 0.15% 0.09¢ 0.03 <0.0001 <0.0001 0.192
2 b. <. d within a row, means without a common superscript letter differ at P < 0.05.
! Values represent the means of 6 pens (n = 6) per group.
Table 6
Effects of tannic acid (TA) supplementation on nutrient digestibility in weaned piglets (%).!
Item TA, % SEM P-value
0 0.05 0.1 0.2 0.4 ANOVA Linear Quadratic
DM 85.69 85.71 85.13 85.19 84.46 0.31 0.057 0.005 0.960
CcP 79.272 80.072 79.382 78.532P 77.09° 0.64 0.028 0.002 0.554
GE 85.55% 85.60% 85.03% 85.0230 84.26" 0.32 0.043 0.003 0.990
EE 68.00° 67.85° 68.11° 68.82° 71.48 0.87 0.035 0.003 0.348
Ash 56.37 55.42 55.17 56.08 55.38 0.97 0.890 0.730 0.873
CF 35.34 38.61 33.28 31.88 28.54 2.95 0.198 0.034 0.919

DM = dry matter; CP = crude protein; GE = gross energy; EE = ether extract; CF = crude fiber.

2> Within a row, means without a common superscript letter differ at P < 0.05.
! Values represent the means of 6 pens (n = 6) per group.

on the mucosal surface of the gastrointestinal tract, reduces in-
flammatory exudates and the flow rate of chyme, slows intestinal
peristalsis, and presents an antidiarrheal effect (Tonda et al., 2018).
As an ANF, diets rich in TA are generally considered unfavorable to
the growth performance and nutrient digestibility of monogastric
animals due to its strong affinity with proteins, digestive enzymes,
and polysaccharides (Viveros et al., 2011; Ebrahim et al., 2015).
However, many scholars have observed that the addition of 0% to
1% TA had no effect on growth performance and nutrient di-
gestibility in monogastric animals (Stukelj et al., 2010; Rezar and
Salobir, 2014). So as of now, there is still some controversy about
the impact of TA on the growth of monogastric animals. This study
found that adding 0.05% to 0.4% TA to the diet had no negative
effect on the growth performance of weaned piglets. The 0.05%,
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0.1% and 0.2% TA groups had no adverse effects on nutrient di-
gestibility of weaned piglets. The 0.4% TA group significantly
reduced the digestibility of crude protein and gross energy, but
significantly increased the digestibility of ether extract. Tannic acid
is an ANF, but it has the effect of improving intestinal health. These
2 opposite effects may be one of the reasons why TA showed no
significant effect on growth performance in this experiment. The
improvement in ether extract digestibility in 0.4% TA group may be
related to the interaction between TA and lipase, but the mecha-
nism is still unclear and further research is needed. In summary,
higher doses of TA have been shown to have anti-nutritional ef-
fects, such as reduced nutrient utilization, while relatively appro-
priate doses have been shown to improve intestinal health, such as
reduced diarrhea.
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Table 7
Effects of tannic acid (TA) supplementation on intestinal morphology in weaned piglets (um).!
Item TA, % SEM P-value
0 0.05 0.1 0.2 04 ANOVA Linear Quadratic
Duodenum
Villus height 341.49° 354.18° 359.82° 369.12° 406.84° 11.50 0.022 0.002 0.814
Crypt depth 154.95 148.45 140.29 153.76 148.56 11.78 0.908 0.943 0.813
V:C ratio 2.21 240 2.58 241 2.87 0.23 0.377 0.086 0.939
Jejunum
Villus height 326.04° 390.30% 336.05° 428.03? 400.47% 11.91 0.001 0.001 0.011
Crypt depth 136.99 161.41 119.98 148.79 147.95 8.79 0.066 0.546 0.715
V:C ratio 2.38 2.44 2.83 291 2.71 0.16 0.147 0.144 0.047
Ileum
Villus height 342.86 333.69 333.53 355.14 295.61 19.25 0.322 0.138 0.235
Crypt depth 146.24 141.99 121.55 12545 141.12 9.42 0.313 0.830 0.064
V:C ratio 2.35% 2.36% 2.822 2.83° 2.10° 0.17 0.046 0.275 0.007
V:C ratio = the ratio of villus height to crypt depth.
2 b Within a row, means without a common superscript letter differ at P < 0.05.
1 Values represent the means of 6 pens (n = 6) per group.
Table 8
Effects of tannic acid (TA) supplementation on serum and intestinal antioxidant index in weaned piglets.!
Item TA, % SEM P-value
0 0.05 0.1 0.2 0.4 ANOVA Linear Quadratic
Serum
MDA, nmoL/mL 2.57 2.27 1.90 1.98 1.88 0.25 0.279 0.095 0.229
CAT, U/mL 12.26° 14.20%° 14.33% 17.87% 11.56° 143 0.039 0.674 0.004
T-SOD, U/mL 151.51 155.62 157.53 153.79 155.18 4.34 0.896 0.817 0.670
GPx, U/mL 471.91 521.22 499.00 490.44 506.80 19.11 0.464 0.583 0.785
T-AOC, U/mL 1.53 1.67 1.72 1.62 1.69 0.07 0.446 0.385 0.503
Jejunum
MDA, nmoL/mg prot 0.76 0.68 0.70 0.73 0.76 0.11 0.979 0.756 0.756
CAT, U/mg prot 4.59 4.63 5.59 5.29 5.39 0.31 0.098 0.075 0.146
T-SOD, U/mg prot 74.54 78.26 82.46 73.95 77.61 2.74 0.220 0.972 0.748
GPx, U/mg prot 36.50 51.57 50.14 42.90 42.59 5.67 0.344 0.848 0.321
T-AOC, U/mg prot 0.29 0.39 0.35 0.39 0.38 0.03 0.183 0.185 0.189
MDA = malondialdehyde; CAT = catalase; T-SOD = total superoxide dismutase; GPx = glutathione peroxidase; T-AOC = total antioxidant capacity.
2 b Within a row, means without a common superscript letter differ at P < 0.05.
! Values represent the means of 6 pens (n = 6) per group.
Table 9
Effects of tannic acid (TA) supplementation on digesta microflora in weaned piglets (logyo cfu/g).!
Item TA, % SEM P-value
0 0.05 0.1 0.2 04 ANOVA Linear Quadratic
Cecum
Total bacteria 10.81% 11.05% 10.87%° 1091 10.63° 0.08 0.019 0.013 0.080
Escherichia coli 7.56 7.58 7.92 7.79 7.72 0.29 0.889 0.734 0.478
Lactobacillus 6.38 7.09 6.62 6.87 6.93 0.20 0.131 0.220 0.461
Bacillus 7.94° 8.73% 9.00° 8.93* 9.25% 0.19 0.0006 0.0003 0.027
Bifidobacterium 6.01 6.44 6.60 6.42 6.56 0.18 0.175 0.138 0.211
Colon
Total bacteria 11.11 11.04 10.92 10.98 11.01 0.05 0.188 0.411 0.062
Escherichia coli 7.72% 6.77° 6.64° 7.09%¢ 8.05° 0.32 0.016 0.055 0.011
Lactobacillus 7.05 7.26 7.29 747 7.33 0.19 0.614 0.335 0.214
Bacillus 8.46° 8.74% 8.44° 8.60° 9.05? 0.01 0.008 0.002 0.173
Bifidobacterium 6.82 6.74 6.93 6.52 6.80 0.17 0.552 0.745 0.389

2 b Within a row, means without a common superscript letter differ at P < 0.05.
T Values represent the means of 6 pens (n = 6) per group.

The gastrointestinal tract (GIT) plays an important role in the
digestion, absorption and immunity of animals. Small intestinal
morphology including the villus height, crypt depth and their ratio,
is one of the main indicators reflecting the health status of piglets’
intestines (Fei et al., 2013). Studies have found that TA can signifi-
cantly reduce crypt depth of weaned piglets' ileum (Biagia et al.,
2010) and increased villus height, villus circumference and
mucosal thickness of male pigs' duodenum (Bili¢-Sobot et al., 2016).
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In our experiment, the addition of TA to the diet significantly
increased the villus height of the duodenum and jejunum. The
small intestinal crypt has secretory function, so reducing crypt
depth is beneficial to alleviate post-weaning diarrhea (Biagia et al.,
2010). There was a quadratic regression relationship between the
amount of dietary TA addition and ileal crypt depth in our trial,
which may be one of the reasons why 0.1% - 0.2% TA exhibits an
anti-diarrheal effect. The results of this experiment showed that the
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Table 10
Effects of tannic acid (TA) supplementation on digesta microbial metabolites in weaned piglets (umoL/g).’
Item TA, % SEM P-value
0 0.05 0.1 0.2 04 ANOVA Linear Quadratic
Cecal digesta
Acetic acid 52.11° 51.75° 51.36" 68.62° 58.89%° 4.16 0.030 0.060 0.074
Propionic acid 23.93¢ 25.71%¢ 29.40°° 49.58? 41.13% 5.28 0.008 0.005 0.039
Butyric acid 458" 8.122 9.08° 9.78? 11.372 1.46 0.042 0.006 0.184
Isobutyric acid 0.76 0.68 0.56 0.67 0.43 0.11 0.237 0.050 0.898
Isovaleric acid 1.65° 2.67%® 3.922 2932 2732 0.47 0.041 0.441 0.026
Valeric acid 1.12 1.66 1.80 239 2.24 0.32 0.070 0.018 0.081
Total VFA 80.03" 86.03° 89.16" 114.58? 102.97%> 7.93 0.033 0.017 0.053
Colonic digesta
Acetic acid 39.25° 41.46° 39.25° 42.46° 50.65% 2.54 0.023 0.002 0315
Propionic acid 17.59 17.15 17.74 18.08 19.91 1.55 0.756 0.204 0.724
Butyric acid 10.30 10.05 11.56 12.86 10.92 1.56 0.721 0.623 0.247
Isobutyric acid 1.45%¢ 1.96% 1.89%° 1.33%¢ 0.90¢ 0.20 0.005 0.002 0.171
Isovaleric acid 273 3.73 3.73 3.10 3.19 0.47 0.516 0.909 0.458
valeric acid 1.96 2.44 2.82 2.49 241 035 0.548 0.659 0.223
Total VFA 73.27 76.79 76.99 80.32 87.97 5.53 0.419 0.057 0.966
VFA = volatile fatty acids.
2b.¢ yalues within a row lacking a common superscript are different (P < 0.05).
1 Values represent the means of 6 pens (n = 6) per group.
2.0
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Fig. 1. Effects of tannic acid (TA) on mRNA expression levels of tight junction proteins in jejunal mucosa of weaned piglets. Each bar represents the average expression level with 6
independent replications. CON, piglets receiving a basal diet; CON + 0.05% TA, piglets receiving basal diet supplemented with 0.05% TA; CON + 0.1% TA, piglets receiving basal diet
supplemented with 0.1% TA; CON + 0.2% TA, piglets receiving basal diet supplemented with 0.2% TA; CON + 0.4% TA, piglets receiving basal diet supplemented with 0.4% TA. ZO-
1 = zonula occludens-1, ZO-2 = zonula occludens-2, OCLN = occludin, CLDN-1 = claudin-1, CLDN-2 = claudin-2. * ® Mean values with different superscript letters were significantly

different (P < 0.05).

addition of TA to the diet has a positive effect on intestinal
morphology development.

Reactive oxygen species (ROS) are by-products of cellular
metabolism and essential participants in cell signaling and regu-
lation (Tezel, 2006). Oxidative stress is generally thought to be an
imbalance between an increase in ROS and a decrease in activity in
antioxidant mechanisms, which can cause damage to cells and
tissues (Droge, 2002). Tannic acid is an effective natural antioxidant
component, as it can combine with free-radicals forming
resonance-stabilized phenoxy radicals (Giil¢in et al., 2010; Dalle
Zotte et al., 2018). Previous studies have found that TA can signif-
icantly improve the antioxidant capacity of diabetic rats, and of
rabbits under high ambient temperature (Hua et al., 2011; Wei et
al., 2011). Superoxide dismutase, GPx and CAT are 3 important
antioxidant enzymes in the animal body. They are the main com-
ponents of the antioxidant defense mechanism, which can protect
cells from damage caused by excessive concentration of ROS, and
reduce oxidative stress (Weydert and Cullen, 2009). Glutathione
peroxidase and CAT activities are often related because they
degrade the same kind of substrates (Faria et al., 2007). (Ye et al.,
2016) found that TA can significantly increase the activity of CAT
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and GPx in the liver of Brandt's voles. In our experiment, the diets
with TA supplementation increased CAT activity in serum and
jejunum mucosa. Our experimental results demonstrated that TA
has a beneficial effect on improving the antioxidant capacity of
weaned pigs. There is still a lack of research on the effect of TA on
antioxidant properties of piglets, and this experiment did not
reflect the effect of TA on other antioxidant capacities, which may
be related to animal species.

Gut microbiota and their metabolites are closely involved in
host physiology, such as nutritional status, metabolism and stress
response (Sekirov et al, 2010). Gut microbiota disruption is
considered as one of the important reasons leading to post-
weaning diarrhea and enteric infections (Gresse et al., 2017).
E. coli is one of the important pathogenic causes of diarrhea after
weaning (Fairbrother et al., 2005). The proliferation of beneficial
bacteria such as Lactobacillus, Bacillus, Bifidobacterium, etc. is
conducive to improving intestinal health. Previous studies have
found that diets supplemented with TA can reduce the number of
E. coli and increase the number of Lactobacilli in the gut of mono-
gastric animals (Jamroz et al., 2009; Brus et al., 2013). Our results
showed that, the addition of TA to the diet significantly improved
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Bacillus counts in cecal digesta. Further, the addition of TA signifi-
cantly improved Bacillus counts and significantly reduced the E. coli
counts in colon digesta. The results of this study are similar to those
of the predecessors, indicating that adding TA to the diet can
effectively reduce the number of harmful bacteria, increase the
number of beneficial bacteria, and improve the intestinal microbial
homeostasis, however, the mechanism by which dietary TA affects
intestinal bacteria still remains elusive.

Volatile fatty acids are indicators of bacterial activity in the large
intestine. Acetic acid, propionic acid and butyric acid are the most
abundant in VFA, and these VFA account for about 90% of the total
acid production in the hindgut of monogastric animals (Dongsheng
et al., 2019). The results of this experiment showed that dietary TA
supplementation increased the concentrations of acetic acid, pro-
pionic acid, butyric acid, isovaleric acid, valeric acid in cecal digesta.
The reason for this phenomenon may be that dietary TA supple-
mentation reduces the digestion and absorption of nutrients in the
small intestine, resulting in more nutrients flowing to the large
intestine and more intensive bacterial fermentation (Barszcz et al.,
2011). An increase in beneficial bacteria also seems to reinforce this
behavior. In fact, increasing concentrations of TA linearly reduced
concentrations of isobutyric acid in cecal and colon digesta, which
indicates that TA may reduce the proteolytic reaction of intestinal
bacteria because isobutyric acid is a metabolite deriving from
protein bacterial catabolism.

Intestinal epithelial tight junction proteins are closely related
to intestinal barrier and intestinal inflammatory diseases (Wang
et al., 2015). It and intestinal morphology are important factors
affecting intestinal barrier function (Tan et al., 2018). Our study
found that the addition of TA to the diet significantly improved
the mRNA expression level of ZO-1, ZO-2 and CLDN-2 in jejunum.
This indicates that TA can up-regulate the mRNA expression level
of tight junction proteins, thereby improving the paracellular
barrier.

5. Conclusions

In summary, the present study demonstrated that TA (0.05% to
0.4%) significantly reduced the diarrhea rate and diarrhea index
without altering growth performance, and improved intestinal
integrity and morphology, hindgut microbial homeostasis and
fermentation in weaned piglets. This study suggests that, compared
to the control, the most appropriate level of TA supplementation
would be 0.1% to 0.2%.
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