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INTRODUCTION

Weaning is the most stressful phase in the life of 
pigs and is commonly associated with postweaning 
syndrome, which includes diarrhea, growth retarda-
tion, and intestinal barrier disruption (Boudry et al., 
2004; Moeser et al., 2007; Smith et al., 2010; Peace et 
al., 2011). Disruption of the intestinal barrier results 

in the translocation of luminal antigens into subepi-
thelial tissues (Blikslager et al., 2007), inciting mu-
cosal and systemic inflammatory responses that play 
a central role in postweaning syndrome (Moeser et 
al., 2007; Smith et al., 2010). Therefore, improving 
the restoration of intestinal barrier may be beneficial 
in alleviating postweaning diarrhea.

It is well known that zinc is involved in resisting in-
testinal diseases. Numerous studies have demonstrated 
that zinc is involved in restoration of mucosal barrier 
(Roselli et al., 2003; Hu et al., 2014). Diosmectite (DS) 
has also been reported to reinforce the intestinal barrier 
and epithelial regeneration and it also acts as a carrier 
for various active ingredients (Hu et al., 2013a). How-
ever, ZnO has a higher solubility at acid pH. When 
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ABSTRACT: The present study evaluated the 
beneficial effect of diosmectite–zinc oxide composite 
(DS-ZnO) on improving intestinal barrier restoration 
in piglets after acetic acid challenge and explored 
the underlying mechanisms. Twenty-four 35-d-old 
piglets (Duroc × Landrace × Yorkshire), with an 
average weight of 8.1 kg, were allocated to 4 treatment 
groups. On d 1 of the trial, colitis was induced via 
intrarectal injection of acetic acid (10 mL of 10% 
acetic acid [ACA] solution for ACA, DS-ZnO, and 
mixture of diosmectite [DS] and ZnO [DS+ZnO] 
groups) and the control group was infused with 
saline. Twenty-four hours after challenged, piglets 
were fed with the following diets: 1) control group 
(basal diet), 2) ACA group (basal diet), 3) DS-ZnO 
group (basal diet supplemented with DS-ZnO), and 
4) DS+ZnO group (mixture of 1.5 g diosmectite 
[DS]/kg and 500 mg Zn/kg from ZnO [equal amount 
of DS and ZnO in the DS-ZnO treatment group]). On 

d 8 of the trial, piglets were sacrificed. The results 
showed that DS-ZnO supplementation improved 
(P < 0.05) ADG, ADFI, and transepithelial electrical 
resistance and decreased (P < 0.05) fecal scores, 
crypt depth, and  fluorescein isothiocyanate-dextran 
4kDa (FD4) influx as compared with ACA group. 
Moreover, DS-ZnO increased (P < 0.05) occludin, 
claudin-1, and zonula occluden-1 expressions; 
reduced (P < 0.05) caspase-9 and caspase-3 activity 
and Bax expression; and improved (P < 0.05) Bcl2, 
XIAP, and PCNA expression. Diosmectite–zinc 
oxide composite supplementation also increased 
(P < 0.05) TGF-β1 expression and ERK1/2 and 
Akt activation. These results suggest that DS-ZnO 
attenuates the acetic acid–induced colitis by 
improving mucosa barrier restoration, inhibiting 
apoptosis, and improving intestinal epithelial cells 
proliferation and modulation of TGF-β1 and ERK1/2 
and Akt signaling pathway.
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ZnO in the diet reaches the stomach of piglets, most of 
the ZnO is transformed into Zn ions; therefore, just a 
small amount of ZnO can work in the intestine, which 
is the important site of its action. Zinc oxide in the dios-
mectite–zinc oxide composite (DS-ZnO) complex was 
intercalated between the interlayer spaces of DS, which 
could protect ZnO from being resolved in the stomach, 
thus increasing the percentage of ZnO molecules reach-
ing the gastrointestinal tract and enhancing the efficien-
cy of ZnO in the intestine. Our previous studies found 
that DS-ZnO prevented intestinal barrier disruption in 
weaning piglets (Hu et al., 2013a). We hypothesis that 
DS-ZnO might be effective in improve intestinal barrier 
restoration. However, little research has been conducted 
to investigate it before.

Acetic acid–induced colitis is a commonly used 
and easily inducible model to induce acute intestinal 
injury. Intrarectally injected acetic acid liberates pro-
tons within the intracellular space and causes massive 
intracellular acidification, resulting in epithelial dam-
age and intestinal disorder. Recently, a porcine model 
of acetic acid–induced colitis have been developed 
and used to assess the beneficial effects of some nutri-
tional substances on intestinal injury (Randhawa et al., 
2014). TGF-β1, ERK1/2, and Akt signaling pathways 
are critical factors involved in mucosal restoration 
(El-Assal and Besner, 2005; Xiao et al., 2014). In the 
current study, we used this animal model to explore 
whether DS-ZnO supplementation could improve 
intestinal barrier restoration and influence TGF-β1, 
ERK1/2, and Akt signaling pathway. Additionally, a 
treatment of supplementing the mixture of DS and 
ZnO (equal amount of DS and ZnO in the DS-ZnO 
treatment) was used to compare the DS-ZnO’s effects.

Materials and Methods

Animal Care and Experimental Design. This ex-
periment was approved by the Animal Care and Use 
Committee, Zhejiang University (Hangzhou, Zhejiang, 
China). A total of twenty-four 35-d-old piglets (Duroc × 
Landrace × Yorkshire), with an average weight of 8.1 
kg, were allocated to 4 treatment groups, each consist-
ing of 6 animals. One group served as a control group 
and the other groups were subjected to the induction of 
ulcerative colitis by intrarectal injection with acetic acid. 
Experimental induction of ulcerative colitis was done 
according to the method described by Hou et al. (2014). 
Briefly, following 24 h of fasting (receiving nothing ex-
cept water) and under anesthesia (with an intramuscular 
injection of sodium pentobarbital at a dose of 80 mg/kg 
BW), a soft catheter was introduced into the rectum (30–
35 cm from the anus) for careful injection of acetic acid 
(10 mL of 10% acetic acid) or saline. Before removing 

the catheter, 20 mL air was applied to spread acetic acid 
into the colon. The dose of acetic acid and the distance 
of catheter into the anus were chosen according to our 
preliminary experiment and the studies of Hou et al. 
(2014). Twenty-four hours after colitis induction, each 
group was fed with the following diets: 1) control group 
(piglets fed the basal diet), 2) acetic acid group (piglets 
fed the basal diet), 3) DS-ZnO group (piglets fed the 
basal diet supplemented with the DS-ZnO [500 mg Zn/
kg] diet), and 4) mixture of diosmectite (DS) and ZnO 
(DS+ZnO; mixture of 1.5 g DS/kg and 500 mg Zn/kg 
from ZnO [equal amount of DS and ZnO in the DS-ZnO 
treatment group]). Diets were formulated to meet or ex-
ceed requirements suggested by the NRC (1998; Table 
1). The piglets were given ad libitum access to feed and 
water. After the trial, ADG, ADFI, and feed conversion 
efficiency were calculated. Fecal scores were visually 
assessed every day on a 5-point scale ranging from 1 to 
5 according to the method of Hu et al. (2013b): 1 = no 
diarrhea, hard feces; 2 = no diarrhea, normal consisten-
cy of feces; 3 = mild diarrhea, soft and partially formed 
feces; 4 = moderate diarrhea, semiliquid feces; and 5 = 
severe diarrhea, watery feces.

Sample Collection. On d 8 of the trial, piglets were 
humanely killed and 1 intestinal segment measuring 

Table 1. Ingredient composition of the basal diet (on 
an as-fed basis) 
Ingredient, g/kg Content, g/kg
Maize 560
Soybean meal 294
Fish meal 55
Dried whey 45
Soybean oil 15
Limestone meal 5
Dicalcium phosphate 11.5
Sodium chloride 3
l-Lysine HCl 1
dl-Methionine 0.5
Vitamin–mineral premix1 10
Analyzed composition, g/kg

Digestible energy,2 MJ/kg 14.6
CP 221.8
Lysine 15.4
Methionine 3.7
Calcium 9.0
Total phosphorus 7.8
Zn, mg/kg 132.3

1Provided per kilogram of diet: 6,000 IU vitamin A, 500 IU vitamin 
D3, 40 IU vitamin E, 20 mg pantothenic acid, 30 mg niacin, 5.0 mg ribo-
flavin, 1.5 mg vitamin K3, 2.0 mg thiamine, 3.0 mg pyridoxine, 0.10 mg 
biotin, 0.6 mg folic acid, 0.04 mg vitamin B12, 800 mg choline, 16 mg 
Cu (CuSO4·5H2O), 100 mg Zn (ZnSO4), 125 mg Fe (FeSO4), 15 mg Mn 
(MnSO4·H2O), 0.2 mg I (KI), and 0.3 mg Se (Na2SeO3).

2Digestible energy was calculated from data provided by Feed Database 
in China (2012).
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3 cm in length and 2 measuring 10 cm were excised 
from the distal colon. The 3-cm intestinal segments 
were flushed with ice-cold PBS and then fixed in 10% 
fresh, chilled formalin solution. One 10-cm intestinal 
segment was immediately placed into Ringer’s solution 
and mounted in Ussing chambers, as described by Hu 
et al. (2013b). The other 10-cm intestinal segment was 
opened longitudinally and the contents were flushed 
with ice-cold PBS. The mucosa samples were harvest-
ed by scraping with a glass slide, immediately frozen 
in liquid nitrogen, and then stored at –80°C for further 
analysis. The frozen mucosa samples were weighed, 
homogenized, and centrifuged (3000 × g ,10 min, 4°) 
to collect the supernatant according to Hu et al. (2014). 
The supernatant was used for analysis.

Intestinal Morphology and Barrier Function. After 
a 24-h fixation, the intestinal segments were dehydrated, 
embedded, and stained with hematoxylin and eosin. 
Crypt depth was measured in at least 10 well-oriented 
crypt units using image analysis (Leica Imaging Sys-
tems Limited, Cambridge, UK) and averaged for each 
sample. The transepithelial electrical resistance (TER) 
and mucosal-to-serosal permeability to 4 kDa fluores-
cein isothiocyanate–dextran (FD4; Sigma-Aldrich, St. 
Louis, MO) were determined in vitro in the Ussing cham-
ber, according to the procedures outlined by Hu et al. 
(2013b). Briefly, segments of colon were stripped from 
the seromuscular layer in oxygenated (95% O2/5% CO2) 
Ringer’s solution and then mounted in the EasyMount 
Ussing chamber system (Physiologic Instruments, San 
Diego, CA) with a multichannel voltage-current clamp 
(model VCC MC6; Physiologic Instruments, San Diego, 
CA). The clamps were connected to acquire and ana-
lyze software (Physiologic Instruments) for automatic 
data collection. After a 30-min equilibration period on 
the Ussing chambers, TER (Ω·cm2) was recorded at 
15-min intervals over a 2-h period and then averaged to 
derive the TER values for a given pig. Fluorescein iso-
thiocyanate–dextran (Sigma-Aldrich) was added on the 
mucosal side at a final concentration of 0.375 mg/mL. 
Mucosal-to-serosal flux of FD4 (μg∙cm–2∙h–1) was mon-
itored from the serosal side at 30-min intervals for 120 
min. The concentrations of FD4 in the serosal side were 
measured by fluorescence microplate reader (FLx800; 
Bio-Tek Instruments Inc., Winooski, VT). The flux over 
the 2-h period was calculated.

Caspase Activity Assays. Caspase activity in co-
lon mucosa was determined using a caspase activity 
kit according to the manufacturer’s instructions (Be-
yotime Institute of Biotechnology, Jiangsu, China). 
Caspase activities were expressed as the percentage of 
enzyme activity compared with the control.

Protein Expression Analysis by Western Blot. 
Western blot analysis was performed according to the 

procedures outlined by Hu et al. (2013b). Briefly, after 
electrophoresis, the proteins were transferred to poly-
vinylidene difluoride membrane (Millipore, Bedford, 
MA). The membranes were incubated overnight at 
4°C with the primary antibody (Ab) and then with the 
secondary Ab for 120 min at room temperature. The 
primary Ab (occludin, claudin-1, zonula occluden-1 
[ZO-1], Bax, Bcl2, X-linked inhibitor of apoptosis 
protein [XIAP], proliferating cell nuclear antigen 
[PCNA], transforming growth factor-β1 [TGF-β1], 
β-tublin, and phospho-ERK1/2 rabbit mAb) were 
purchased from Santa Cruz Technology Inc. (Dan-
vers, MA). The secondary Ab was alkaline phospha-
tase–conjugated anti-rabbit Ab (Sigma-Aldrich). The 
immunoreactive protein bands on the membrane were 
developed according to the methods of Wang et al. 
(2013). The western blotting result was evaluated us-
ing Quantity One software (Bio-Rad Laboratories Inc., 
Hercules, CA). The β-tublin was used as an internal 
control, which exhibited no difference within each 
group. The relative abundance of each target protein 
was expressed as target protein:β-tublin protein ratio. 
The protein expression of all samples was expressed as 
fold changes, calculated relative to the control group.

Statistical Analysis

Data were analyzed using the SAS statistical pack-
age (SAS Inst. Inc., Cary, NC), with each animal consid-
ered an experimental unit. Differences between the other 
means were tested using Duncan’s multiple range tests. 
Differences were considered significant at P < 0.05.

RESULTS

Growth Performance and Fecal Scores

Table 2 shows the growth performance of piglets. 
Compared with the control group, the acetic acid group 

Table 2. Effects of diosmectite–zinc oxide composite 
(DS-ZnO) supplementation on growth performance 
and fecal scores of piglets1

Item Control
Acetic 
acid DS-ZnO1 DS+ZnO2 SEM3 P-value

ADG, g 298.83a 234.17c 281.67ab 247bc 11.57 0.003
ADFI, g 519.67a 434c 497.83ab 459.83bc 18.72 0.019
Feed:gain 1.75 1.87 1.77 1.87 0.07 0.513

a–cWithin a row, means without a common superscript differ (P < 0.05).
1Containing 250 g Zn/kg DS-ZnO.
2DS+ZnO = mixture of diosmectite (DS) and ZnO. Supplemental mix-

ture of diosmectite and ZnO (equal amount of diosmectite and ZnO in the 
DS-ZnO group).

3n = 6.
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exhibited a reduction (P < 0.05) in ADG and ADFI. Di-
etary supplementation of DS-ZnO improved (P < 0.05) 
ADG and ADFI compared with the acetic acid group, 
whereas supplementation with the mixture of DS and 
ZnO did not (P > 0.05) have these effects. Before acetic 
acid challenge, there was no indication of diarrhea (P > 
0.05) in any of the pigs in this study (Fig. 1). Acetic acid 
challenge increased fecal scores (P < 0.05) in all ace-
tic acid–challenged groups (acetic acid group, DS-ZnO 
group, and DS+ZnO group) compared with control 
group after d 2. There was no significant difference (P > 
0.05) in fecal scores from d 2 to 4 among all acetic acid–
challenged groups, whereas after d 4, the fecal scores 
in the DS-ZnO group were significantly lower than the 
acetic acid group and the DS+ZnO group (P < 0.05).

Colon Morphology and Barrier Function

Table 3 shows the colon morphology and barrier 
function of piglets. As compared with control group, the 
pigs challenged with acetic acid had higher (P < 0.05) 
crypt depth and FD4 flux and lower (P < 0.05) TER in 
the colon of piglets. Piglets fed with DS-ZnO had high-
er (P < 0.05) TER and lower (P < 0.05) crypt depth and 
FD4 flux compared to acetic acid group. The supple-
mental mixture of DS and ZnO decreased (P < 0.05) the 
FD4 flux but did not affect (P > 0.05) the crypt depth 
and TER of colon compared with acetic acid group.

Tight Junction Protein Expression

Figure 2 shows the protein expression of occludin, 
claudin-1, and ZO-1 in colonic mucosa of piglets. As 
compared with the control group, acetic acid challenge 

Figure 1. Effect of diosmectite–zinc oxide composite (DS-ZnO) 
supplementation on fecal scores of piglets. Weaned pigs were challenged 
with acetic acid (d 0) and fecal scores were recorded daily over an 8-d 
experimental period. Data represent means ± SE (n = 6). Acetic acid chal-
lenge increased fecal scores in all acetic acid–challenged group (acetic 
acid group, DS-ZnO group, and mixture of diosmectite (DS) and ZnO 
[DS+ZnO] group) compared with control group after d 2. Diosmectite–
zinc oxide composite contained 250 g zinc/kg DS-ZnO. ACA = acetic acid; 
DS+ZnO = mixture of 1.5 g diosmectite (DS)/kg and 500 mg Zn/kg from 
ZnO (equal amount of DS and ZnO in the DS-ZnO treatment group)

Figure 2. Effects of diosmectite–zinc oxide composite (DS-ZnO) supplementation on protein expression of occludin, claudin-1, and zonula occluden-1 
(ZO-1) in colonic mucosa of piglets. Panel (a) shows representative blots of occludin, claudin, ZO-1, and β-tublin in colonic mucosa of piglets. Panel (b) shows 
relative tight junction proteins expression in colonic mucosa of piglets. Values are means and SD represented by vertical bars. a,b,cMeans with different letters 
differ significantly (P < 0.05). Diosmectite–zinc oxide composite contained 250 g zinc/kg DS-ZnO. ACA = acetic acid; DS+ZnO = mixture of diosmectite (DS) 
and ZnO (equal amount of DS and zinc oxide in the DS-ZnO group). The control sample was used as the reference sample. The protein expression of all 
samples was expressed as fold changes, calculated relative to the control group.   = control;   = acetic acid;   = DS-ZnO;  = DS+ZnO.

Table 3. Effects of diosmectite–zinc oxide composite 
(DS-ZnO) supplementation on the colon morphology 
and barrier function of piglets

Item Control
Acetic 
acid DS-ZnO1 DS+ZnO2 SEM3 P-value

C rypt depth, 
μm

343.67c 373.17a 355.83bc 362.00ab 5.15 <0.005

T ER,4 Ω·cm2 82.83a 51.83b 74.33a 59.00b 3.61 <0.001
F D45 flux, 

μg∙cm–2∙h–1
0.31c 0.58a 0.34c 0.49b 0.02 <0.001

a–cWithin a row, means without a common superscript differ (P < 0.05).
1Containing 250 g Zn/kg DS-ZnO.
2DS+ZnO = mixture of diosmectite (DS) and ZnO. Supplemental mix-

ture of diosmectite and ZnO (equal amount of diosmectite and ZnO in the 
DS-ZnO group).

3n = 6.
4TER = transepithelial electrical resistance.
5FD4 = fluorescein isothiocyanate–dextran.
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decreased (P < 0.05) protein expression of occludin, 
claudin-1, and ZO-1. The piglets fed with DS-ZnO at 
500 mg Zn/kg had higher (P < 0.05) occludin, clau-
din-1, and ZO-1 protein expression compared to the 
acetic acid group. Supplementation with the mixture 
of DS and ZnO did not affect (P > 0.05) the tight junc-
tion (TJ) expression compared with acetic acid group.

Caspase Activity

Figure 3 shows the activity of caspase-9 and cas-
pase-3 in colonic mucosa of piglets. Compared to the 
control group, piglets challenged with acetic acid had 
a higher (P < 0.05) caspase-9 and caspase-3 activ-
ity. Dietary supplementation with DS-ZnO decreased 
(P < 0.05) the activity of caspase-9 and caspase-3 as 

compared with the acetic acid group. Supplementation 
with the mixture of DS and ZnO did not (P > 0.05) 
affect the activity of caspase-9 and caspase-3 in com-
parison with the acetic acid group.

Apoptosis-Related Protein and PCNA Expression

Figure 4 shows the expression of apoptosis-relat-
ed protein and PCNA expression in colonic mucosa 
of piglets. Compared with the control group, acetic 
acid challenge increased (P < 0.05) Bax expression 
and decreased (P < 0.05) Bcl2, XIAP, and PCNA ex-
pression. Supplementation with DS-ZnO increased 
(P < 0.05) the expression of Bcl2, XIAP, and PCNA 
and decreased (P < 0.05) Bax expression compared 
with the acetic acid group. Supplementation with the 

Figure 3. Effects of diosmectite–zinc oxide composite (DS-ZnO) supplementation on activity of caspases-9 and caspase-3. Caspase-3 (a) and cas-
pase-9 (b) activation were measured using the chromogenic substrates Ac-LEHD-pNA(acetyl-Leu-Glu-His-Asp p-nitroanilide) and Ac-LEHD-pNA(N-
Acetyl-Asp-Glu-Val-Asp p-nitroanilide), respectively. Values are means and SD represented by vertical bars. a,b,cMeans with different letters differ signifi-
cantly (P < 0.05). Diosmectite–zinc oxide composite contained 250 g zinc/kg DS-ZnO. ACA = acetic acid; DS+ZnO = mixture of diosmectite (DS) and 
ZnO (equal amount of DS and zinc oxide in the DS-ZnO group). The control sample was used as the reference sample. The value was expressed as fold 
changes relative to the control animals. 

Figure 4. Effects of diosmectite–zinc oxide composite (DS-ZnO) supplementation on the protein expression of Bax, Bcl-2, XIAP, and PCNA in co-
lonic mucosa of piglets. Panel (a) shows representative blots of Bax, Bcl-2, XIAP, PCNA, and β-tublin in colonic mucosa of piglets. Panel (b) shows rela-
tive proteins expression in colonic mucosa of piglets. Values are means and SD represented by vertical bars. a,b,cMeans with different letters differ signifi-
cantly (P < 0.05). Diosmectite–zinc oxide composite contained 250 g zinc/kg DS-ZnO. ACA = acetic acid; DS+ZnO = mixture of diosmectite (DS) and 
ZnO (equal amount of DS and zinc oxide in the DS-ZnO group). The control sample was used as the reference sample. The protein expression of all 
samples was expressed as fold changes, calculated relative to the control group.   = control;   = acetic acid;   = DS-ZnO;  = DS+ZnO.



Song et al.1604

mixture of DS and ZnO had no effect (P > 0.05) on 
the expression of Bcl2, XIAP, and PCNA expression 
compared with acetic acid group.

TGF-β1 Expression

Figure 5 shows the expression of TGF-β1 expres-
sion in colonic mucosa of piglets. Piglets challenged 
with acetic acid did not differ (P > 0.05) from the con-
trol group on TGF-β1 expression. Dietary supplemen-
tation with DS-ZnO increased (P < 0.05) the expres-
sion of TGF-β1 compared with the acetic acid group 
and control group. Supplemented with the mixture of 
DS and ZnO do not affected (P > 0.05) the expression 
of TGF-β1 induced by acetic acid.

ERK and PI3K/Akt Signal Pathway

Figure 5 shows the activation of the ERK and Akt 
signaling pathways in colonic mucosa of piglets. As 
compared with the control group, acetic acid chal-
lenge did not (P > 0.05) significantly activate the ERK 
and Akt pathway. Supplementation with DS-ZnO 
improved (P < 0.05) the activation of ERK and AKT 
compared to acetic acid groups and the control group. 
Supplementation with the mixture of DS and ZnO had 
no effect (P > 0.05) on the activation of ERK and Akt 
signaling pathways compared with acetic acid group.

DISCUSSION

In the present study, pigs challenged with acetic 
acid showed significantly lower ADG and ADFI and 

higher fecal scores, whereas DS-ZnO supplementa-
tion improved ADG and ADFI and decreased the fecal 
scores compared with acetic acid–challenged piglets. 
This increased feed intake might have beneficial effects 
on the intestinal injury. McCracken et al. (1999) re-
ported that depressed feed intake leads to local inflam-
mation and atrophy of the mucosa in the piglet small 
intestine and that intestinal inflammation subsides and 
epithelial morphology improves when normal feed in-
take patterns resume. Feed intake increase might pro-
vide sufficient energy and nutrients for the epithelium 
restoration and indirectly improve the intestinal barrier 
function. The change of colon morphology and barrier 
function also confirmed the beneficial effect of DS-
ZnO on improving intestinal restoration. In the current 
experiment, the acetic acid challenge increased colon 
crypt depth and FD4 flux and decreased TER, whereas 
supplementation with DS-ZnO reduced crypt depth 
and FD4 flux and increased TER in colon of piglets. 
However, a supplemental mixture of DS and ZnO in 
the present experiment had no influence on acetic acid–
challenged crypt depth and intestinal barrier function. 
This may result from the amount of DS (1.5 g/kg diet) 
and ZnO (500 mg/kg diet) supplemented in this study 
being too low, as it was reported that the beneficial ef-
fect of DS was dose dependent and suggested to be 20 
to 30 g/kg and the effective addition of ZnO should up 
to 2,000 mg/kg in weaning pigs (Hollis et al., 2005; 
Song et al., 2012; Hu et al., 2013a). Diosmectite can 
delay and/or target drug release, increase drug stability, 
and modify drug delivery patterns, such as vitamin B6 
(Joshi et al., 2009). The different effects between the 
mixture of DS and ZnO and the DS-ZnO complex on 

Figure 5. Effects of diosmectite–zinc oxide composite (DS-ZnO) supplementation on the protein expression of TGF-β1 and the activation of ERK 
and Akt in colonic mucosa of piglets. Panel (a) shows representative blots of TGF-β1, ERK, Akt, and β-tublin in colonic mucosa of piglets. Panel (b) shows 
relative proteins expression in colonic mucosa of piglets. Values are means and SD represented by vertical bars. a,b,cMeans with different letters differ 
significantly (P < 0.05). Diosmectite–zinc oxide composite contained 250 g zinc/kg DS-ZnO. ACA = acetic acid; DS+ZnO = mixture of diosmectite (DS) 
and ZnO (equal amount of DS and zinc oxide in the DS-ZnO group). The control sample was used as the reference sample. The protein expression of all 
samples was expressed as fold changes, calculated relative to the control group.   = control;   = acetic acid;   = DS-ZnO;  = DS+ZnO.
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gut responses in this study indicated that the beneficial 
effects of DS-ZnO might depend on its unique proper-
ties that are not due to the properties of ZnO or DS. 
Zinc oxide has a higher solubility at acid pH and the 
ZnO molecule itself plays a crucial role in alleviating 
the incidence of diarrhea. When ZnO in the diet passes 
the stomach of piglets, most of the ZnO is transformed 
into Zn ions; therefore, just a small amount of ZnO can 
work in the intestine, which is the important site of its 
action. If ZnO is processed to make its dissociation 
percentage lower in the stomach, a larger amount of 
ZnO can reach the intestine; therefore, a lower dose 
of ZnO could be used in the diet (Hu et al., 2013c). 
The beneficial effects of diosmectite on the intestine 
were also dose dependent and suggested to be 20 to 
30 g/kg. However, ZnO in the DS-ZnO complex was 
intercalated between the interlayer spaces of DS (Kha-
orapapong et al., 2011; Hu et al., 2012a). This could 
protect ZnO from being dissolved in the stomach and 
markedly increase the percentage of the ZnO molecule 
reaching the gastrointestinal tract and enhance the ef-
ficiency of ZnO in the intestine. Our previous study 
found that supplementation with DS-ZnO at 500 mg 
Zn/kg was effective in protecting intestinal mucosal 
barrier and had better performance than the equivalent 
amount of mixture of DS and ZnO (Hu et al., 2012b, 
2013a). According to the above results, we speculated 
that enhancing the restoration of epithelium after inju-
ry might be another mechanism that DS-ZnO protects 
the intestinal integrity and barrier function in an acetic 
acid–induced colitis model.

The TJ is a major cellular component for mainte-
nance of tissue integrity and barrier function. It has a 
complex molecular composition and includes the trans-
membrane protein complexes (e.g., claudins and oc-
cludins) and the cytosolic proteins ZO (e.g., junctional 
adhesion molecule, ZO-1, ZO-2, and ZO-3). These pro-
teins form a structure at the boundary of 2 adjacent cells, 
working as a barrier within the epithelial cell space. 
There is evidence showing that intestinal TJ barrier dys-
function can accelerate the onset and severity of post-
weaning diarrhea (Smith et al., 2010; Hu et al., 2014). 
In our current study, consistent with the improved intes-
tinal integrity, DS-ZnO supplementation increased the 
expression of occludin, claudin-1, and ZO-1. Similarly, 
our previous study in weaning piglets also showed that 
supplementation with DS-ZnO increased protein ex-
pression levels of occludin, claudin-1, and ZO-1 (Hu et 
al., 2013a). Consequently, in the present study, DS-ZnO 
may partially improve the intestinal integrity and bar-
rier function via increasing the TJ proteins expression.

The dynamic balance between intestinal epithelial 
cell (IEC) proliferation and apoptosis is another critical 
factor involved in maintaining the intestinal integrity. 

Intestinal epithelial cell apoptosis can disrupt intesti-
nal mucosal integrity and has been detected in wean-
ing piglets (Zhu et al., 2014). Caspase-9 and caspase-3 
are common indicators that reflect cell apoptosis and 
are negatively correlated with intestinal integrity and 
barrier function (Liu et al., 2012). In our study, acetic 
acid challenge increased the activities of caspase-9 and 
caspase-3, whereas DS-ZnO decreased the activities of 
caspase-9 and caspase-3, suggesting that DS-ZnO prob-
ably attenuated acetic acid–induced intestinal injury by 
inhibiting IEC apoptosis. In line with our results, Liang 
et al. (2012b) reported that zinc suppressed the activa-
tion of caspase-3 and inhibits apoptosis. Bax, Bcl2, and 
XIAP are also important indicators for apoptosis. In the 
current study, the acetic acid challenge increased the 
Bax expression and decreased the Bcl2 and XIAP ex-
pression, confirming that DS-ZnO reduced acetic acid–
induced intestinal injury by inhibiting apoptosis. Simi-
lar to our findings, Zhang et al. (2014) found that zinc 
reduced the Bax expression and inhibited high glucose-
induced apoptosis in renal tubular epithelial cells. Hao 
et al. (2014) found that zinc reduced the Bax expression 
and increased the Bcl-2 expression in a depleted urani-
um–induced apoptosis. In addition, we found that pig-
lets fed with DS-ZnO had a higher expression of PCNA, 
a marker of proliferation, in colon mucosa as compared 
with the acetic acid–challenged group, suggesting that 
DS-ZnO stimulated the regeneration of IEC. Similar to 
our results, Seo et al. (2010) found that zinc increased 
bone formation through stimulating cell proliferation 
in osteoblastic MC3T3-E1 cells. In the current study, 
feeding pigs with a DS-ZnO diet may improve intesti-
nal barrier restoration partially by inhibiting apoptosis 
and stimulating cell proliferation.

According to our above findings, DS-ZnO im-
proves intestinal barrier restoration after acetic acid 
challenge. TGF-β is considered to be the key regulator 
of intestinal injury restoration as most of the cytokines 
that promote epithelial restitution act through a TGF-
β-dependent mechanism (Xiao et al., 2014). Andújar et 
al. (2013) found that TGF-β positively regulates gas-
trointestinal ulcer healing. Xiao et al. (2014) showed 
that the decline in TGF-β1 level is closely related to 
the intestinal barrier dysfunction in weaning piglets. 
In our current experiment, the TGF-β1 expression in 
colon mucosa was increased in piglets supplemented 
with DS-ZnO compared with the acetic acid–chal-
lenged pigs. Consistent with our findings, zinc mark-
edly increased the concentration of TGF-β1 in the 
culture medium secreted from osteoblastic MC3T3-E1 
cells (Yamaguchi and Hashizume, 1994). In femoral 
tissues of newborn rats and bone tissues with frac-
ture healing, zinc has a stimulatory effect on TGF-β1 
production (Igarashi and Yamaguchi, 2001; Ma et al., 
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2001). In human Caco-2 enterocytes, Roselli et al. 
(2003) showed that ZnO upregulated TGF-β mRNA 
in Escherichia coli K88–infected cells.

The ERK1/2 cascade is involved in cell growth and 
differentiation and is activated during healing of gastro-
intestinal epithelium by growth factors both in vivo and 
in vitro (El-Assal and Besner, 2005; Hu et al., 2013b). 
Recently, it has been reported that the ERK signaling 
pathway is involved in the regulation of TJ expres-
sion and the integrity of the epithelial barrier (Hu et al., 
2013b; Song et al., 2014). The involvement of ERK1/2 
in mucosal recovery also has been shown (Shifflett et 
al., 2004; El-Assal and Besner, 2005). In the present 
study, supplementation with DS-ZnO improved the 
activation of ERK as compared with the acetic acid 
groups. In agreement, Liang et al. (2012a) reported that 
zinc increased osteogenic function in mouse MC3T3-
E1 osteoblasts through stimulating ERK signaling 
pathways. Wang et al. (2009) reported that supple-
mentation with 3,000 mg Zn/kg from ZnO increased 
A-Raf-1 expression in the jejunum of weaning piglets, 
which is a key member of the Ras/Raf/MEK/ERK sig-
naling pathway. There is also some evidence that the 
activation of ERK1/2 signaling is linked to the TGF-
β1-induced modulation of TJ permeability. In cultured 
rat IEC (IEC-6), TGF-β1 increased wound closures via 
ERK activation (Suer et al., 2009). TGF-β1 stimulated 
re-epithelialization in human corneal epithelial cells 
through the Ras/MEK/ERK signaling pathway (Secker 
et al., 2008). In our study, it is possible that the effects 
of DS-ZnO on intestinal integrity recovery are also re-
lated to activation of ERK1/2.

Besides the ERK signaling pathway, Akt is another 
key factor involved in intestinal injury restoration. Nu-
merous studies reported that activated Akt promotes 
the survival of IEC] and increases the tolerance of tis-
sue to injuries via inhibition of various apoptotic path-
ways (El-Assal and Besner, 2005; Liang et al., 2012b). 
El-Assal and Besner (2005) reported that blocking of 
PI3K/Akt resulted in a significant reduction in sponta-
neous restitution. In the current study, supplementation 
with DS-ZnO enhanced activation of Akt as compared 
with the acetic acid–challenged group and was related 
to recovery of intestinal injury. Consistent with our re-
sults, Liang et al. (2012b) reported that zinc inhibits 
H2O2–induced MC3T3-E1 cell apoptosis via MAPK 
and PI3K/AKT pathways. The results of the current 
study indicate that the activation of the Akt signaling 
pathway was involved in the effect of DS-ZnO on intes-
tinal injury restoration.

In summary, the present study demonstrated that 
DS-ZnO supplementation exerts beneficial effect in 
improving intestinal barrier restoration and modulat-
ing the expression of TJ proteins, inhibiting the apop-

tosis and enhancing proliferation of epithelial cells. 
TGF-β, ERK1/2, and Akt signaling pathways could be 
critical for the beneficial effect of DS-ZnO on improv-
ing intestinal barrier restoration.
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