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ABSTRACT This study was conducted to investigate
the influence of zinc (Zn) supplementation on growth
performance, intestinal development and intestinal bar-
rier function in Pekin ducks. A total of 480, one-day-old
male Pekin ducks were divided into 6 groups with 8 rep-
licates: 0 mg/kg Zn, 0 mg/kg Zn +0.5 mg/kg lipopoly-
saccharide (LPS), 30 mg/kg Zn, 30 mg/kg Zn
+0.5 mg/kg LPS, 120 mg/kg Zn, 120 mg/kg Zn
+0.5 mg/kg LPS. The duck primary intestinal epithelial
cells (DIECs) were divided into 6 groups: D-Zn (Zinc
deficiency, treated with 2 mmol/L zinc Chelator TPEN),
A-Zn (Adequate Zinc, basal medium), H-Zn (High level
of Zn, supplemented with 20 mmol/L Zn), D-Zn + 20
mg/mL LPS, A-Zn + 20 mg/mL LPS, H-Zn + 20 mg/
mL LPS. The results were as follows: in vivo, with Zn
supplementation of 120 mg/kg reduced LPS-induced
decrease of growth performance and intestine damage
(P < 0.05), and increased intestinal digestive enzyme
activity of Pekin ducks (P < 0.05). In addition, Zn sup-
plementation also attenuated LPS-induced intestinal
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epithelium permeability (P < 0.05), inhibited LPS-
induced the expression of proinflammatory cytokines
and apoptosis-related genes (P < 0.05), as well as
reduced LPS-induced the intestinal stem cells mobiliza-
tion of Pekin ducks (P < 0.05). In vitro, 20 mmol/L Zn
inhibited LPS-induced expression of inflammatory fac-
tors and apoptosis-related genes (P < 0.05), promoted
the expression of cytoprotection-related genes, and
attenuated LPS-induced intestinal epithelium perme-
ability in DIECs (P < 0.05). Mechanistically, 20 mmol/L
Zn enhanced tight junction protein markers including
CLDN-1, OCLD, and ZO-1 both at protein and mRNA
levels (P < 0.05), and also increased the level of phos-
phorylation of TOR protein (P < 0.05) and activated
the TOR signaling pathway. In conclusion, Zn improves
growth performance, digestive enzyme activity, and
intestinal barrier function of Pekin ducks. Importantly,
Zn also reverses LPS-induced intestinal barrier damage
via enhancing the expression of tight junction proteins
and activating the TOR signaling pathway.
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INTROCUTION

Zinc (Zn) is an essential trace element for animals. In
human proteins, there are 2,800 kinds of Zn-binding
sites, accounting for about 10% of the human proteome
(Andreini et al., 2006). Zn-binding protein can play an
important role in life activities as metalloenzymes,
growth factors, receptors and transcription factors
(Andreini and Bertini, 2012). Since the 1950s, people
have gradually realized that Zn is an essential trace ele-
ment for poultry (Morrison and Sarett, 1958). Research
on broilers found that among the 4 trace elements tested
(copper, iron, manganese, and zinc), Zn is the first
restrictive trace element that affects growth perfor-
mance (Bao et al., 2010a). Zinc is used as a dietary addi-
tive to improve animal production performance,
reproductive performance, immune function, and main-
tain the normal development of feathers and bones
(Salim et al., 2008; Abd El-Hack et al., 2017).
In addition to being responsible for the digestion and

absorption of nutrients, animal intestines are also an
important barrier to prevent harmful substances from
entering the body (Abo Ghanima et al., 2020). Intestinal
barrier function disorder can cause intestinal antigens,
harmful macromolecular substances, and intestinal bac-
teria to enter the animal body through paracellular
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route, causing enteritis and metabolic diseases
(Vereecke et al., 2011; Halpern and Denning, 2015).
Damage of intestinal epithelial tight junction barrier
caused by pathogen contributes to the development of
inflammatory bowel disease (IBD) and necrotizing
enterocolitis (NEC) by an increase in intestinal perme-
ability (Chen et al., 2015; Guo et al., 2015). Lipopolysac-
charide (LPS) plays an important role in inducing
intestinal and systemic inflammatory responses
(Tan et al., 2015; d’Hennezel et al., 2017).

Zn plays an important role in human and animal
intestinal health. When Zn is deficient, it can cause
changes in the expression of tight junctions in the ani-
mal’s intestines, and finally lead to changes in the per-
meability of the intestinal mucosa and the occurrence of
many gastrointestinal diseases (Skrovanek et al., 2014).
High doses of Zn can be used to control ethanol-induced
intestinal leakage in rats (Zhong et al., 2015), post-
weaning diarrhea in piglets (Zhang and Guo, 2009), and
inflammatory enteritis in humans (Sturniolo et al.,
2001). Studies have found that Zn supplementation
improved the intestinal morphology of livestock and
poultry and increased the expression of tight junction
proteins in the intestine (Zhang and Guo, 2009;
Hu et al., 2013). The effect of Zn on improving intestinal
tight junctions has also been confirmed experimentally
(Ranaldi et al., 2009). But its mechanistic effect on
intestinal barrier function is not clear. Although meat
duck breeding occupies an important position in poultry
production, the research on the trace element nutrition
of meat ducks is still relatively lacking. Early studies
have found that Zn is an essential trace element for
ducks (Wight and Dewar, 1976). Zn deficiency can cause
growth retardation, multiple organ damage, feather
hypoplasia, and severely affect the development and
function of duck lymphatic organs (Cui et al., 2003;
Cui et al., 2004). However, it has not been reported
whether the level of dietary Zn has a protective effect on
the intestinal barrier function of Pekin ducks. Therefore,
this study intends to explore the effects of Zn supple-
mentation on their growth performance, intestinal
development, and intestinal barrier function-related
gene expression under LPS stress. In addition, through
the establishment of duck primary intestinal epithelial
cells (DIECs) model, the protective effect of Zn on the
intestinal barrier function of Pekin ducks and its mecha-
nism were explored.
MATERIALS AND METHODS

Materials

Twenty-day-old Pekin duck embryos and 1-day-old
male Pekin ducks were purchased from Sichuan Miany-
ing Duck Industry Co., Ltd. (Mianyang, China).
ZnSO4¢H2O, TPEN, LPS (Lipopolysaccharides from
Escherichia coli O55:B5) and FITC-D (MW 3−5 kDa;
Sigma, St. Louis, MO) were obtained from Sigma-
Aldrich (Saint Louis, MO). TOR and b-actin were
obtained from Thermo Fisher Scientific Co., Ltd.
(Shanghai, China).
Animals and Diets

The experimental procedures for animal trials were
conducted in accordance with the Chinese guidelines for
animal welfare and approved by the Animal Health and
Care Committee of Sichuan Agricultural University
(SICAU 2009-0135).
A total of 480 one-day-old male Pekin ducks were

obtained from commercial hatchery. The ducks were
reared in cages (2.0 £ 1.0 m) in temperature-controlled
room and maintained on a 24-h constant light schedule,
and allowed free access to feed and water. The basal diet
was formulated based on the National Research Coun-
cil (1994). The basal diet meets or exceeds the require-
ment of Pekin ducks except Zn (Table S1). The
measured concentration of Zn in each diet is displayed
in Table S2. The ducks were randomly allocated into 6
treatments, 8 replicates for each treatment and 10 ducks
for each replicate: 0 mg/kg Zn, 0 mg/kg Zn +0.5 mg/kg
LPS, 30 mg/kg Zn, 30 mg/kg Zn +0.5 mg/kg LPS,
120 mg/kg Zn, 120 mg/kg Zn +0.5 mg/kg LPS. LPS
was intraperitoneal injected to ducks at d 15, 17, 19, and
21. The nonchallenged groups were intraperitoneal
injected with saline. Ducks were gavaged with FITC-D
to evaluate the intestinal permeability on d 21. The sam-
ples were collected 4 h after last injection.
Data and Sample Collection

The weight of the duck and the feed consumption of
feed was determined every stage throughout the experi-
ment to calculate the body weight (BW), body weight
gain (BWG), feed intake (FI), and feed to gain ratio
(F/G). Then, 1.5 h after the last intraperitoneal injec-
tion of LPS, 1 duck with the average BW of each pen
was chosen to administer FITC-D (4.16 mg/kg, dis-
solved in normal saline). After administering FITC-D
for 2.5 h, blood was collected from the jugular vein to
separate the serum and stored at �20°C until analysis.
Then tissue samples including jejunum and jejunal
mucosa were collected and immediately frozen with liq-
uid nitrogen and stored at �80°C for RNA isolation and
enzymatic activity analysis after the Pekin duck died of
cervical dislocation. In addition, jejunum segments
1.5 cm in length (midway between the point of entry of
the bile ducts and Meckel’s diverticulum) were flushed
with saline (0.9% NaCl) and fixed in 100 g/L buffered
formalin (pH = 7.0) for morphology examination.
Jejunum Morphometry

The fixed intestinal samples were embedded in paraf-
fin, then sectioned (5 mm) and stained with hematoxylin
and eosin, and 20 villi in per section were examined by a
light microscope (Olympus CX31, Tokyo, Japan) (El-
Shall et al., 2019). The villus height (VH), crypt depth
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(CD), and villus height to crypt depth ratio (VCR)
were determined according to Wen et al. (2018).
Determination of MUC2 Content and Enzyme
Activity

The intestinal mucosa and the saline added to homog-
enizer in the mass ratio of 1:9 for manual grinding, and
then the intestinal mucosal homogenate was prepared
using an ultrasonic cell disruptor. The prepared homoge-
nate was centrifuged at 3,000 r/min for 30 min at 4°C,
and the supernatant was collected for determination of
protein content and enzyme activity. The concentration
of intestinal mucosal protein was detected by the BCA
protein assay method. The enzyme activity was deter-
mined by colorimetric method according to the test pro-
cedure (Chen et al., 2014).
Determination of FITC-D and D-Lactate in
Blood

The normal treatment group duck serum and PBS
were used to prepare a 1:1 mixed solvent to prepare
FITC-D concentration gradient standard solution,
the fluorescence intensity of the standard solution
was measured by multi-purpose microplate reader,
and the FITC-D content of the sample was calcu-
lated by the standard curve. D-lactic acid in serum
was measured using Shanghai enzyme-linked kit fol-
lowing the manufacturer’s instructions (Meyer et al.,
2020).
DIECs Culture and Grouping Treatment

DIECs (Duck primary intestinal epithelial cells iso-
lated from 21 d duck embryo jejunum) were cultured in
DMEM/F-12, supplemented with 10% FBS, at 37°C in
a humidified atmosphere that contained 5% CO2. Cells
formed a confluent monolayer after 2 d and were then
used in the following experiments.

This experiment uses primary culture of DIECs as
the experimental subject. A 3 £ 2 trial design was
used with 3 Zn levels. A total of 6 groups: D-Zn
(Zinc deficiency, treated with 2 mmol/L zinc Chelator
TPEN), A-Zn (Adequate Zinc, basal medium), H-Zn
(High level of Zn, supplemented with 20 mmol/L Zn),
D-Zn + 20 mg/mL LPS, A-Zn + 20 mg/mL LPS, H-
Zn + 20 mg/mL LPS.
Cell Viability Tested by CCK-8 Assay

Cell viability was determined using a CCK-8 cell via-
bility assay kit. All cells were pretreated with cultured
methods as indicated for 48 h in a 96-well plate. 10 uL of
cell viability assay kit solution was added to each well of
the plate. After incubation for 1 h at 37°C in the dark,
absorbances were measured at 450 nm using a multiwell
plate reader (Lou et al., 2010).
Transepithelial Electrical Resistance

DIECs were seeded (1 £ 105 cells/cm2) in a transwell
chamber with 4.5-mm pores that had been placed in a 6-
well plate. The other one transwell remained blank.
After being confluent, cells were differentiated and
polarized for 7 to 10 d in the culture medium. Transepi-
thelial electrical resistance (TEER) was measured using
an epithelial volt-ohm meter with a chopstick electrode.
The electrode was immersed at a 90° angle with one tip
in the basolateral chamber and the other in the apical
chamber. An insert without cells was used as a blank
and its mean resistance was subtracted from all samples.
Unit area resistance was then calculated by dividing
resistance values by the effective membrane area (4.5
cm2) ( He et al., 2019).
Quantitative Real-Time PCR

Real-time quantitative PCR was conducted using
the primers listed in Table S3. The PCR system con-
sisted of 5.0 mL of SYBR Green qPCR Mix, 0.2mL of
cDNA, 0.3 mL of each primer, and 4.2 mL of double
distilled water in a final volume of 20 mL. The house-
keeping gene b-actin was served as a control to nor-
malize the mRNA expression level. Relative quantities
of mRNA were calculated using the 2�DDCt method
(Zhang et al., 2014).
Western Blot Assay

The method used for the Western blot assay has
been described previously (Chen et al., 2016). Cellu-
lar extract corresponding to 30 ug of protein was
loaded and separated by 10% step-gradient SDS-poly-
acrylamide gels electrophoresis, the separated pro-
teins were transferred electrophoretically from the gel
to nitrocellulose membrane (Millipore). Membranes
were blocked for 2 h in PBST containing 3% BSA.
Primary antibody was added in BSA and allowed to
incubate overnight at 4°C, washed with TBS for
5 times before the secondary antibody was added and
then incubated for an additional hour at room tem-
perature. The membrane was again washed 3 times
before adding Pierce Super Signal chemiluminescent
substrate (Rockford, IL) and then immediately
imaged on ChemiDoc (Bio-Rad, Hercules, CA).
ImageJ software was used for gray scan analysis.
Statistical Analyses

Statistical analyses were performed using SPSS
21.0 (Chicago, IL). The significant difference
between 2 groups was determined using one-way
analysis of variance (ANOVA) and Duncan’s test.
All data are expressed as mean and SEM. The level
of significance was set at P < 0.05.



Table 1. Effect of dietary Zn on the growth performance of ducks
from 1 to 14 d of age.

Zinc (mg/kg) 0 30 120 SEM P-value

1 d BW, g 50.21 50.22 50.14 0.05 0.537
14 d BW, g 652.98b 666.28b 705.85a 4.35 0.002
1−14 d BWG, g 602.77b 616.06b 655.70a 4.35 <0.001
1−14 d FI, g 842.58 845.6 861.19 4.03 0.128
1−14 d F/G 1.40a 1.37a 1.31b 0.01 <0.001

Abbreviations: BW, body weight; BWG, body weight gain; FI, feed
intake; F/G, feed to gain ratio.

a-bMean values (n = 16) in a row without common superscript are sig-
nificantly different (P < 0.05).
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RESULTS

Effect of Zinc Supplementation on the
Growth Performance of Pekin Ducks
Subjected to an Inflammatory Stimulus

As presented in Tables 1 and 2, dietary 120 mg/kg Zn
supplementation increased the BW of day 14 and 21, as
well as the BWG of d 1−14 and 15−21, and decreased
the F/G of d 1 to 4 (P < 0.05). But it had no effect on FI
(P > 0.05). LPS challenge significantly reduced the BW
of d 21 and the BWG and the FI of day 15-21 (P < 0.05;
Table 2). Interestingly, we also found that dietary
120 mg/kg Zn supplementation relieved the decrease in
the BW of d 21 and the BWG and the FI of d 15 to 21
caused by LPS (Table 2).
Table 2. Effect of dietary Zn on the growth performance of ducks cha

Zinc level 0 30 120 0 30 120

SEM MainLPS - - - + + +

21 d BW, g 1,216b 1,233b 1,285a 1,123d 1,152c 1,239b 8.56
15−21 d BWG, g 561 565 580 472 487 531 6.73
15−21 d FI, g 893 886 900 768 788 826 9.61
15−21 d F/G 1.59 1.57 1.55 1.63 1.62 1.56 0.02

Abbreviations: BW, body weight; BWG, body weight gain; FI, feed intake; F
a-dMean values in a row without common superscript are significantly differe

Figure 1. Effect of dietary zinc on the histological structure of the jejun
num of 0 mg/kg Zn group, (B) jejunum of 0 mg/kg Zn +0.5 mg/kg LPS gr
Zn +0.5 mg/kg LPS group. (E) Jejunum of 120 mg/kg Zn group. (F) Jejun
polysaccharide.
Effect of Zinc Supplementation on the
Jejunal Histomorphology of Pekin
Ducks Subjected to an Inflammatory
Stimulus

At d 21, in each Zn treatment group, the villus mor-
phology was intact (Figure 1 A, 1C, and 1E). In the LPS
group, the top of jejunal villi were shed and broken
(Figure 1B and 1D). However, supplementing diets with
high Zn alleviated LPS-induced histopathological
changes (Figure 1F). LPS group significantly decreased
the VH and the VCR and increased the CD (P < 0.05;
Table 3). But dietary supplementation with 120 mg/kg
Zn increased the VH and the VCR and decreased the
CD (P < 0.05). Dietary 120 mg/kg Zn supplementation
relieved LPS-induced decrease in the VCR and the
increase in the CD (Table 3).
Effect of Zinc Supplementation on the
Intestinal Digestive Enzyme Activity of Pekin
Ducks Subjected to an Inflammatory
Stimulus

As presented in Table 4, LPS group significantly
decreased the activity of maltase, AKP, and Na+-K+-
ATPase in the jejunum of Pekin ducks (P < 0.05). There
were no obvious changes (P > 0.05) in the jejunal
llenged with LPS.

effect

Zn level LPS P-value

0 30 120 - + Zn level LPS Interaction

1,170c 1192b 1,262a 1,244a 1,171b <0.001 <0.001 0.017
517b 526b 556a 569a 497b <0.001 <0.001 0.057
830 837 863 893a 793b 0.084 <0.001 0.246
1.61 1.6 1.56 1.57 1.60 0.343 0.382 0.877

/G, feed to gain ratio.
nt (P < 0.05) (n = 8).

um in Pekin ducks challenged with LPS (magnification 10 £). (A) Jeju-
oup, (C) jejunum of 30 mg/kg Zn group and (D) jejunum of 30 mg/kg
um of 120 mg/kg Zn +0.5 mg/kg LPS group. Abbreviation: LPS, lipo-



Table 3. Effect of dietary Zn on the intestinal morphology of ducks challenged with LPS.

Zinc level 0 30 120 0 30 120

SEM Main effect

Zn level LPS P-value

LPS - - - + + + 0 30 120 - + Zn level LPS Interaction

VH, um 847.11a 869.89a 900.46a 679.72c 744.69b 841.93a 13.72 763.41c 807.29b 871.19a 872.48a 755.45b <0.001 <0.001 0.037
CD, um 122.36b 121.59b 112.66c 142.57a 136.00a 119.44bc 1.81 132.46a 128.79a 116.05b 118.87b 132.67a <0.001 <0.001 0.048
VCR 6.95b 7.18b 8.02a 4.79d 5.48c 7.07b 0.18 5.87c 6.33b 7.56a 7.39a 5.78b <0.001 <0.001 0.028

Abbreviations: CD, crypt depth; VCR, villus height to crypt depth ratio; VH, villus height.
a-cMean values in a row without common superscript are significantly different (P < 0.05) (n = 8).

Table 4. Effect of dietary Zn on the activities of digestive enzyme and the content of MUC2 in jejunum mucosa of ducks challenged with
LPS.

Zinc level 0 30 120 0 30 120

SEM Main effect

Zn level LPS P-value

LPS - - - + + + 0 30 120 - + Zn level LPS Interaction

Maltase 108.12 115.56 117.23 97.31 99.75 104.64 2.361 102.72 107.65 110.93 113.64a 100.56b 0.325 0.005 0.898
AKP 116.65ab 119.91ab 129.74a 73.70d 94.45c 114.65b 3.267 95.17c 107.18b 122.20a 122.10a 94.27b <0.001 <0.001 0.016
Na+-K+-ATPase 2.6 2.46 2.8 1.69 1.88 2.36 0.071 2.14b 2.17b 2.58a 2.62a 1.97b <0.001 <0.001 0.089
MUC2 0.178 0.188 0.247 0.277 0.303 0.333 0.012 0.23b 0.25ab 0.29a 0.20b 0.30a 0.027 <0.001 0.809

Abbreviations: AKP, alkaline phosphatase; MUC2, mucin2.
a-dMean values in a row without common superscript are significantly different (P < 0.05) (n = 8).

Table 5. Effect of Zn levels on the digestive enzymes of DIECs challenged with LPS.

Zinc level TPEN CON ZINC TPEN CON ZINC SEM

Main effect

Zn level LPS P-value

LPS - - - + + + TPEN CON ZINC - + Zn level LPS Interaction

Maltase 1,2.46 1,2.93 1,4.56 1,2.43 1,2.14 1,3.44 0.47 12.45 12.54 14 13.32 12.67 0.374 0.521 0.901
AKP 47.9 53.16 52.72 34.45 35.89 46.33 1.75 41.17b 44.53b 49.59a 51.26a 38.89b 0.005 <0.001 0.072
Na+-K+-ATPase 7.67ab 8.56a 8.48a 5.28c 7.14b 8.36ab 0.28 6.48b 7.85a 8.42a 8.24a 7.09b <0.001 0.001 0.038

Abbreviation: AKP, alkaline phosphatase.
TPEN = D-Zn (Zinc deficiency, treated with 2 mmol/L zinc Chelator TPEN), Control = Zn (Adequate Zinc, basal medium), Zinc = H-Zn (High level

of Zn, supplemented with 20 mmol/L Zn), TPEN + LPS = D-Zn + 20 mg/mL LPS, LPS = A-Zn + 20 mg/mL LPS, Zinc + LPS = H-Zn + 20 mg/mL LPS.
a-cMean values in a row without common superscript are significantly different (n = 8) (P < 0.05).
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maltase activity in response to Zn supplementation in
the diet, but supplementation with 120 mg/kg Zn signif-
icantly increased (P < 0.05) the enzyme activity of jeju-
num AKP and Na+-K+-ATPase, and also increased the
content of MUC2 (P < 0.05). However, dietary
120 mg/kg Zn supplementation relieved LPS-induced
decrease in the enzyme activity of jejunum AKP and
Na+-K+-ATPase caused by LPS. To evaluate the effects
of Zn supplementation on the decrease of enzyme activ-
ity induced by LPS in vitro, we determined the enzyme
activity of maltase, AKP and Na+-K+-ATPase of
DIECs. The results showed that supplementation with
Zn significantly increased (P < 0.05) the enzyme activity
of AKP and Na+-K+-ATPase of DIECs, but no differ-
ence was observed for the enzyme activity of maltase.
Similarly, we also found that Zn supplementation in the
culture solution significantly increased the activities of
Table 6. Effect of dietary Zn on the intestinal permeability of ducks c

Zinc level 0 30 120 0 30 120

SEM MainLPS - - - + + +

FITC-D 0.118c 0.112c 0.081d 0.204a 0.167b 0.123c 0.006
D-Lactate 41.15cd 42.34cd 37.00d 62.34a 49.41b 46.34bc 1.48

Abbreviation: FITC-D, fluorescein isothiocyanate dextran.
a-dMean values in a row without common superscript are significantly differe
AKP and Na+-K+-ATPase when DIECS was challenged
by LPS (Table 5).
Effect of Zinc Supplementation on the
Intestinal Permeability of Pekin Ducks
Subjected to an Inflammatory Stimulus

As shown in Table 6, dietary 120 mg/kg Zn supple-
mentation significantly reduced LPS-induced increase in
the content of FITC-D and D-lactic acid in the serum of
Pekin ducks (P < 0.05). Then to evaluate the effects of
Zn supplementation on the increase of intestinal perme-
ability induced by LPS in vitro, we measured the TEER
value in the DIECs. As shown in Figure 2A, there was
no significant difference in TEER values in each group
before treatment (P > 0.05). But Zn treatment for 24 h
hallenged with LPS.

effect

Zn level LPS P-value

0 30 120 - + Zn level LPS Interaction

0.161a 0.139b 0.102c 0.104b 0.165a <0.001 <0.001 0.001
51.75a 45.88a 41.67b 40.17b 52.70a <0.001 <0.001 0.008

nt (P < 0.05) (n = 8).



Figure 2. Effects of zinc levels on intestinal barrier function of DIECs challenged with LPS (n = 4). (A) TEER of DIECs with different treat-
ment; (B) FITC-D of DIECs with different treatment. Bars with different letters indicate P < 0.05. TPEN = D-Zn (Zinc deficiency, treated with 2
mmol/L zinc Chelator TPEN), Control = Zn (Adequate Zinc, basal medium), Zinc = H-Zn (High level of Zn, supplemented with 20 mmol/L Zn),
TPEN +LPS = D-Zn + 20 mg/mL LPS, LPS =A-Zn + 20 mg/mL LPS, Zinc+ LPS = H-Zn + 20 mg/mL LPS. Abbreviations: DIECs, duck primary
intestinal epithelial cells; LPS, lipopolysaccharide; TEER, transepithelial electrical resistance.

Table 7. Effect of dietary Zn on the tight junction related gene expression in jejunum of ducks challenged with LPS.

Zinc level 0 30 120 0 30 120
SEM Main effect

Zn level LPS P-value

LPS - - - + + + 0 30 120 - + Zn level LPS Interaction

CLDN-1 1.00c 1.27b 1.50a 0.66d 0.80d 1.33b 0.083 0.83c 1.03b 1.41a 1.26a 0.93b <0.001 <0.001 0.046
CLDN-2 1.01 0.84 0.85 1.32 1.22 0.92 0.040 1.12a 1.04b 0.81b 0.90b 1.08a 0.001 <0.001 0.084
OCLD 1.01 1.20 1.44 0.73 0.85 1.34 0.045 0.87c 1.02b 1.39a 1.27a 0.97b <0.001 <0.001 0.163
ZO-1 1.01c 1.25b 1.67a 0.68d 1.18b 1.56c 0.052 0.84c 1.21b 1.62a 1.31a 1.14b <0.001 <0.001 0.029
ZO-2 1.00 1.06 1.11 0.93 1.04 1.02 0.028 0.97 1.05 1.07 1.06 1.00 0.291 0.264 0.846
ZO-3 1.01 1.49 1.63 0.69 1.17 1.46 0.050 0.85c 1.33b 1.55a 1.37a 1.11b <0.001 <0.001 0.208
EPCAM 1.01 1.07 1.10 0.75 0.94 0.95 0.030 0.88 1.00 1.02 1.06a 0.88b 0.068 0.002 0.594
JAM2 1.01 1.19 1.08 0.81 0.84 1.06 0.032 0.91 1.02 1.07 1.10a 0.90b 0.063 0.001 0.067
JAM3 1.00 1.11 1.10 0.89 0.98 1.07 0.031 0.95 1.05 1.09 1.07 0.98 0.187 0.148 0.831
MLCK 1.01d 0.76d 0.65d 3.95a 3.50b 2.31c 0.198 2.48a 2.13b 1.48c 0.81b 3.25a <0.001 <0.001 <0.001

Abbreviations: CLDN-1, claudin1; CLDN-2, claudin 2; EPCAM, epithelial cell adhesion molecule; JAM2, junctional adhesion molecule-2; JAM3, junc-
tional adhesion molecule-3; MLCK, myosin light-chain kinase; OCLD, occluding; ZO-1, zonula occludens-1; ZO-2, zonula occludens-2; ZO-3, zonula occlu-
dens-3.

a-dMean values in a row without common superscript are significantly different (P < 0.05) (n = 8).
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had a significant effect on the TEER of DIECs, and the
TEER value in the TPEN groups were significantly
lower than that of the control and Zn treatment groups
(P < 0.05). LPS groups significantly decreased TEER
by 4 h and 8 h (P < 0.05), and TPEN groups aggravated
LPS-induced decrease of TEER value. Whereas, Zn sup-
plementation relieved LPS-induced decrease in TEER
value of DIECs (P < 0.05). Additionally, we also discov-
ered that Zn supplementation relieved the increase in
FITC-D content of DIECs caused by LPS (P < 0.05;
Figure 2B).
Table 8. Effect of Zn levels on the tight junction related gene expressi

Zinc level TPEN CON ZINC TPEN CON ZINC SEM
Main effeLPS - - - + + +

CLDN-1 0.78c 1.01b 1.41a 0.53d 0.79c 0.87c 0.043
CLDN-2 1.36 1.00 0.72 1.7 1.45 1.1 0.053
OCLD 0.82c 1.01c 1.97a 0.81c 0.93c 1.23b 0.064
ZO-1 0.65d 1.01b 1.68a 0.48e 0.67cd 0.81c 0.06
ZO-2 0.9 1.00 0.97 1.05 1.03 1.06 0.024
ZO-3 0.79 1.01 1.26 0.63 0.76 0.85 0.038
EPCAM 0.86c 1.01b 1.26a 0.74c 0.82c 1.17a 0.032
JAM2 0.82 1.01 1.24 0.84 0.9 0.94 0.032
JAM3 0.92 1.01 1.05 0.85 0.96 0.94 0.021
MLCK 1.75d 1.01e 0.74e 5.50a 4.50b 3.44c 0.269

Abbreviations: CLDN-1, claudin1; CLDN-2, claudin 2; EPCAM, epithelial c
tional adhesion molecule-3; MLCK, myosin light-chain kinase; OCLD, occludin
dens-3.

a-eMean values in a row without common superscript are significantly differe
Effect of Zinc Supplementation on Gene and
Protein Expression of Tight Junction in
Pekin Ducks Subjected to an Inflammatory
Stimulus

As shown in Tables 7 and 8, Zn increased expression of
CLDN-1, OCLD, ZO-1, and ZO-3, and decreased expres-
sion of CLDN-2 and MLCK in Pekin duck jejunum or
DIECs (P < 0.05). In contrast, as we expected, LPS down-
regulated the mRNA levels ofCLDN-1, OCLD, ZO-1, ZO-
3, EPCAM, and JAM2 and upregulated the mRNA levels
on of DIECs challenged with LPS.

ct

Zn level LPS P-value

TPEN CON ZINC - + Zn level LPS Interaction

0.66c 0.90b 1.14a 1.07a 0.73b <0.001 <0.001 0.002
1.53a 1.23b 0.91c 1.03b 1.42a <0.001 <0.001 0.687
0.82c 0.97b 1.60a 1.27a 0.99b <0.001 <0.001 < 0.001
0.57c 0.84b 1.25a 1.11a 0.66b <0.001 <0.001 <0.001
0.97 1.01 1.02 0.96 1.05 0.685 0.074 0.586
0.71c 0.89b 1.06a 1.02a 0.75b <0.001 <0.001 0.143
0.81c 0.92b 1.21a 1.04a 0.91b <0.001 0.001 0.556
0.83b 0.95b 1.09a 1.02a 0.90b 0.001 0.023 0.052
0.89 0.99 0.99 0.92 0.99 0.062 0.065 0.828
3.63a 2.75b 2.09c 1.17b 4.48a < 0.001 < 0.001 0.012

ell adhesion molecule; JAM2, junctional adhesion molecule-2; JAM3, junc-
g; ZO-1, zonula occludens-1; ZO-2, zonula occludens-2; ZO-3, zonula occlu-

nt (P < 0.05) (n = 8).



Figure 3. Effects of zinc levels on the expression of tight junction protein of DIECs challenged with LPS (n = 4). Bars with different letters indi-
cate P < 0.05. TPEN = D-Zn (Zinc deficiency, treated with 2 mmol/L zinc Chelator TPEN), Control=Zn (Adequate Zinc, basal medium), Zinc = H-
Zn (High level of Zn, supplemented with 20 mmol/L Zn), TPEN +LPS = D-Zn + 20 mg/mL LPS, LPS = A-Zn + 20 mg/mL LPS, Zinc+ LPS = H-
Zn + 20 mg/mL LPS. Abbreviations: DIECs, duck primary intestinal epithelial cells; LPS, lipopolysaccharide.
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of CLDN-2 and MLCK in Pekin duck jejunum or DIECs
(P < 0.05). However, mRNA levels of CLDN-1 and ZO-1
with co-treatment of Zn and LPS were significantly
enhanced and mRNA levels of MLCK was significantly
decreased compared with the treatment of LPS alone (P <
0.05). To double confirm these results, protein levels of
expression ofCLDN, OCLD, and ZO-1with the treatment
of Zn in DIECs were determined by western blot as well.
As shown in Figure 3, Zn increased CLDN-1, OCLD, and
ZO-1 expression in the protein level while LPS decreased
tight junctions (P < 0.05). Similar to the results of RT-
PCR, we found that co-treatment of Zn and LPS reversed
Table 9. Effect of dietary Zn on the inflammation and the apoptosis r

Zinc level 0 30 120 0 30 120

SEM Main effectLPS - - - + + +

IL-2 1.01d 1.10d 0.96d 4.45a 3.50b 2.79c 0.219
IL-6 1.00c 1.10c 0.91c 3.54a 3.85a 2.73b 0.187
IL-8 1.00c 1.11c 1.13c 2.83a 2.23b 2.09b 0.110
IL-10 1.01c 1.21c 1.25c 2.40b 2.53b 3.38a 0.134
INF-a 1.01 1.15 1.22 1.02 0.93 1.02 0.096
INF-b 1.01 1.05 1.02 1.15 1.05 1.09 0.022
INF-g 1.01c 1.12c 1.07c 2.38a 1.91b 1.75b 0.086
TNF-a 1.01d 1.14d 0.93d 2.73a 2.43b 2.07c 0.112
TLR4 1.01c 1.03c 1.07c 4.60a 4.17a 3.43b 0.234
iNOS 1.00c 0.89c 0.73c 2.84a 2.01b 1.72b 0.113
Caspase-3 1.00d 0.98d 1.05d 4.58a 3.61b 2.87c 0.216
Caspase-8 1.00d 1.14d 1.06d 3.13a 2.50b 1.92c 0.129

Abbreviations: IL-2, interleukin 2; IL-6, interleukin 6; IL-8, interleukin 8; I
feron-g; iNOS, inducible nitric oxide synthase; TNFa, tumor necrosis factor-a;

a-dMean values in a row without common superscript are significantly differe

Table 10. Effect of Zn levels on the inflammatory response gene expre

Zinc level TPEN CON ZINC TPEN CON ZINC SEM
LPS - - - + + + Main effec

IL-2 1.38c 1.01c 0.81c 4.68a 2.75b 3.11b 0.215
IL-6 2.29 1.01 0.93 4.77 3.84 2.95 0.214
IL-8 1.36 1.00 0.94 4.03 3.23 2.96 0.186
IL-10 1.20c 1.01c 1.15c 2.58b 2.27b 3.47a 0.145
INF-g 1.67d 1.01e 0.89e 3.46a 2.89b 2.10c 0.14
TNF-a 2.15c 1.01e 0.88e 4.29a 3.12b 1.63d 0.182
iNOS 15.99b 1.01d 0.86d 20.57a 3.28c 2.08cd 1.175
TLR4 1.40c 1.01c 1.12c 4.32a 3.94a 2.81b 0.203

Abbreviations: IL-2, interleukin 2; IL-6, interleukin 6; IL-8, interleukin 8; I
thase; TNFa, tumor necrosis factor-a; TLR4, Toll-like receptor 4.

a-eMean values (n = 8) in a row without common superscript are significantly
LPS-induced decrease ofOCLD and ZO-1 at protein levels
(P < 0.05), indicating Zn promoted the synthesis of tight
junction protein.
Effect of Zinc Supplementation on the
Inflammatory Responses and Apoptosis of
Pekin Ducks Subjected to an Inflammatory
Stimulus

The impact of zinc supplementation on the inflamma-
tory responses and apoptosis are shown in Tables 9 and 10.
elated gene expression in jejunum of ducks challenged with LPS.

Zn level LPS P-value

0 30 120 - + Zn level LPS Interaction

2.73a 2.30ab 1.88b 1.02b 3.58a 0.003 <0.001 0.005
2.27a 2.48a 1.82b 1.01b 3.37a <0.001 <0.001 0.003
1.92a 1.67b 1.61b 1.08b 2.38a 0.020 <0.001 0.001
1.70b 1.87b 2.32a 1.16b 2.77a <0.001 <0.001 0.002
1.02 1.04 1.12 1.12 0.99 0.902 0.509 0.877
1.08 1.05 1.06 1.03 1.10 0.860 0.111 0.381
1.69a 1.52b 1.41b 1.07b 2.02a 0.046 <0.001 0.008
1.87a 1.78a 1.50b 1.03b 2.41a 0.001 <0.001 0.015
2.81a 2.60a 2.25b 1.04b 4.07a 0.003 <0.001 0.001
1.92a 1.45b 1.23c 0.87b 2.19a <0.001 <0.001 <0.001
2.79a 2.30b 1.96c 1.01b 3.69a <0.001 <0.001 <0.001
2.07a 1.82a 1.49b 1.07b 2.52a <0.001 <0.001 <0.001

L-10, interleukin 10; INFa, interferon-a; INFb, interferon-b; INFg, inter-
TLR4, Toll-like receptor 4.
nt (P < 0.05) (n = 8).

ssion of DIECs challenged with LPS.

Zn level LPS P-value

t TPEN CON ZINC - + Zn level LPS Interaction

3.03a 1.88b 1.96b 1.06b 3.52a <0.001 <0.001 0.001
3.53a 2.46b 1.94c 1.41b 3.86a <0.001 <0.001 0.062
2.69a 2.17b 1.92b 1.10b 3.38a <0.001 <0.001 0.062
1.89b 1.64b 2.31a 1.12b 2.78a <0.001 <0.001 0.003
2.57a 1.95b 1.50c 1.19b 2.81a <0.001 <0.001 0.001
3.22a 2.06b 1.25c 1.35b 3.01a <0.001 <0.001 <0.001
18.28a 2.14b 1.47c 5.95b 8.65a <0.001 <0.001 0.015
2.86a 2.48b 1.96c 1.18b 3.69a <0.001 <0.001 <0.001

L-10, interleukin 10; INFg, interferon-g; iNOS, inducible nitric oxide syn-

different (n = 8) (P < 0.05).



Table 11. Effect of Zn levels on the apoptosis related gene expression of DIECs challenged with LPS.

Zinc level TPEN CON ZINC TPEN CON ZINC

SEM Main effect

Zn level LPS P-value

LPS - - - + + + TPEN CON ZINC - + Zn level LPS Interaction

Caspase-3 1.58b 1.01a 0.81a 4.12a 3.02b 2.50c 0.177 2.85a 2.02b 1.65c 1.13b 3.22a <0.001 <0.001 0.007
Caspase-8 2.03 1.01 0.88 3.53 2.64 1.90 0.145 2.78a 1.83b 1.39c 1.31b 2.69a <0.001 <0.001 0.170
BAX 1.77 1.01 0.74 2.16 1.61 1.23 0.078 1.97a 1.21b 0.99b 1.17b 1.60a <0.001 <0.001 0.901
A20 0.75d 1.01c 1.56b 0.85cd 1.54b 2.01a 0.070 0.80c 1.28b 1.78a 1.10b 1.47a <0.001 <0.001 0.003
MT 0.01d 1.01d 15.59b 0.01d 6.18c 19.93a 1.177 0.01c 3.59b 17.76a 5.54b 8.71a <0.001 <0.001 <0.001
AKP 0.84c 1.03b 1.36a 0.74d 0.88c 0.90c 0.035 0.79c 0.98b 1.13a 1.08a 0.84b <0.001 <0.001 0.003

Abbreviations: AKP, alkaline phosphatase; A20, tumor necrosis factor, alpha-induced protein 3; BAX, Bcl-2 associated X protein; MT,
metallothionein.

a-dMean values (n = 8) in a row without common superscript are significantly different (n = 8) (P < 0.05).

Table 12. Effect of dietary Zn on the intestinal epithelial stem cell marker gene expression in jejunum of ducks challenged with LPS.

Zinc level 0 30 120 0 30 120

SEM Main effect

Zn level LPS P-value

LPS - - - + + + 0 30 120 - + Zn level LPS Interaction

AKP 1.01c 1.32b 1.50a 0.67d 0.96c 1.33b 0.044 0.84c 1.14b 1.42a 1.28a 0.99b <0.001 <0.001 0.042
Villin 1.01 1.02 1.22 0.70 0.78 0.87 0.031 0.85b 0.90b 1.04a 1.08a 0.78b <0.001 <0.001 0.419
MUC2 1.01d 1.52c 1.37c 2.39b 2.36b 2.76a 0.099 1.70b 1.94a 2.06a 1.30b 2.50a 0.001 <0.001 0.005
LYZ 1.01d 1.45c 1.67bc 1.96a 1.75ab 1.82ab 0.055 1.48b 1.60ab 1.74a 1.38b 1.85a 0.011 <0.001 <0.001
SOX9 1.01d 1.07d 1.30c 2.78b 2.92b 3.51a 0.150 1.89b 1.99b 2.41a 1.11b 3.07a <0.001 <0.001 0.022
Lgr5 1.00d 1.12d 1.11d 2.28a 2.08b 1.70c 0.078 1.64b 1.60b 1.41a 1.08b 2.02a 0.002 <0.001 <0.001
Bmi1 1.01c 1.11c 1.08c 4.13a 3.99a 2.74b 0.208 2.57a 2.55a 1.91b 1.07a 3.62b < 0.001 <0.001 <0.001
Dll1 1.01 1.13 1.08 3.30 3.07 3.00 0.158 2.16 2.1 2.04 1.07b 3.12a 0.646 <0.001 0.254
Tert 1.03c 1.14c 1.03c 2.23a 1.89b 1.91b 0.790 1.63 1.52 1.47 1.06b 2.01a 0.208 <0.001 0.045
b-catenin 1.00d 1.03d 1.04d 2.90a 2.41b 1.68c 0.118 1.95b 1.72b 1.36a 1.03b 2.33a <0.001 <0.001 <0.001

Abbreviations: AKP, alkaline phosphatase; Bmi1, bmi1 polycomb ring finger oncogene; DLL1, Delta-like 1; Lgr5, leucine-rich-repeat-containing G-pro-
tein-coupled receptor 5; Muc2, Mucin2; LYZ, lysozyme; Sox9, SRY-related high mobility group-box gene 9; Tert, telomerase reverse transcriptase.

a-dMean values in a row without common superscript are significantly different (P < 0.05) (n = 8).
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Zn supplementation downregulated the mRNA levels of
IL-2, IL-6, IL-8, TNF-a, iNOS, and TLR4 and upregu-
lated the mRNA levels of IL-10 in Pekin duck jejunum or
DIECs (P < 0.05). LPS increased the mRNA levels of IL-
2, IL-6, IL-8, IL-10, INF-g, TNF-a, iNOS, and TLR4 (P
< 0.05). However, mRNA levels of IL-2, TNF-a, TLR4,
and iNOS with co-treatment of Zn and LPS were signifi-
cantly decreased and mRNA level of IL-10 was signifi-
cantly increased compared with the treatment of LPS
alone (P < 0.05). Moreover, 120 mg/kg Zn significantly
reduced LPS-induced increase ofCaspase-3 andCaspase-8
mRNA levels in the jejunum of Pekin ducks (P < 0.05;
Table 9). In addition, we found that LPS increased the
mRNA levels of Caspase-3, Caspase-8, BAX, A20 and
MT in DIECs (P < 0.05). But mRNA levels of A20 and
MT with co-treatment of Zn and LPS were significantly
upregulated and mRNA levels of Caspase-3 were signifi-
cantly downregulated compared with the treatment of
LPS alone (P< 0.05; Table 11).
Figure 4. Effects of zinc levels on the phosphorylation of total target o
Bars with different letters indicate P < 0.05. TPEN = D-Zn (Zinc deficiency
Zinc, basal medium), Zinc=H-Zn (High level of Zn, supplemented with 20 m
mg/mL LPS, Zinc+ LPS = H-Zn + 20 mg/mL LPS. Abbreviations: DIECs, d
Effect of Zinc Supplementation on the
Expression of Related Genes in Intestinal
Stem Cells of in Pekin Ducks Subjected to an
Inflammatory Stimulus

Table 12 demonstrated that Zn increased expression
of AKP, villin, MUC2, LYZ, and Sox9 in Pekin duck
jejunum (P < 0.05). However, LPS down-regulated the
mRNA levels of AKP and villin and upregulated the
mRNA levels of MUC2, LYZ, Sox9, Lgr5, Bmi1, Dll1,
and Tert in Pekin duck jejunum (P < 0.05). Surpris-
ingly, Zn supplementation relieved the decrease of AKP
mRNA level and the increase of Lgr5, Bmi1, Tert, and
b-cateninmRNA levels caused by LPS (P < 0.05). Addi-
tionally, Zn supplementation also promoted the increase
of MUC2, LYZ, and Sox9 mRNA levels caused by LPS
(P < 0.05).
Importantly, Figure 4 demonstrated that LPS

decreased phosphorylated TOR expression while Zn
f rapamycin (T-TOR) protein of DIECs challenged with LPS (n = 4).
, treated with 2 mmol/L zinc Chelator TPEN), Control = Zn (Adequate
mol/L Zn), TPEN +LPS=D-Zn + 20 mg/mL LPS, LPS = A-Zn + 20
uck primary intestinal epithelial cells; LPS, lipopolysaccharide.
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significantly increased TOR expression (P < 0.05). The
results from con-treatment of Zn and LPS exhibited the
profound effect of Zn on relieving LPS-induced decrease
in protein synthesis of DIECs (P < 0.05).
DISCUSSION

As the development of poultry feeding and breeding
industry, the growth rate of poultry was faster than
three decades ago, but the requirement of trace minerals
requirement is still not updated. The current
(National Research Council, 1994) Zn recommended
level for optimal performance in duck is 60 mg Mn/kg
for 0 to 2 wk (National Research Council, 1994). It has
been clearly established that dietary nutrients includes
trace minerals of diets can affect their development and
performance in feeding period (Yang et al., 2021). Die-
tary Zn supplementation significantly increased the BW
and BWG and decreased the F/G of Pekin ducks. The
BW, BWG and FI of Pekin ducks significantly reduced
after intraperitoneal injection of LPS, consistent with
Zhang et al. (2013), observed that the growth performance
of broilers were reduced by LPS challenge. The reason
may be that immune stress can suppress the appetite of
the animal, and the limited nutrients in the animal's body
are mobilized to participate in the immune response, which
in turn leads to the reduction of animal performance. How-
ever, Zn supplementation can alleviate LPS-induced
decrease in growth performance of Pekin ducks to a certain
extent. Similar results were reported that the growth per-
formance of broilers was reduced by Salmonella infection
(Shao et al., 2014).

Intestinal morphology is directly related to the surface
area and capacity of intestinal digestion and absorption,
higher VH and lower CD enable the intestines to have a
stronger ability to digest and absorb nutrients
(Jia et al., 2010). In this study, intraperitoneal injection
of LPS significantly impaired the morphological struc-
ture of duck jejunum, significantly reduced the VCR of
Pekin ducks, increased the CD, and reduced the activity
of digestive enzymes, indicating that LPS can destroy
the morphology and structure of intestinal tissues in
Pekin ducks and injure to the digestion and absorption
function of the intestines, which leading to lower BWG
of Pekin ducks. These results are consistent with past
results of Hu et al. (2011) and Zhang et al. (2017). How-
ever, in this study, Zn supplementation in the diet has
the effect of alleviating the intestinal morphological
damage caused by LPS. The possible reason is that Zn
alleviates the apoptosis of intestinal epithelial cells in
Pekin ducks caused by LPS, maintains the integrity of
the intestinal epithelium, and does not need to mobilize
more intestinal epithelial cells for compensatory prolifer-
ation, thus showing higher VH and lower CD
(de Queiroz et al., 2014). A similar study found that Zn
supplementation improved the morphology of jejunal
villi in lactose-induced diarrhea rats (Shao et al., 2014).

AKP is distributed in the intestinal epithelium of ani-
mals. It can participate in the absorption of a variety of
nutrients. Studies have found that AKP is involved in
the expression and localization of tight junction proteins
and the regulation of intestinal permeability (Liu et al.,
2016). The Na+-K+-ATPase of intestinal epithelial cells
participates in the construction of Na+ concentration
gradient to help the coordinated absorption of amino
acids and glucose. In addition, Na+-K+-ATPase is also
involved in the assembly of intestinal tight junction pro-
teins (Rajasekaran and Rajasekaran, 2009). Studies
have found that the use of Na+-K+-ATPase inhibitors
can inhibit the Na+-K+-ATPase activity of intestinal
epithelial T84 cells (Sugi et al., 2001). In this study, Zn
supplementation can alleviate the decrease in the activ-
ity of digestive enzymes such as AKP and Na+-K+-
ATPase caused by LPS, indicating Zn promoted the
digestion and absorption of nutrients in Pekin ducks.
TEER and macromolecular permeability are impor-

tant indicators to evaluate the physical barrier function
of intestinal epithelial cells. It indicates the integrity of
the intestinal epithelial tight junctions and the integrity
of the monolayer, and the intestinal epithelial cell tight
junctions are through complete cells and cells (Lee et al.,
2018). D-lactic is a bacterial metabolite, usually only a
small amount enters the animal's body, and only when
the tight junction of the intestine is destroyed can it
bypass the cell into the animal's body (Wu et al., 2013).
Studies have shown that LPS can significantly reduce
the TEER of IPEC-J2 cell lines (Yang et al., 2015). Zn
supplementation alleviates the decrease in TEER and
the increase in FITC-D of Caco-2 cells caused by Salmo-
nella infection (Shao et al., 2017a). In this study, LPS
stress significantly increased the serum FITC-D and D-
lactic acid concentrations of Pekin ducks, lowered the
TEER value of DIECs, and reduced the physical barrier
function of Pekin ducks and DIECs. Zn supplementa-
tion can alleviate Pekin ducks and DIECs caused by
LPS, which consistent with the results of previous
studies and indicating reverses LPS-induced intestinal
barrier damage.
The integrity of the structure and function of the

intestinal physical barrier depends on the expression of
tight junction proteins. Studies have found that intra-
peritoneal injection of LPS or Zn deficiency can signifi-
cantly reduce the expression of CLDN-1, ZO-1, OCLD
mRNA in the intestine, increase the expression of
CLDN-2 mRNA, and then destroy the animal's intesti-
nal barrier function (Wang et al., 2013). In this study,
the increase in dietary Zn levels promoted the expression
of tight junction proteins CLDN-1, OCLD, ZO-1, and
ZO-3 in Pekin ducks, and alleviated the adverse effects
of LPS stress on the expression of tight junction-related
tight junctions in Pekin ducks, and reduced the expres-
sion of CLDN-2 and MLCK induced by LPS, thereby
maintaining the integrity of the tight junctions of the
intestines of Pekin ducks. The results of this experiment
are consistent with the finding that Zn can resist alco-
hol-based diets to reduce the expression of CLDN-1 and
ZO-1 in the rat intestine (Zhong et al., 2015). In addi-
tion, LPS also reduced the expression of tight junction
protein, and promoted the expression of MLCK and the
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leaky protein CLDN-2. And Zn supplementation can
alleviate this result. The same report is also seen in Zn
supplementation to alleviate the reduction of tight junc-
tion protein expression and TEER in Caco-2 cells caused
by Salmonella infection (Shao et al., 2017a). The above
results indicate that Zn supplementation can alleviate
LPS-induced the decrease in the expression of tight junc-
tion proteins in the intestine and DIECs of Pekin ducks,
and reduce the damage of LPS to the physical barrier
function of animal intestines.

LPS stress or Zn deficiency can significantly increase
the expression of intestinal inflammatory factors
(Bao et al., 2010b; Zhang et al., 2017). Inflammatory
factors can activate the ERK1/2 signaling pathway and
promote the expression of MLCK, which will reduce the
expression of tight junction proteins and destroy their
localization, increasing the permeability of intestinal epi-
thelial cells (Al-Sadi et al., 2013). Zn supplementation
can inhibit the excessive activation of the intestinal NF-
kB signaling pathway under various pathological condi-
tions, reduce the expression of proinflammatory factors,
and increase the expression of anti-inflammatory factors
(de Queiroz et al., 2014). The results of this study
showed that Zn supplementation alleviated LPS-
induced the increase in the expression of proinflamma-
tory factors such as IL-2, IL-6, IL-8, INF-g, and TNF-a
in Pekin duck jejunum and DIECs, and increased the
expression of anti-inflammatory factor IL-10. A20 is a
target gene of NF-kB, which can inhibit the excessive
activation of NF-kB signaling pathway through a nega-
tive feedback mechanism (Coornaert et al., 2009). Stud-
ies have reported that Zn can promote the expression of
A20 stimulated by PMA, and knocking out A20 will
lead to the disappearance of the inhibitory effect of Zn
on PMA-induced TNF-a and IL-1b expression
(Prasad et al., 2011). The LPS receptor TLR4 is posi-
tively regulated by NF-kB and plays an important role
in the bypass permeability of intestinal epithelial cells.
Interfering with the expression of TLR4 can block the
decrease in TEER and the enhance of macromolecular
permeability of intestinal epithelial cells caused by LPS
challenge (Guo et al., 2013). Studies have reported that
LPS stress or Zn deficiency can cause cell apoptosis by
activating Caspase-3 and Caspase-8, causing tight junc-
tion protein damage (Seth et al., 2015). In this experi-
ment, Zn supplementation can significantly reduce the
increase in the expression of TLR4 and Caspase-3
caused by LPS. These results were consistent with the
classical role of Zn in cell apoptosis (Ranaldi et al.,
2013). Animals will activate the NF-kB signaling path-
way under stress conditions and induce the synthesis of
nitric oxide synthase (inducible NO synthase, iNOS),
the product of which can destroy the intestinal barrier
function (Han et al., 2004). Studies have reported that
Zn supplementation can alleviate the expression of
iNOS and the synthesis of NO in endothelial cells
induced by inflammatory factors (Cortese-Krott et al.,
2014). Zn supplementation significantly increased the
expression of Caco-2 and MT, alleviated the oxidative
stress caused by ochratoxin and its damage to the
intestinal barrier function (Ranaldi et al., 2009). In this
study, Zn supplementation significantly reduced LPS-
induced the increase in the expression of TLR4, iNOS
and Caspase-3, and promoted the expression of MT.
The above results indicated that Zn alleviated the dam-
age of oxidative and inhibited LPS-induced the expres-
sion of proinflammatory cytokines and apoptosis-related
genes via alleviating the activation of the TLR4 signal-
ing pathway induced by LPS.
AKP enzyme activity is closely related to intestinal

digestion and absorption capacity. Studies have found
that LPS stress significantly reduces the expression level
of intestinal AKP and reduces the digestion and absorp-
tion capacity of the intestine (Zhang et al., 2013). Intes-
tinal goblet cells play an important role in the intestinal
barrier by secreting mucin. Studies have reported that
Zn supplementation can significantly increase the num-
ber of goblet cells in the mouse intestine and promote
mucin secretion (de Queiroz et al., 2014). Lysozyme
(LYZ) is an important part of the intestinal immune
barrier (Wang et al., 2016). LPS can promote the
expression of LYZ mRNA in chicken intestinal primary
intestinal epithelial cells (Bar Shira and Fried-
man, 2018). Sox9 is an essential gene for Paneth cell dif-
ferentiation. Studies have found that Zn plays an
important role in the differentiation of Paneth cells.
Knockout of the Zn transporter ZIP4 of intestinal epi-
thelial cells can affect the differentiation process of intes-
tinal epithelial cells and weaken the absorption of
intestinal cell marker molecules. Fatty acid binding pro-
tein 2 (FABP2) expression and Paneth cell marker
LYZ expression, and this process can be alleviated by
supplementing Zn (Geiser et al., 2012). The normal pro-
liferation and differentiation of intestinal stem cells are
of great significance to the intestinal health of animals.
Studies have shown that when mice are stressed, they
activate the Wnt/b-catenin signaling pathway to
increase the number of intestinal stem cells Lgr5, Bmi1,
Tert, and proliferating cells (Liu et al., 2010). In this
study, Zn supplementation can alleviate the decrease in
AKP mRNA level and the increase in Lgr5, Bmi1, Tert,
and b-catenin mRNA levels caused by LPS. In addition,
it also promotes the expression of MUC2, LYZ, and
Sox9 mRNA. The above results indicate that Zn supple-
mentation reduced LPS-induced the intestinal stem cells
mobilization by inhibiting LPS-induced the expression
of proinflammatory cytokines and apoptosis-related
genes. mTOR is involved in the regulation of protein
anabolism. Zn can promote cell proliferation, increase
tight junction protein expressions and improve barrier
function by activating the mTOR signaling pathway
(Shao et al., 2017b). In this experiment, LPS decreased
the level of phosphorylation of TOR protein, but Zn
supplementation reversed LPS-induced the decrease
of the level of phosphorylation of TOR protein via
activating the TOR signaling pathway.
In conclusion, our study demonstrates the important

role of Zn in regulating growth performance, digestive
enzyme activity, intestinal barrier function and expres-
sion of tight junction proteins. One hundred and twenty



ZINC IMPROVES INTESTINAL BARRIER DAMAGE OF DUCK 11
mg/kg Zn improves growth performance, digestive
enzyme activity and intestinal barrier function of Pekin
ducks. Importantly, 20 mmol/L Zn also reverses LPS-
induced intestinal barrier damage via enhancing the
expression of tight junction proteins and activating the
TOR signaling pathway. Based on our findings, supple-
mentation with 120 mg/kg Zn might be advantageous
for the Pekin ducks’ intestinal barrier function under
LPS Challenge.
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