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Abstract

Zinc is an essential trace element required by animal organisms, playing impor-
tant roles in various physiological activities within the body. The intestine is
both the primary site for nutrient digestion and absorption and a natural barrier
that prevents harmful substances from feed and the external environment from
invading the organism. Numerous studies have demonstrated that zinc oxide
can affect the animal intestinal barrier and promote normal intestinal function,
but there are also environmental pollution problems associated with the use
of pharmacological doses of zinc oxide. This article reviews the effects of zinc
oxide and novel zinc oxide forms (nano zinc oxide, montmorillonite-zine oxide,
coated zinc oxide, etc.) on the mechanical barrier, biological barrier, and im-
mune barrier of the intestine in weaned piglets, providing a theoretical reference
for future research on the utilization of novel zinc oxide in young livestock.
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Abstract

Zinc is an essential trace element that participates in numerous physiological
activities within the animal body. The intestine serves as the primary site for nu-
trient digestion and absorption while simultaneously acting as a natural barrier
against harmful substances from feed and the external environment. Numer-
ous studies have demonstrated that zinc oxide can influence intestinal barrier
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function and promote normal intestinal function in animals, but the use of
pharmacological doses of zinc oxide raises environmental concerns. This review
examines the effects of conventional zinc oxide and novel zinc oxide products—
including nano-zinc oxide, zinc oxide-montmorillonite hybrid (ZnO-MMT), and
coated zinc oxide—on the intestinal mechanical barrier, biological barrier, and
immune barrier of weaned piglets, providing theoretical references for future
research on the application of novel zinc oxide additives in young livestock.

Keywords: zinc oxide; novel zinc oxide; intestinal barrier; weaned piglets
Corresponding author, associate professor, E-mail: sunpeng02@caas.cn

The intestine is the primary site for nutrient digestion and absorption and serves
as a natural barrier preventing harmful substances from entering the body. The
intestinal barrier comprises three components: the mechanical barrier, biologi-
cal barrier, and immune barrier. Early weaning damages the intestinal barrier
in piglets, leading to stress responses such as diarrhea and reduced growth per-
formance [1-2]. Zinc is the second most important trace element after iron and
participates in various physiological activities including nutrient digestion and
metabolism, biological antioxidant processes, cellular and humoral immunity,
growth and development, and performance [3-4]. Zinc also plays a crucial role
in maintaining intestinal barrier function and intestinal health. Zinc supple-
mentation in animals is typically achieved by adding inorganic zinc (primarily
zinc sulfate and zinc oxide) or organic zinc compounds (amino acid chelated
zine, protein zinc, polysaccharide zinc, etc.) to the diet, with inorganic zinc
oxide being the most effective for maintaining intestinal structure and function
and alleviating piglet diarrhea [5]. However, the effective dose of zinc oxide
for diarrhea prevention is pharmacological (2,000-4,000 mg/kg), which results
in large amounts of unabsorbed zinc ions being excreted in feces, causing envi-
ronmental pollution [6-7]. China has explicitly prohibited the use of high-dose
zinc, and the newly revised Safety Standard for Feed Additives in 2017 banned
its use. In recent years, novel zinc oxide products including nano-zinc oxide,
montmorillonite-zinc oxide hybrid (ZnO-MMT), and coated zinc oxide have at-
tracted increasing attention. Investigating the effects of different zinc oxide
forms on the intestines of weaned piglets holds significant practical importance
for implementing early weaning practices.

1. Forms and Characteristics of Different Zinc Oxide Types
in Feed

Zinc oxide is a white powder that is slightly soluble in water but readily soluble
in acidic or alkaline solutions. Feed-grade zinc oxide contains 80.3% zinc, is
cost-effective, highly stable in feed, resistant to caking and degradation, and has
minimal impact on vitamin absorption, making it an economical feed additive.
Research indicates that zinc oxide only promotes piglet growth when it enters the
intestine in compound form, but as an amphoteric molecule, it is easily degraded
by gastric acid into zinc ions, necessitating high supplementation levels to exert
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growth-promoting effects.

Nano-zinc oxide is a form of zinc oxide with molecular diameters ranging from
1-100 nm. Its small particle size and large surface area confer superior an-
tibacterial properties that are positively correlated with surface area—the larger
the surface area, the stronger the antibacterial effect [8-9]. Nano-zinc oxide ex-
hibits exceptional electron transfer capability and redox properties, enhancing
its affinity for bacteria and achieving effective bactericidal action by inhibiting
enzyme activity in bacterial electron transport chains [10]. Additionally, nano-
zinc oxide has high bioavailability, reducing environmental pollution. Fang et
al. [11] reported that 300 mg/kg nano-zinc oxide and 3,000 mg/kg conventional
zinc oxide both improved average daily gain and average daily feed intake while
reducing feed-to-gain ratio.

ZnO-MMT is a composite formed using the clay mineral montmorillonite as a
carrier for zinc oxide. Montmorillonite has a three-layer sheet structure with
silicon-oxygen tetrahedra on the top and bottom and an aluminum-oxygen octa-
hedron in the middle. Due to its strong ion exchange properties, montmorillonite
has been studied as a controlled-release carrier for pharmaceutical molecules [12].
Hu et al. [13] applied ZnO-MMT prepared by the sol-gel method to weaned
piglets and found that 500 or 750 mg/kg ZnO-MMT improved intestinal mu-
cosal integrity, alleviated diarrhea, and promoted growth.

Coated zinc oxide is a formulation in which zinc oxide particles are covered with
a solid coating to reduce dissolution in the stomach, releasing zinc oxide after
entering the intestine [14]. Since coating technologies and materials are mostly
high-tech novel substances with high costs, fats are used to coat zinc oxide in
feed additives. However, this approach is limited by the low activity of fat
hydrolases in weaned piglet intestines [15]. Some products use enteric coatings
for zinc oxide, and studies have shown that lower doses of coated zinc oxide
can achieve the same efficacy as high-dose zinc oxide in alleviating diarrhea and
promoting growth.

2. Effects of Different Zinc Oxide Forms on the Intestines
of Weaned Piglets

Weaned piglet diarrhea can be classified as infectious or non-infectious, both
associated with incomplete intestinal barrier development and impaired barrier
structure and function. Therefore, investigating the mechanisms by which differ-
ent zinc oxide forms alleviate diarrhea through their effects on intestinal barrier
function is essential.

2.1 Effects on the Intestinal Mechanical Barrier

The intestinal mechanical barrier comprises the intestinal mucus layer, intesti-
nal epithelial cells, and intercellular tight junction complexes [16-17]. An intact
mechanical barrier features a thick mucus layer, low permeability between ep-
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ithelial cells, and effectively prevents dietary antigens and pathogenic microor-
ganisms from crossing the intestinal mucosa, thereby reducing inflammation and
systemic disease.

The intestinal mucus layer is a gel formed by mucins secreted from goblet cells
that combine with water and other intestinal contents. This layer exhibits
selective permeability and prevents pathogenic microbial colonization, making
it essential for isolating intestinal flora from epithelial cells [18]. Liu et al. [19]
found that 2,425 mg/kg zinc oxide increased the number of goblet cells secreting
neutral and acidic mucins (MUC) in the colon of weaned piglets while upreg-
ulating mRNA expression of glycosylated mucins 1, 2, 13, and 20, promoting
mucus layer formation and inhibiting harmful microbial contact with intestinal
epithelial cells.

Balanced proliferation and apoptosis of intestinal epithelial cells are funda-
mental to mechanical barrier function. Wang et al. [20] demonstrated that
pharmacological-dose (3,000 mg/kg) zinc oxide increased the ratio of reduced
to oxidized glutathione, improved redox status in piglet intestinal cells, reduced
oxidative stress-induced damage, inhibited epithelial cell apoptosis, and main-
tained intestinal epithelial integrity, thereby preventing intestinal dysfunction
caused by weaning. Song et al. [21] found that feeding 500 mg/kg ZnO-MMT
to weaned piglets with acetic acid-induced intestinal injury restored damaged
intestines, decreased caspase-9 and caspase-3 activity in the colon, and re-
duced epithelial cell apoptosis. Kim et al. [22] reported that 100 mg/kg lipid-
encapsulated zinc oxide significantly increased villus height-to-crypt depth ra-
tios in the ileum and goblet cell numbers in villi and crypts of the duodenum,
jejunum, and colon in weaned piglets challenged with Fscherichia coli. The
same dose of lipid-encapsulated zinc oxide could also replace high-dose zinc
oxide by increasing villus height in the jejunum and ileum and goblet cell num-
bers in small intestinal villi, mitigating the effects of E. coli K88 challenge [23].
Tian et al. [24] found that nano-zinc oxide significantly increased jejunal villus
height and villus height-to-crypt depth ratios in weaned piglets, with effects
comparable to high-dose zinc oxide. Insulin-like growth factor-I (IGF-I) is a reg-
ulatory factor that promotes cell differentiation and proliferation, and studies
have shown that oral IGF-I administration increases intestinal weight and villus
height in the jejunum and ileum of neonatal piglets [25]. Li et al. [26] found that
pharmacological-dose zinc oxide increased IGF-I and its receptor mRNA and
protein expression in the small intestinal mucosa of 4-week-old weaned piglets,
promoting epithelial cell proliferation and increasing villus height. In vitro stud-
ies show that zinc deficiency decreases zonula occludens protein-1 (ZO-1) mRNA
expression and damages the intestinal barrier [27]. Wang et al. [28] also found
that capsulated zinc oxide significantly increased IGF-I mRNA expression in
the jejunum of weaned piglets, and IGF-I, which regulates cell proliferation and
differentiation, significantly increased ZO-1 mRNA expression in the jejunum.
These results indicate that novel zinc oxide forms such as nano-zinc oxide can af-
fect the intestinal mechanical barrier at reduced doses, similar to high-dose zinc
oxide. Some studies suggest that high-dose zinc oxide maintains intestinal ep-

chinarxiv.org/items/chinaxiv-201812.00804 Machine Translation


https://chinarxiv.org/items/chinaxiv-201812.00804

ChinaRxiv [$X]

ithelial integrity by activating extracellular signal-regulated kinases (ERK) and
inhibiting p38 mitogen-activated protein kinases (p38) and c-jun N-terminal
kinases (JNK) in 21-day-old piglets, thereby regulating transforming growth
factor- 1 (TGF- 1) signaling pathways involved in cell growth and differentia-
tion, promoting digestion and absorption, and reducing diarrhea [29]. Song et
al. [21] found that ZnO-MMT can activate ERK1/2 and protein kinase B (Akt)
in intestinal mucosa, affecting their signaling pathways to improve intestinal
barrier repair and reduce diarrhea.

Intestinal epithelial tight junction complexes consist of two major families: tight
junction proteins (Occludin, Claudin) and zonula occludens proteins (ZO). Tight
junctions allow water and small water-soluble molecules to pass while blocking
large molecules, preventing epithelial cell translocation [30]. Roselli et al. [31]
added enterotoxigenic E. coli (ETEC) to cultured human intestinal Caco-2 cells
and observed decreased tight junction protein expression and cell damage; zinc
oxide supplementation inhibited ETEC adhesion and internalization without
reducing bacterial numbers and increased tight junction protein expression, pro-
tecting intestinal cells. In vivo studies show that high-dose zinc oxide increases
Occludin and ZO-1 mRNA and protein expression in ileal mucosa, reduces in-
testinal permeability, and effectively decreases plasma D-lactate content and di-
amine oxidase (DAO) activity [32-33]. Novel zinc oxide forms such as nano-zinc
oxide similarly increase mRNA expression of intestinal epithelial tight junction
complexes in weaned piglets [21,24,27]. DAO is a highly active intracellular
enzyme present in small intestinal villi and serves as an important indicator of
mechanical barrier integrity and damage. D-lactate is a bacterial fermentation
metabolite not normally present in mammalian tissues, which lack efficient en-
zymatic systems for its rapid degradation. Under normal conditions, D-lactate
cannot enter the bloodstream, but when intestinal mucosa is damaged and per-
meability increases, large amounts of D-lactate produced by intestinal bacteria
can cross the damaged mucosa into the blood, making plasma D-lactate content
a timely indicator of mucosal damage and permeability changes [34]. Therefore,
both DAO and D-lactate are indicators of intestinal mucosal permeability. Yang
et al. [35] found that 300 mg/kg nano-zinc oxide significantly reduced plasma
D-lactate content and DAO activity in weaned piglets, with effects on reducing
intestinal barrier permeability comparable to high-dose (3,000 mg/kg) conven-
tional zinc oxide. Long et al. [36] reported that compared with a control group
(no zinc supplementation), 500 mg/kg nano-zinc oxide and high-dose zinc oxide
both significantly reduced serum DAO activity in weaned piglets, effectively de-
creasing intestinal permeability and demonstrating that this dose of nano-zinc
oxide can completely replace high-dose zinc oxide for alleviating diarrhea in
weaned piglets.

2.2 Effects on the Intestinal Immune Barrier

The intestinal immune barrier comprises gut-associated lymphoid tissue, mesen-
teric lymph nodes, and secretory immunoglobulin A (sIgA). Intestinal mucosal
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immunity is an innate protective mechanism formed through long-term evolu-
tionary combat against pathogens, capable of capturing, presenting, and process-
ing endotoxins and bacteria entering the intestinal mucosa to reduce damage to
the body [37].

When the intestinal barrier is stimulated by antigens, immune cells secrete cy-
tokines that mediate immune responses and inflammatory reactions, triggering
local immune reactions and producing various cytokines including interleukins,
tumor necrosis factors, and interferons. Interleukin-6 (IL-6), interleukin-10
(IL-10), transforming growth factor- (TGF-), tumor necrosis factor- (TNF-
), and interferon- (IFN- ) are pro-inflammatory cytokines secreted by immune
cells that promote immune responses, immune cell growth, and inflammatory
reactions. Among these, IL-6, TNF-, and IFN- are pro-inflammatory cy-
tokines that damage the intestinal tract, whereas IL-10 and TGF- are anti-
inflammatory cytokines. Cai et al. [38] found that lipopolysaccharide (LPS)
stimulation of cultured porcine intestinal epithelial cells significantly increased
TNF- secretion without affecting IL-10 secretion; zinc oxide supplementation
effectively inhibited TNF- secretion and promoted IL-10 secretion, with both
high-concentration short-term and low-concentration long-term treatments be-
ing effective. Zinc oxide exhibited dose-dependent effects on IL-10 secretion from
intestinal epithelial cells, with higher concentrations increasing IL-10 secretion
to exert anti-inflammatory effects and enhance intestinal anti-inflammatory ca-
pacity. Lii [39] found that 2,250 mg/kg zinc oxide significantly decreased mRNA
expression of pro-inflammatory cytokines IL-1 and IFN- while increasing ex-
pression of the anti-inflammatory cytokine TGF- in jejunal mucosa of weaned
piglets, reducing intestinal inflammation and improving intestinal health. Pro-
inflammatory cytokine secretion is regulated by the transcription factor nu-
clear factor kappa enhancer binding protein (NF- B). After Toll-like receptor
4 (TLR4) pattern recognition molecules on cell surfaces bind LPS, downstream
signaling molecules such as myeloid differentiation factor 88 (MyD88) are acti-
vated, thereby activating NF- B and promoting pro-inflammatory cytokine secre-
tion. Hu et al. [40] found that dietary supplementation with 600 or 900 mg/kg
zeolite-zinc oxide (Z-ZnO) reduced TNF- and IFN- mRNA expression while
increasing TGF- 1 and IL-10 mRNA expression in jejunal mucosa of weaned
piglets. Shen et al. [41] reported that 570 mg/kg coated zinc oxide signifi-
cantly decreased mRNA expression of pro-inflammatory cytokines TNF- and
IL-6 while increasing expression of anti-inflammatory cytokines TGF- 1 and IL-
10 in piglet jejunum. Additionally, 500 mg/kg ZnO-MMT also reduced TNF- ,
IL-6, and IFN- mRNA expression in jejunal mucosa [42].

Chemokines are another type of cytokine secreted by immune cells that
guide neutrophils and other immune cells to damaged sites, causing immune
cell infiltration and inflammatory reactions. Sargeant et al. [43] found
that pharmacological-dose zinc oxide reduced expression of inflammatory
chemokines including growth-regulated oncogene (CXCL)2, CXCL6, CCL19,
and CXCL13, as well as other inflammation-related immune molecules such as
secreted phosphoprotein 1 (SPP1) in the intestines of weaned piglets challenged
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with E. coli K83. Mast cells (the intestinal mucosal equivalent of basophils)
are abundant immune cells in the intestinal mucosa that release histamine
and other cytokines, increasing intestinal vascular permeability and triggering
inflammatory reactions. Mast cell proliferation and maturation in the intestine
are influenced by stem cell factor (SCF). Ou et al. [44] found that feeding
28-day-old weaned piglets diets supplemented with 100 and 3,000 mg/kg zinc
oxide significantly reduced diarrhea rates in the high-dose group, decreased
SCF mRNA expression in the jejunum, increased histamine concentrations in
duodenal and jejunal epithelial cells, and reduced mast cell numbers in the
duodenum, jejunum, and ileum. High-dose zinc oxide inhibited SCF expression
in the small intestine, reducing mast cell numbers and histamine concentrations
in the small intestinal mucosa and submucosa, thereby decreasing piglet
diarrhea rates. slgA is an antibody secreted by intestinal immune cells that
neutralizes antigens, prevents viral infection, and provides anti-allergic effects
in the intestine, representing an essential component of intestinal adaptive
immunity [45]. Yue [46] found that high dietary protein caused diarrhea in
weaned piglets with significantly increased serum IL-1 and IL-6 levels, while
3,000 mg/kg zinc oxide significantly or extremely significantly reduced serum
IL-1 and IL-6 levels and extremely significantly increased sIgA content in
jejunal and ileal mucosa. These findings indicate that pharmacological-dose
zinc oxide in high-protein diets can inhibit pro-inflammatory cytokine secretion,
promote sIgA secretion, and alleviate nutritional diarrhea in weaned piglets.
Limited literature exists on the effects of novel zinc oxide forms on intestinal
sIgA secretion, with only Shen et al. [41] and Wang [47] reporting that low-dose
coated zinc oxide can promote sIgA secretion.

2.3 Effects on the Intestinal Biological Barrier

The intestinal walls of healthy animals harbor large populations of anaerobic or
facultative anaerobic beneficial bacteria that constitute the intestinal biological
barrier. These beneficial bacteria secrete various enzymes that degrade sub-
stances unavailable to the animal into utilizable nutrients. Additionally, they
inhibit pathogenic microbial colonization and growth by competing for adhesion
sites, secreting lactic acid to reduce intestinal pH, and competing for essential
nutrients. Since zinc oxide reduces diarrhea rates in piglets, and diarrhea may
be caused by infectious pathogens such as F. coli, many researchers hypoth-
esized that zinc oxide reduces pathogenic microorganisms in the intestine to
decrease diarrhea. Zinc oxide can alter the composition of intestinal microbiota
in weaned piglets, with bacterial richness in the ileum increasing with higher
zine oxide supplementation, along with increased E. coli numbers [48]. Starke
et al. [49] found that 2,425 mg/kg dietary zinc oxide significantly increased bac-
terial diversity in the small intestine of weaned piglets while decreasing Lacto-
bacillus diversity and increasing Clostridium and E. coli diversity. Yu et al. [50]
used 16S rRNA high-throughput sequencing to analyze microbial diversity in
the ileum and colon of weaned piglets, finding that pharmacological-dose zinc
oxide increased diversity of five phyla in the ileum (Spirochaetes, Tenericutes,
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Euryarchaeota, Verrucomicrobia, and TM7) while decreasing diversity in the
colon. Research results on zinc oxide effects on intestinal microbiota show some
discrepancies. For example, Li et al. [26] found that 3,000 mg/kg zinc oxide
had no significant effect on E. coli, Lactobacillus, or Clostridium numbers in
ileal contents and feces of 21-day-old weaned piglets. Conversely, other studies
showed that high-dose zinc oxide not only failed to affect F. coli numbers but ac-
tually reduced the dominant Lactobacillus populations [51-52]. Vahjen et al. [53]
found that 3,042 mg/kg zinc oxide altered microbial diversity in the ileum of 28-
day-old weaned piglets, with Lactobacillus remaining the dominant population
but increased relative abundance of Weissella, Streptococcus, and Leuconostoc,
and decreased relative abundance of anaerobic bacteria such as Sarcina. These
findings indicate that zinc oxide does not reduce but rather increases numbers
of diarrheal pathogens such as F. coli, contradicting the initial hypothesis. Sub-
sequent research revealed that zinc oxide reduces piglet diarrhea by inhibiting
pathogenic microbial colonization rather than reducing bacterial numbers. In
vitro antibacterial tests showed that nano-zinc oxide has stronger antibacterial
activity than conventional zinc oxide, with antibacterial rates against E. coli
reaching 97.9% and 52.9% at 5% concentration for nano-zinc oxide and con-
ventional zinc oxide, respectively, and against Staphylococcus aureus reaching
98.8% and 68.3%, respectively. Nano-zinc oxide exhibited greater inhibition
against S. aureus than E. coli [54]. Nano-zinc oxide demonstrates excellent an-
tibacterial effects not only in vitro but also in animal feeding trials, significantly
reducing Clostridium and FE. coli numbers in small intestinal and colonic con-
tents while increasing microbial relative abundance in ileal and cecal digesta
[10,55]. Han [56] found that dietary supplementation with 500 mg/kg nano-zinc
oxide reduced diarrhea rates in weaned piglets and increased ileal microbial
diversity, with significant increases in Lachnospiraceae, Lactobacillaceae, Veil-
lonellaceae, and Coriobacteriaceae within Firmicutes and a significant decrease
in Enterobacteriaceae within Proteobacteria. Although colonic microbial diver-
sity remained unchanged, the proportion of beneficial bacteria increased while
pathogenic bacteria decreased. Hu et al. [42] found that Z-ZnO significantly
reduced Clostridium and E. coli numbers in the small intestine of 28-day-old
weaned piglets. In summary, novel zinc oxide products also influence the intesti-
nal biological barrier.

3. Conclusion

Zinc oxide improves intestinal health and reduces diarrhea incidence in piglets
caused by weaning stress by promoting and maintaining the development and
integrity of intestinal epithelial cells, the mucus layer, and intercellular tight
junction proteins; influencing the intestinal immune barrier through modula-
tion of inflammatory and anti-inflammatory cytokine secretion and lympho-
cyte proliferation and immunoglobulin secretion; and promoting the growth
of dominant bacterial populations while inhibiting pathogenic microbial colo-
nization to establish a mature intestinal biological barrier (Table 1). However,
pharmacological-dose zinc oxide causes environmental pollution due to its high
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usage levels and has been prohibited in China under the newly revised Safety
Standard for Feed Additives. Novel zinc oxide products achieve intestinal health
improvement and diarrhea alleviation in weaned piglets at reduced supplemen-
tation doses. Therefore, developing more environmentally friendly novel zinc
oxide additives and elucidating their mechanisms of action in promoting animal
health and alleviating diarrhea will be important research directions in future
livestock production.

Effects of different forms of zinc oxide on intestinal barrier of weaned piglets

References

[1] POHL C S, MEDLAND J E, MACKEY E, et al. Early weaning stress induces
chronic functional diarrhea, intestinal barrier defects, and increased mast cell
activity in a porcine model of early life adversity[J]. Neurogastroenterology &
Motility, 2017, 29(11), doi:10.1111/nmo.13118.

(2] ez, Bk, ERIDFHEERBEINENATERE [J]. FRIW, 2013, 34(24): 1-6.

[3] BONAVENTURA P, BENEDETTI G, ALBAREDE F, et al. Zinc and its role
in immunity and inflammation[J]. Autoimmunity Reviews, 2015, 14(4): 277-285.
[4] FE%, KM, KRN SNEFEBERRESRLESHNNA [J]. LAREHREE, 2015,
36(9): 82-83.

[5] ERER. ERFFETLTHEFSEUFNNBATHE [J]. BIEHRF (B58), 2016,
36(5): 7-11.

[6) CARTER S, WESTERMAN P, VAN KEMPEN T, et al. Estimation of

manure nutrient excretion from swine based upon diet composition and feed

intake[J]. The Journal of Animal Science, 2002, 80(Suppl. 1): 137.

[7] POULSEN H D. Zinc oxide for weanling piglets[J]. Acta Agriculturae Scan-
dinavica, Section A-Animal Sciences, 1995, 45(3): 159-167.

8] =%, 5%, IUE ARALSBREBRAERE [J]. FEEKRE, 2015, 51(20):
76-80.

[9] YAMAMOTO O. Influence of particle size on the antibacterial activity of
zinc oxide[J]. International Journal of Inorganic Materials, 2001, 3(7): 643-646.

[10] #J6M, $ARAT, RIB, %, SKENHMETDFRER, 5, HEMENNBEBEEM
[J]. sRE &S, 2012, 48(21): 43-46.

[11] 5585, SBERRE, BHIN, . RRISRNURFEE KIS L Em (1) hEms,
2004(4): 20-22.

[12] JOSHI G V, PATEL H A, KEVADIYA B D, et al. Montmorillonite inter-
calated with vitamin B1 as drug carrier[J]. Applied Clay Science, 2009, 45(4):
248-253.

chinarxiv.org/items/chinaxiv-201812.00804 Machine Translation


https://chinarxiv.org/items/chinaxiv-201812.00804

ChinaRxiv [$X]

[13] HU C H, SONG J, YOU Z T, et al. Zinc oxide-montmorillonite hybrid
influences diarrhea, intestinal mucosal integrity, and digestive enzyme activity
in weaned pigs[J]. Biological Trace Element Research, 2012, 149(2): 190-196.

(14] ER, A&, FE, F SESUHEIMIEERIRRE S IINFEEREENTM [J].
RESBEREE, 2011, 47(23): 54-58.

[15] B3EK, 3, DUROSOY S. Sss{~= Qe [J]. meTi, 2012, 33(3):
17-20.

[16] %3, %15, Dioth, %. EIHENMREEEORE [J]. 7%, 2015(6): 89-90.

[17] PETERSON L W, ARTIS D. Intestinal epithelial cells: regulators of barrier
function and immune homeostasis[J]. Nature Reviews Immunology, 2014, 14(3):
141-153.

[18] BIRCHENOUGH G M, JOHANSSON M E, GUSTAFSSON J K, et al. New
developments in goblet cell mucus secretion and function[J]. Mucosal Immunol-
ogy, 2015, 8(4): 712-719.

[19] LIU P, PIEPER R, RIEGER J, et al. Effect of dietary zinc oxide on mor-
phological characteristics, mucin composition and gene expression in the colon
of weaned piglets[J]. PLoS One, 2014, 9(3): €91091.

[20] WANG X Q, OU D Y, YIN J D, et al. Proteomic analysis reveals altered
expression of proteins related to glutathione metabolism and apoptosis in the
small intestine of zinc oxide-supplemented piglets[J]. Amino acids, 2009, 37(1):
209-218.

[21] SONG Z H, KE Y L, XTAO K, et al. Diosmectite-zinc oxide composite
improves intestinal barrier restoration and modulates TGF- 1, ERK1/2, and
Akt in piglets after acetic acid challenge[J]. Journal of Animal Science, 2015,
93(4): 1599-1607.

[22] KIM S J, KWON CHANG H, PARK B C, et al. Effects of a lipid-
encapsulated zinc oxide dietary supplement, on growth parameters and
intestinal morphology in weanling pigs artificially infected with enterotoxigenic
FEscherichia coli[J]. Journal of Animal Science and Technology, 2015, 57: 4.

[23] KWON C H, LEE C Y, HAN S J, et al. Effects of dietary supplementation of
lipid-encapsulated zinc oxide on colibacillosis, growth and intestinal morphology
in weaned piglets challenged with enterotoxigenic Escherichia coli[J]. Animal
Science Journal, 2014, 85(8): 805-813.

[24] TIAN X, LAT W Q, HAN M M, et al. Dietary ZnO nanoparticles alters in-
testinal microbiota and inflammation response in weaned piglets[J]. Oncotarget,
2017, 8(39): 64878-64891.

[25] BURRIN D G, WESTER T J, DAVIS T A, et al. Orally administered IGF-I
increases intestinal mucosal growth in formula-fed neonatal pigs[J]. American
Journal of Physiology, 1996, 270(5 Pt 2): R1085-R1091.

chinarxiv.org/items/chinaxiv-201812.00804 Machine Translation


https://chinarxiv.org/items/chinaxiv-201812.00804

ChinaRxiv [$X]

[26] LI X L, YIN J D, LI D F, et al. Dietary supplementation with zinc oxide
increases IGF- and IGF- receptor gene expression in the small intestine of
weanling piglets[J]. The Journal of Nutrition, 2006, 136(7): 1786-1791.

[27] FINAMORE A, MASSIMI M, DEVIRGILIIS L C, et al. Zinc deficiency
induces membrane barrier damage and increases neutrophil transmigration in
Caco-2 cells[J]. The Journal of Nutrition, 2008, 138(9): 1664-1670.

[28] WANG C, XIE P, LIU L L, et al. Use of lower level of capsulated zinc oxide
as an alternative to pharmacological dose of zinc oxide for weaned piglets[J].
Asian Journal of Animal and Veterinary Advances, 2012, 7(12): 1290-1300.

[29] SONG Z H, XTAO K, KE Y L, et al. Zinc oxide influences mitogen-activated
protein kinase and TGF- 1 signaling pathways, and enhances intestinal barrier
integrity in weaned pigs[J]. Innate Immunity, 2015, 21(4): 341-348.

[30] ZHANG Z W, QIN H L. The study of the molecular structure and function
of intestinal epithelial tight junction proteins[J]. Parenteral & Enteral Nutrition,
2005, 12(6): 367-369.

[31] ROSELLI M, FINAMORE A, GARAGUSO 1, et al. Zinc oxide protects cul-
tured enterocytes from the damage induced by Escherichia coli[J]. The Journal
of Nutrition, 2003, 133(12): 4077-4082.

[32] ZHANG B K, GUO Y M. Supplemental zinc reduced intestinal permeabil-
ity by enhancing occludin and zonula occludens protein-1 (ZO-1) expression in
weaning piglets[J]. British Journal of Nutrition, 2009, 102(5): 687-693.

[33] BB, XUET, BRI, %, B EHR PG SNTRSEEENRM [J]. IS
4B (RASEHRSIR), 2009, 35(2): 209-214.

[34] El, &8 D-IESHERMIAE [J]. RERASBESRE, 2006, 5(4): 423-424.

35] HBE, HXK, A8, %. FESREREKERIRDEEEE0TN [J]. hEEREEE,
2016, 32(12): 225-226.

[36] LONG L N, CHEN J S, ZHANG Y G, et al. Comparison of porous and
nano zinc oxide for replacing high-dose dietary regular zinc oxide in weaning
piglets[J]. PLoS One, 2017, 12(8): e0182550.

[37] 248, BB, FHEREREHERGOATHE [J]. M RERSEERE, 2008, 33(1): 9-
11.

[38] EEX, BRE, @A, % A LPS QR R AR EME T REERE
g [J). chEREHRAS, 2011, 47(23): 47-50.

[39] B, BB FREESHAEMmERENTME [D]. MR M ERRLAE,
2016.

[40] HU C H, XIAO K, SONG J, et al. Effects of zinc oxide supported on
zeolite on growth performance, intestinal microflora and permeability, and cy-

tokines expression of weaned pigs[J]. Animal Feed Science and Technology, 2013,
181(1/2/3/4): 65-71.

chinarxiv.org/items/chinaxiv-201812.00804 Machine Translation


https://chinarxiv.org/items/chinaxiv-201812.00804

ChinaRxiv [$X]

[41] SHEN J H, CHEN Y, WANG Z S, et al. Coated zinc oxide improves in-
testinal immunity function and regulates microbiota composition in weaned
piglets[J]. British Journal of Nutrition, 2014, 111(12): 2123-2134.

[42] HU C H, SONG J, LI Y L, et al. Diosmectite-zinc oxide composite improves
intestinal barrier function, modulates expression of pro-inflammatory cytokines
and tight junction protein in early weaned pigs[J]. British Journal of Nutrition,
2013, 110(4): 681-688.

[43] SARGEANT H R, MCDOWALL K J, MILLER H M, et al. Dietary zinc ox-
ide affects the expression of genes associated with inflammation: transcriptome
analysis in piglets challenged with ETEC K88|[J]. Veterinary Immunology and
Immunopathology, 2010, 137(1/2): 120-129.

[44 OUDY,LIDF, CAO Y H, et al. Dietary supplementation with zinc oxide
decreases expression of the stem cell factor in the small intestine of weanling
pigs[J]. The Journal of Nutritional Biochemistry, 2007, 18(12): 820-826.

[45] Ziat. BEHER SIgA REREWHTHER [J]. AS5HFREFaRE, 1997(S2): 38-
41.

[46] EXWE. FEE KT EARTFINE SR SR (P P M. oL R AT S R 6
g [D]. ME2es. BR: mIRIEAS, 2008.

[47) E#8. BEENSHBFEEKHRRIIZHSR [D]. 208 MM IASE, 2013.

[48] PIEPER R, VAHJEN W, NEUMANN K, et al. Dose-dependent effects of
dietary zinc oxide on bacterial communities and metabolic profiles in the ileum
of weaned pigs[J]. Journal of Animal Physiology and Animal Nutrition, 2012,
96(5): 825-833.

[49] STARKE I C, PIEPER R, NEUMANN K, et al. The impact of high dietary
zinc oxide on the development of the intestinal microbiota in weaned piglets|J].
FEMS Microbiology Ecology, 2014, 87(2): 416-427.

[50] YU T, ZHU C, CHEN S C, et al. Dietary high zinc oxide modulates the
microbiome of ileum and colon in weaned piglets[J]. Frontiers in Microbiology,
2017, 8: 825.

[51] HOJBERG O, CANIBE N, POULSEN H D, et al. Influence of dietary zinc
oxide and copper sulfate on the gastrointestinal ecosystem in newly weaned
piglets[J]. Applied and Environmental Microbiology, 2005, 71(5): 2267-2277.

[52] BROOM L J, MILLER H M, KERR K G, et al. Effects of zinc oxide and
Enterococcus faecium SF68 dietary supplementation on the performance, intesti-
nal microbiota and immune status of weaned piglets[J]. Research in Veterinary
Science, 2006, 80(1): 45-54.

[63] VAHJEN W, PIEPER R, ZENTEK J. Increased dietary zinc oxide changes
the bacterial core and enterobacterial composition in the ileum of piglets[J].
Journal of Animal Science, 2011, 89(8): 2430-2439.

chinarxiv.org/items/chinaxiv-201812.00804 Machine Translation


https://chinarxiv.org/items/chinaxiv-201812.00804

ChinaRxiv [$X]

[54] EAR, WRAE, Fifh, B MRENHSEEANHIEMEESHA [J]. M-I, 2007,
28(24): 34-37.

[55] EF. TRSFRBEHDFERSNENHR D] BLPMiex. t5: PERLKZ,
2017.

[56] #85. SKENFEMITHTHPERRTERMERBZNFM D). MEPMEX. L= +
ERIKZE, 2017.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-201812.00804 Machine Translation


https://chinarxiv.org/items/chinaxiv-201812.00804

	Postprint: Effects of Different Forms of Zinc Oxide on Intestinal Health in Weaned Piglets
	Abstract
	Full Text
	Effects of Different Forms of Zinc Oxide on Intestinal Health in Weaned Piglets
	Abstract

	1. Forms and Characteristics of Different Zinc Oxide Types in Feed
	2. Effects of Different Zinc Oxide Forms on the Intestines of Weaned Piglets
	2.1 Effects on the Intestinal Mechanical Barrier
	2.2 Effects on the Intestinal Immune Barrier
	2.3 Effects on the Intestinal Biological Barrier

	3. Conclusion
	References


