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ARTICLE INFO ABSTRACT
Arfidf—’ history: Effects of zinc oxide supported on zeolite (Z-ZnO) on growth performance, intestinal
Received 16 October 2012 microflora and permeability, and cytokines expression of weaned pigs were investigated.
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Accepted 14 February 2013 A total of 210 piglets, with an average weight of 6.12 +0.22 kg weaned at 21+1d age,

were randomly allotted to five groups for two weeks. The five treatments were the con-
trol (basal diet), and the basal diet supplemented with 300, 600 or 900 mg Zn/kg from
Z-Zn0 or 2250 mg Zn/kg from ZnO. The results showed that incremental levels of Z-ZnO

gfg:vg):ﬁjse supported on zeolite increased average daily gain (linear P=0.001; quadratic P=0.004), daily feed intake (lin-
Intestinal microflora ear P=0.006; quadratic P=0.019) and jejunal transepithelial electrical resistance (linear
Intestinal permeability P=0.007; quadratic P=0.021), and decreased the postweaning scour scores (linear P<0.001;
Cytokines quadratic P<0.001), mucosal-to-serosal flux of fluorescein isothiocyanate dextran 4kDa
Weaned pigs (linear P<0.001; quadratic P<0.001), the viable counts of Clostridium and Escherichia coli in

small intestinal contents (linear P<0.001; quadratic P<0.001). At 7 days after weaning, on
d 7 postweaning, as Z-ZnO inclusion increased, the mRNA levels of TNF-a and IFN-vy in
jejunal mucosa were decreased linearly (P<0.001 and P=0.001) and quadratically (P<0.001
and P=0.001), and those of TGF-31 and IL-10 were increased linearly (P=0.002 and P=0.010)
and quadratically (P=0.009 and P=0.028). Supplementation with 600 or 900 mg Zn/kg from
Z-Zn0 was as efficacious as 2250 mg Zn/kg from ZnO in enhancing growth performance,
alleviating postweaning diarrhea, improving intestinal microflora and barrier function of
weaned pigs. The results indicated that Z-ZnO could be used as a substitute for pharmaco-
logical addition of ZnO in weanling pigs.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Zinc has been reported to have many biological functions, such as anti-inflammation, anti-diarrhea and maintaining
epithelial barrier integrity (Roselli et al., 2003; Patel et al., 2010). In particular, zinc oxide (ZnO) appears to have a strong pro-
tective effect in resisting intestinal diseases (Roselli et al., 2003; Patel et al., 2010). The amounts of ZnO used in these studies
greatly exceeded physiological requirements (Roselli et al., 2003). Feeding pharmacological level of Zn (2000-4000 mg/kg of
Zn as Zn0) to weaned pigs is widely used in the pig industry worldwide due to its proven effects on alleviating post-weaning

Abbreviations: ADFI, average daily feed intake; ADG, average daily gain; FBW, final BW; FD4, fluorescein isothiocyanate dextran 4 kDa; IBW, initial BW;
SEM, standard error of the mean; TER, transepithelial electrical resistance; ZnO, zinc oxide; Z-ZnO, zinc oxide supported on zeolite.
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Table 1
Composition of the basal diet (as fed basis).

Ingredients (g/kg)

Maize 564
Soybean meal, crude protein 466 g/kg 295
Fish meal, crude protein 615 g/kg 50
Dried whey, crude protein 124 g/kg 45
Soybean oil 15
Dicalcium phosphate 11.5
Limestone 5
Sodium chloride 3
L-Lysine HCI, 775 g/kg 1
pL-Methionine, 992 g/kg 0.5
Vitamin-mineral premix? 10

Composition (analyzed except for digestible energy)

Digestible energy® (M]/kg) 14.34
Crude protein (g/kg) 225.1
Lysine 14.0
Methionine 39
Calcium 8.9
Total phosphorus 7.2
Zn (mg/kg) 126.2

a Supplied per kilogram of diet: Vitamin A, 5000 IU; Vitamin D3, 400 IU; Vitamin E, 301U; riboflavin, 5.0 mg; Vitamin B4, 0.03 mg; pyridoxine, 3.0 mg;
Vitamin ks, 1.0 mg; biotin, 0.10 mg; thiamine, 2.0 mg; niacin, 30 mg; pantothenic acid, 20 mg; folic acid, 0.6 mg; choline, 800 mg; Zn (ZnSO4), 100 mg; Fe
(FeS0y4), 125 mg; Cu (CuS0O4-5H,0), 16 mg; Mn (MnS04-H,0), 15 mg; 1 (KI), 0.2 mg; Se (Na,Se0s), 0.3 mg.

b Digestible energy was calculated from data provide by Feed Database in China (2011).

diarrhea and improving performance (Hahn and Baker, 1993; Ou et al., 2007; Zhang and Guo, 2009). However, the strategy
is criticized because high levels of zinc are excreted into the environment and posed an environmental problem (Poulsen
and Larsen, 1995; Carlson et al., 2004).

Zeolite, a typical porous mineral, has special advantages such as high surface area, high ion-exchange and adsorption
capacities (Aguzzi et al., 2007). In recent years, it has been reported that zeolite could be used as a controlled-release carrier
for bioactive molecule, drug and nutrients (Wheatley et al., 2006; Monte et al.,2009; Rahimi et al.,2012). Zinc oxide supported
on zeolite (Z-ZnO) with novel physicochemical properties has recently been synthesized. Although there are some reports
regarding the industrial uses of Z-ZnO (Sanatgar-Delshade et al., 2011; Hrenovic et al., 2012; Khatamian et al., 2012), there
is no data on the biological effects of Z-ZnO. Controlling the release of ZnO in the gastrointestinal tract may improve its
effectiveness (Kim et al., 2012). We hypothesized that zeolite may have controlled-release characteristic for ZnO, and Z-ZnO
may be a potential substitute for pharmacological addition of ZnO in alleviating postweaning diarrhea of piglets. Therefore,
the objective of this experiment was to determine whether feeding lower concentrations of Zn from Z-ZnO to weaned pigs
would alleviate postweaning diarrhea and improve intestinal barrier function comparable to feeding pharmacological levels
ofZn (2250 mg Zn/kg from ZnO). In this study, the effects of Z-ZnO on growth performance, intestinal microflora and cytokines
expression of weaned pigs were investigated. The intestinal epithelial permeability was assessed by transepithelial electrical
resistance (TER) and paracellular flux of fluorescein isothiocyanate dextran 4 kDa (FD4) by Ussing chamber technique.

2. Materials and methods
2.1. Materials

Zinc oxide supported on zeolite was synthesized using a hydrothermal method (Hrenovic et al., 2012). The raw zeolite
was washed with double-distilled water and then dried at 50 °C for 24 h. Zinc acetate dehydrate was dissolved in double-
distilled water, and then zeolite was added under stirring at room temperature. After 12 h stirring, aqueous solution of
NaOH (5 mol/L) was slowly added dropwise to the solution under stirring until the pH of the solution reached a value of
13. The formed white precipitates were refluxed at 95 °C for 120 min. The precipitate was centrifuged and washed twice
with double-distilled water and dried at 50 °C. The Zn concentration in Z-ZnO was found to be 28% on the basis of atomic
absorption spectral analysis.

2.2. Experimental design and sample collection

All procedures were approved by the Institutional Animal Care and Use Committee of Zhejiang University. A total of 210
piglets (Duroc x Landrace x Yorkshire), with an average weight of 6.12 +0.22 kg weaned at 214 1d age, were allotted to
five treatments. Each treatment had six pens of seven piglets. Dietary treatments were as follows: (1) control (100 mg/kg of
supplemental Zn as ZnSQ0,); (2) control + 300 mg Zn/kg as Z-ZnO; (3) control + 600 mg Zn/kg as Z-ZnO; (4) control + 900 mg
Zn/kg as Z-ZnO; (5) control + 2250 mg Zn/kg as ZnO. Diets were formulated according to the NRC (1998) (Table 1). Procedures
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of the AOAC (2000) were used to determine the concentrations of crude protein (984.13), lysine (994.12), methionine
(994.12), calcium (935.13), phosphorus (964.06) and zinc (986.15).

The piglets were given ad libitum access to feed and water. The feeding experiment lasted 14 days. Body weight was
measured at the start of the experiment (d 1), on 7 and 14 days after weaning (d 7 and d 14 postweaning). Feed intake (FI)
was recorded daily. Average daily gain (ADG) and average daily feed intake (ADFI) and feed/gain ratio were calculated from
d 1 tod 14 postweaning. Postweaning scour score was visually assessed according to the previous fecal scoring system from
1to 5 (Hu et al., 2012a): 1=hard feces, 2 = firm well formed, 3 =soft and partially formed feces, 4 =loose, semi-liquid feces,
and 5 =watery feces. Individuals performing the fecal scores were unaware of the experimental treatments.

Ond 7 and d 14 postweaning, six piglets from each treatment (one pig per pen) were killed. Segments of midjejunum at
14 d after weaning were harvested immediately and prepared for Ussing chamber studies. Samples of the jejunal contents at
14 d after weaning were collected for enumeration of Clostridium and Escherichia coli. Mucosal scrapings from the jejunum
at 7 d and 14 d after weaning were collected, rapidly frozen in liquid nitrogen and stored at —80°C until expression analysis
of cytokines.

2.3. Intestinal microflora

The viable counts of Clostridium and E. coli in jejunal contents were analyzed by the method of Hu et al. (2012b). Bacteria
were enumerated on Sulphite-Polymyxin Milk Agar (Clostridium), and MacConkey (E. coli). Single colonies were removed
from selective media plates and grown in peptone yeast glucose broth. Subsequently, the bacteria was characterized to genus
level on the basis of colonial appearance, gram reaction, spore production, cell morphology and fermentation end-product
formation.

2.4. Ussing chamber experiment

Jejunal mucosa was stripped from the seromuscular layer in oxygenated Ringer’s solution. Tissues were then mounted in
EasyMount Ussing chamber system (model VCC MC6, Physiologic Instruments, San Diego, CA, USA) as described previously
(Hamard et al., 2010; Overman et al., 2012). The clamps were connected to Acquire and Analyse software (Physiologic
Instruments, San Diego, CA) for automatic data collection. After a 30-min equilibration period on Ussing chambers, TER was
recorded at 15-min intervals over a 2-h period. The probe FD4 (Sigma-Aldrich, St. Louis, MO) was added to the mucosal
side at the final concentration of 0.375 mg/ml. The FD4 was allowed to equilibrate for 15 min after which 100 wl samples (in
triplicate) were taken from the serosal side of tissues at 30-min intervals over a 2-h period. The concentrations of FD, were
measured by fluorescence microplate reader (FLx800, Bio-Tek Instruments, Inc.). Mucosal-to-serosal flux of FD4 (ng/cm? per
hour) was calculated.

2.5. Cytokines mRNA by real-time PCR

The mRNA levels of cytokines (TNF-a, IFN-vy, TGF-31 and IL-10) in jejunal mucosa were determined by quantitative real-
time PCR (Liu et al., 2008). Total RNA was isolated using the TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) and treated with
RNase-free DNase I prior to cDNA synthesis following the manufacturer’s guidelines. The gene bank numbers, sequences of
forward and reverse primers, and fragment sizes are presented in Table 2. The qRT-PCR was performed on a StepOne Plus real-
time PCR system (Applied Biosystems) using a SYBR Green Master mix ((Promega) according to the kit’s instructions. Each
sample was run in triplicate. The 2~2ACt method (Livak and Schmittgen, 2001) was used to analyze the relative expression
(fold changes), calculated relative to the control group.

Table 2
Gene bank numbers, sequences of forward and reverse primers, and fragment sizes used for real-time PCR.
Target GeneBank number Primer sequence Size (bp)
TNF-a NM_214022.1 F:5'CATCGCCGTCTCCTACCA3’ 199
R:5'CCCAGATTCAGCAAAGTCCA3’
IFN-y NM-213948.1 F:5'GAGCCAAATTGTCTCCTTCTAC3’ 140
R:5'CGAAGTCATTCAGTTTCCCAG3’
TGF-B1 NM_214015.1 F:5'GGACCTTATCCTGAATGCCTT3’ 133
R:5'TAGGTTACCACTGAGCCACAAT3’
IL-10 NM.-214041.1 F:5'GAAGGACCAGATGGGCGACTT3’ 256
R:5'CACCTCCTCCACGGCCCTTG3'
GAPDH NM_001206359.1 F:5'ATGGTGAAGGTCGGAGTGAAC3’ 235

R:5'CTCGCTCCTGGAAGATGGT3’
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Table 3

Effects of Z-ZnO on growth performance and fecal scores from 0 to 14 d after weaning.
Zn source Control Z-Zn0? Zn0 SEMP P
Zn, mg/kg 0 300 600 900 2250 linear quadratic
IBWY, kg 6.11 6.17 6.09 6.12 6.09 0.094 0.90 0.97
FBW®, kg 9.62° 9.91 10.03 10.10 10.11 0.152 0.020 0.051
ADGf, g 251" 267 281 284 287 7.5 0.001 0.004
ADFIg, g 324° 350 360 369 379 11.2 0.006 0.019
Feed/gain 1.29 1.31 1.28 1.30 1.32 0.03 0.92 0.89
Fecal scores 3.14 2.71° 1.51 1.35 1.42 0.071 <0.001 <0.001
a Z-Zn0=2ZnO0 supported on zeolite, contain 280 g/kg Zn.
b Standard error of means (n=6 pens with 7 piglets per pen from 0 to 7 d and 6 piglets from 7 to 14 d).
¢ Effect of Z-ZnO addition by polynomial contrasts.
d

IBW =Initial BW.

¢ FBW =Final BW.

f ADG =Average daily gain.

& ADFI=Average daily feed intake.

" Indicates a significant difference (P<0.05) with respect to the ZnO group.

2.6. Statistical analysis

Statistical analysis was performed with the SAS software package (SAS, 1996). Polynomial contrasts were used to deter-
mine the linear and quadratic effects of dietary Z-ZnO inclusion level. Differences of all the other diets against the diet
supplemented with 2250 mg Zn/kg as ZnO were analyzed using Dunnett’s tests. A probability of P<0.05 was considered for
statements of significance.

3. Results
3.1. Growth performance and postweaning scour scores

Incremental Z-ZnO inclusion in the diet increased ADG (linear P=0.001; quadratic P=0.004) and ADFI (linear P=0.006;
quadratic P=0.019), and decreased postweaning scour scores (linear P<0.001; quadratic P<0.001) (Table 3). The feed/gain
ratio was not affected by dietary treatments (P>0.05). The growth performance and scour scores of pigs fed 600 or 900 mg
Zn/kg as Z-ZnO did not differ from those fed 2250 mg Zn/kg as ZnO (P>0.05).

3.2. Intestinal microflora

Intestinal microflora of pigs on d 14 postweaning is presented in Table 4. The viable counts of Clostridium and Escherichia
coli in jejunal contents decreased linearly (P<0.001) and quadratically (P<0.001) with increasing Z-ZnO level. The viable
counts of Escherichia coli of pigs fed 600 or 900 mg Zn/kg as Z-ZnO were lower (P<0.05) than those fed 2250 mg Zn/kg as ZnO.

3.3. Intestinal paracellular permeability

Intestinal paracellular permeability of weaned piglets, as reflected by TER and mucosal-to-serosal flux of FD4, is presented
in Table 5. The TER value showed a linear (P=0.007) and quadratic (P=0.021) increase with incremental Z-ZnO inclusion in
the diet, while FD4 flux decreased linearly (P<0.001) and quadratically (P<0.001) with increasing Z-ZnO level. The TER and
FD4 flux of pigs fed 600 or 900 mg Zn/kg as Z-ZnO did not differ from those fed 2250 mg Zn/kg as ZnO (P>0.05).

Table 4

Effect of Z-ZnO on intestinal microflora of pigs on d 14 postweaning.?
Zn source Control Z-ZnOP Zn0 SEM¢ Pd
Zn, mg/kg 0 300 600 900 2250 linear quadratic
Clostridium 7.42° 1 6.13 597 6.65 0.211 <0.001 <0.001
Escherichia coli 8.29 7.83 7.11 6.98 7.75 0.191 <0.001 <0.001

2 Bacterial numbers are expressed as log;o colony-forming units per gram of DM.
b 7-7n0=2Zn0 supported on zeolite, contain 280 g/kg Zn.
¢ Standard error of means (n=6).

d Effect of Z-ZnO addition by polynomial contrasts.

" Indicates a significant difference (P<0.05) with respect to the ZnO group.
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-l?flfl;lci ng—ZnO on jejunal barrier function of pigs on d 14 postweaning.?
Zn source Control Z-Zn0? Zn0 SEMP P
Zn, mg/kg 0 300 600 900 2250 linear quadratic
TERY, 2 cm? 495" 53.4 56.5 57.1 57.8 2.08 0.007 0.021
FD4 flux®, pgecm—2h-! 2.38 2.09° 145 1.27 1.33 0.128 < 0.001 <0.001

a8 Z-Zn0O=ZnO0 supported on zeolite, contain 280 g/kg Zn.

b Standard error of means (n=6).

¢ Effect of Z-ZnO addition by polynomial contrasts.

d TER =Transepithelial electrical resistance.

¢ FD4 =Fluorescein isothiocyanate dextran 4 kDa.

" indicates a significant difference (P<0.05) with respect to the ZnO group.

Table 6

Effect of Z-ZnO on cytokines mRNA in jejunal mucosa of piglets.?
Zn source Control Z-ZnOP Zno SEM¢ pd
Zn, mg/kg 0 300 600 900 2250 linear quadratic
On d 7 postweaning
TNF-a 1.00° 0.77" 0.29 0.26 0.31 0.110 <0.001 <0.001
IFN-y 1.00° 0.67 0.32 0.36 0.33 0.120 0.001 0.001
TGF-B1 1.00 1.65 2.50 2.63 2.58 0.404 0.002 0.009
IL-10 1.00° 1.53 235 2.28 223 0.394 0.010 0.028
On d 14 postweaning
TNF-a 1.00 0.91 0.74 0.83 0.92 0.161 0.366 0.575
IFN-vy 1.00 1.05 0.87 0.91 0.82 0.173 0.387 0.562
TGF-B1 1.00 135 1.28 1.40 1.34 0.218 0.121 0.114
IL-10 1.00 1.23 1.17 1.31 1.29 0.204 0.152 0.156

a The 2-2ACt method was used to analyze the relative expression (fold changes), calculated relative to the control group.
b 7-7Zn0=Zn0 supported on zeolite, contain 280 g/kg Zn.
¢ Standard error of means (n=6).

d Effect of Z-ZnO addition by polynomial contrasts.

" Indicates a significant difference (P<0.05) with respect to the ZnO group.

3.4. Cytokines mRNA

Table 6 shows cytokine mRNA levels in jejunal mucosa of piglets on d 7 and d 14 postweaning. On d 7 postweaning,
the mRNA levels of TNF-a and IFN-vy in jejunal mucosa were decreased linearly (P<0.001 and P=0.001) and quadratically
(P<0.001 and P=0.001) with increasing Z-ZnO level. The mRNA levels of TGF-31 and IL-10 were increased linearly (P=0.002
and P=0.010) and quadratically (P=0.009 and P=0.028) with increasing Z-ZnO level. The piglets fed DS-ZnO at 600 or 900 mg
Zn/kg did not differ in cytokines mRNA from those fed ZnO at 2250 mg Zn/kg (P>0.05). However, the mRNA levels of cytokines
on d 14 postweaning were not affected by dietary treatments.

4. Discussion

Post-weaning diarrhoea is one of the most common causes of mortality in weaned piglets (Zhang and Guo, 2009; Kim
etal,, 2012). The present results that dietary addition of 2250 mg Zn/kg as ZnO improved growth performance and alleviated
postweaning diarrhea were consistent with previous reports (Hahn and Baker, 1993; Ou et al., 2007; Zhang and Guo, 2009).

The present results that feeding 600 mg Zn/kg from Z-ZnO to weaned pigs was as efficacious as 2250 mg Zn/kg from ZnO
would be beneficial for the environment. Zeolite has been researched as an effective carrier for controlled-releasing nitric
oxide, vitamins and antibiotics, and can target drug release and prolong drug-releasing period (Wheatley et al., 2006; Aguzzi
et al,, 2007; Monte et al., 2009). It was reported that zeolite enhanced the stability of the fat-soluble vitamins in stomach
with acidic pH, and increased the amount of vitamins released in intestinal condition. It was suggested that preventing the
chemical change of ZnO in the stomach and increasing ZnO into the intestinal tract could improve its effectiveness (Kim
etal.,, 2012). The effects of Z-ZnO on intestinal health of weaned pigs might due to the controlled-release of zeolite from ZnO
in the intestinal tract. However, a better understanding of the release properties of Z-ZnO is needed to fully characterize this
combination of products.

Previous work suggests that the protective effect of ZnO is due to its antibacterial activity (Roselli et al., 2003). In vitro
studies show that ZnO inhibits the growth of Staphylococcus aureus and E. coli (Sawai, 2003). In human Caco-2 enterocytes,
ZnO reduced bacterial adhesion and inhibited enterotoxigenic E. coli internalization (Roselli et al., 2003). High doses of ZnO
reduced bacterial translocation from the small intestine to the ileal mesenteric lymph node in piglets (Huang et al., 1999).
However, Jensen-Waern et al. (1998) reported that supplementation with 2500 mg Zn/kg as ZnO had no effect on the number
of E. coli and Enterococci per g of faeces although ZnO increased the growth of the piglets during the first two weeks after
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weaning. The present study showed that supplemental 2250 mg Zn/kg from ZnO decreased the viable count of Clostridium,
while had no effect on that of E. coli. This finding was in agreement with the fact that gram-positive bacteria are more
susceptible to ZnO than gram-negative bacteria (Sawai, 2003). The current study showed that supplementation with Z-ZnO
decreased the viable counts both of Clostridium and E. coli. Many reports have demonstrated that the Z-ZnO exhibited much
higher antimicrobial abilities than ZnO (Hrenovic et al., 2012).

Stress associated with early weaning in pigs leads to intestinal barrier dysfunction (Moeser et al., 2007; Smith et al,,
2010). Transepithelial electrical resistance (TER) is considered to reflect the opening of the tight junctions between epithe-
lial cells and the paracellular permeability of the intestinal mucosa (Wijtten et al., 2011). A decreased TER reflects increased
paracellular permeability. The flux of intact FD,4 across the intestinal epithelium occurs mainly through paracellular path-
ways (Hamard et al., 2010; Overman et al., 2012). An increased flux of FD4 reflects increased paracellular permeability and
impaired intestinal barrier. The present study showed that supplementation with Z-ZnO increased TER and decreased FD4
flux, indicating the intestinal mucosal barrier function was improved. Zhang and Guo (2009) reported that supplemental
2000 mg Zn/kg from ZnO reduced intestinal permeability by enhancing tight junction protein (occludin and ZO-1) expression
in weaning piglets.

Weaning-associated intestinal inflammation has been reported in weaned pigs (Moeser et al., 2007). Pié et al. (2004)
measured the gene expressions of inflammatory cytokines at different time point postweaning and found the proinflam-
matory cytokines in the intestine were up-regulated in newly weaned pigs. Overproduction of proinflammatory cytokines
has an adverse effect on intestinal mucosal integrity (Liu et al., 2008). The barrier disruptive actions of TNF-o and IFN-v have
been well-established (Al-Sadi et al., 2009). The current study showed that Z-ZnO decreased mRNA levels of TNF-oe and IFN-y
on d 7 postweaning, while did not influence cytokine mRNA on d 14 postweaning. The downregulation of proinflammatory
cytokine in the presence of Z-ZnO indicated that weaning-induced inflammation was alleviated. Pié et al. (2004) found that
weaning induced a transient up-regulation of inflammatory cytokine on d 3-4 postweaning and most cytokines rapidly
returned to preweaning values after d 9 postweaning. This might be why the mRNA levels of cytokines on d 14 postweaning
were not affected by dietary treatments. The present results that Z-ZnO and ZnO increased mRNA levels of TGF-31 and IL-10
on d 7 postweaning were consistent with Roselli et al. (2003), who found that ZnO upregulated the mRNA level of TGF-3
in enterotoxigenic E. coli infected cells. It has been reported that TGF-3 and IL-10 are anti-inflammatory cytokines and can
protect the intestinal barrier function (Madsen et al., 1997; Howe et al., 2005).

5. Conclusion

Supplementation with 600 or 900 mg Zn/kg from Z-ZnO was as efficacious as 2250 mg Zn/kg from ZnO in increasing
growth performance, alleviating postweaning diarrhea, improving intestinal microflora and barrier function of weaned
pigs. The results indicated that Z-ZnO could be used as a substitute for pharmacological addition of ZnO in weanling pigs.
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