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a  b  s  t  r  a  c  t

Diosmectite-Lactobacillus acidophilus  composite  (DS-L.  acidophilus)  was  prepared  by  immo-
bilization  of  L. acidophilus  onto  DS.  The  surival  rate of L.  acidophilus  in  DS-L.  acidophilus
were  determined  after  simulated  gastric  juice  and  intestinal  fluid.  A total  of  180  piglets,
weaned  at  21  ± 1 d  age,  were  used  to  investigate  the  effects  of DS-L.  acidophilus  in  intesti-
nal  function.  The  vivo trial included  five  groups:  (1)  control;  (2)  L.  acidophilus;  (3)  DS;  (4)
DS-L.  acidophilus;  (5)  The  mixture  of  diosmectite  and L. acidophilus  (DS  + L.  acidophilus).  The
amount  of  DS or  L.  acidophilus  in each  group  was  equivalent.  The  results  in  vitro  showed  that
DS-L. acidophilus  increased  (P <  0.05)  the  survival  rate  of  L.  acidophilus  in  simulated  gastric
juice for  80  min  and  intestinal  fluid  for 240  min,  as compared  with  the  free  L.  acidophilus.
The  results  in  vivo showed  that,  as  compared  with control,  DS-L.  acidophilus  increased
(P  <  0.05)  average  daily  gain,  intestinal  Lactobacillus, the  ratio  of villus  height  and  crypt
depth,  the  jejunal  and colonic  transepithelial  electrical  resistance.  The  DS-L.  acidophilus
addition  decreased  (P < 0.05)  the  paracellular  permeability  of fluorescein  isothiocyanate
dextran  4 kDa  in jejunum  and  colon.  However,  DS,  L.  acidophilus  or DS  + L. acidophilus  had
no (P  >  0.05)  effect.  The  results  indicated  that  DS-L.  acidophilus  was  more  effective  in  improv-
ing growth  performance  and  intestinal  function  of weaned  pigs  than  DS, L.  acidophilus  or
DS +  L.  acidophilus.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction
Probiotics are living microorganisms, which confer a health benefit on the hostwhen administered in adequate amounts
(FAO/WHO, already been used for health
promoting additives in weaned pigs (Guerra et al., 2007). A number of studies demonstrated that L. acidophilus can alleviate
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ntestinal inflammation and increases intestinal integrity. Introduction of L. acidophilus into the gastrointestinal tract of
nimals restores mucosal adherent probiotic populations by producing immunoregulatory factors that may  enhance colo-
ization or survival in the host (Lewis and Burmeister, 2005; Chen et al., 2009; Qiao et al., 2015). However, some studies
eported that no significant effects were observed (Wang et al., 2009; Lan et al., 2016; Zhao and Kim, 2015). One of the
ajor problems in the efficacy of probiotics is the low survival rate in gastric pH and high concentrations of bile salts in the

ntestine (Simon et al., 2001; Sabikhi et al., 2010). Ingested probiotic bacteria must survive through the gastrointestinal tract,
olerating acid, bile and gastric enzymes, and then show viability at the site of action (Huang and Adams, 2004; Ding and
hah, 2007). In this regard, stabilization and protection of probiotics against harsh gastrointestinal conditions to increase
urvivability plays an important role in the beneficial effect of probiotics.

Diosmectite (DS) is an aluminosilicate clay mineral (Hu et al., 2013a,b). D57.97S1 gt.6 656.1783 Tm
( )Tj
ET
/GS2 gs
BT
/F1 1 Tf
pp 

s

t

s

t

o

t

i

c

s

.

o

t

i

c

s

.

o

t

i

c

s

.

 

o

t

i

c

s

.

rrrrrrr

probiotics. probiotics. probiotics. probiotics.

 

probiotics.probiotics. 
 

probiotics. probiotics.  probiotics.
 

 probiotics. probiotics. probiotics. probiotics. probiotics. probiotics. probiotics.
 

probiotics.    probiotics. probiotics. probiotics. probiotics.probiotics. probiotics. probiotics. probiotics. probiotics.probiotics. probiotics.probiotics.probiotics. 

i

o

t

i

c

s

.

 

i

o

t

i

c

s

.

 

i

o

t

i

c

s

.

i

o

t

i

c

s

.

i

o

t

i

c

s

.

i

o

t

i

c

s

.

 

i

o

t

i

c

s

.

 

i

o

t

i

c

s

.

 

i

o

t

i

c

s

.

p

r

o

b

i

o

t

i

c

s

.

 

pp

 

pr
r

o

o

r

o

r

o

r

o

r

o

r

o

r

o

r

o

probiotics.



182 S. Cao et al. / Animal Feed Science and Technology 220 (2016) 180–186

Table  1
Ingredient and chemical composition of the basal diet as fed basis.

Items

Ingredients, g/kg
Corn 572
Soybean meal 258
Fish meal 50
Spray-dried plasma protein 24
Dried whey 45
Soybean oil 20.5
Dicalcium phosphate 11
Limestone 5
Sodium chloride 3
L-Lysine HCl 1
DL-Methionine 0.5
Vitamin-mineral premixa 10
Analysed composition, g/kg
Digestible energyb, MJ/kg(calculated) 14.40
Crude protein(measured) 223.57
Lysine(measured) 14.3
Methionine(measured) 3.6
Calcium(measured) 8.3
Total phosphorus(measured) 6.6

a Provided per kilogram of diet: vitamin A, 5500 IU; vitamin D3, 500 IU; vitamin E, 40 IU; riboflavin, 5.0 mg;  vitamin B12, 0.03 mg; pyridoxine, 3.0 mg;
vitamin K3, 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
(FeSO4), 125 mg;  Cu (CuSO4·5H2O), 16 mg;  Mn (MnSO4·H2O), 15 mg;  I (KI), 0.2 mg;  Se (Na2SeO3), 0.3 mg.

b Digestible energy was  calculated from data provide by Feed Database in China (2012).

Table 2
Primer sequences used for real-time PCR.

Reference Forward/reverse Sequence 5′–3′

E. coli Huijsdens et al. (2002) F CATGCCGCGTGTATGAAGAA
R CGGGTAACGTCAATGAGCAAA
Lactobacillus Huang et al. (2012) F CTGATGAAAGCCCTCG
R GAGCCTCAGCGTCAGTTG

procedures of the AOAC (2000). All pigs were given ad libitum access to feed and water. Average daily gain (ADG), average
daily feed intake (ADFI), and feed/gain ratio were measured. After the feeding trial, six piglets from each treatment (one pig
per pen) were killed based on average body weight. Specimens (1 cm)  of the proximal jejunum were fixed in 10% formalin
for morphology measurements. Proximal jejunum and colon were prepared for Ussing chamber studies. Samples of the
proximal jejunal and colonic contents were collected for intestinal microbiota analysis. Mucosal samples from the proximal
jejunum and colon were collected, rapidly frozen in liquid nitrogen and stored at −80 ◦C for further analysis.

2.4. Sample analysis

Three cross-sections for each jejunal sample were stained with hematoxylin and eosin using standard paraffin embedding
procedures. Crypt depth and villus height were measured in at least 10 well-oriented crypt-villus units using image analysis
(Leica Imaging Systems Ltd, Cambridge, England) and averaged for each sample.

Proximal jejunum and colon were stripped from the seromuscular layer in oxygenated Ringer’s solution (in mmol/l:
Na+,154; K+, 6.3; Cl−, 137; H2PO4

−, 0.3; Ca2+, 1.2; Mg2+, 0.7; HCO3
−,24; pH 7.4) (Moeser et al., 2005; Moeser et al., 2007;

Jiao et al., 2014). Tissues were mounted in EasyMount Ussing chamber system (model VCC MC6, Physiologic Instruments,
San Diego, CA, USA) as described previously (Hu et al., 2013a,b). Briefly, the clamps were connected to Acquire and Analyse
software (Physiologic Instruments, San Diego, CA) for automatic data collection. After a 15-min equilibration period on Ussing
chambers, transepithelial electrical resistance (TER) was recorded at 15-min intervals over a 1-h period. The epithelial barrier
function was measured by the fluxes of fluorescein isothiocyanate dextran 4 kDa (FD4). The probe FD4 (Sigma-Aldrich, St.
Louis, MO)  was added to the mucosal side at the final concentration of 0.4 mg/mL. The samples were taken from the serosal
side of tissues. The concentration of FD4 was measured by a fluorescence microplate reader (FLx800, Bio-Tek Instruments,
Inc.).

For microbial analysis, 16S ribosomal RNA-based methods were used for the abundances of Escherichia coli and Lacto-
bacillus as described by Huijsdens et al. (2002) and Huang et al. (2012). Total DNA was  extracted from proximally jejunal and

colonic contents using a TIANamp Stool DNA Kit (Tiangen Biotech,
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Table  3
The survival rate of L. acidophilus under simulated gastric juice and intestinal fluid.

Treatments Sampling (min) L. acidophilusa DSb + L. acidophilusc DS-L. acidophilusd SEMe P-Value

Gastric
juice

40 81.25 82.09 83.92 3.21 0.839
80  58.11b 60.54b 70.82a 2.73 0.036

Intestinal
fluid

120  78.89 80.08 88.91 3.27 0.139
240  69.73b 72.31b 81.27a 2.20 0.023

a, b Mean values within a row with unlike superscript letters were significantly different (P < 0.05).
a L. acidophilus = Lactobacillus acidophilus.
b DS = diosmectite.
c DS + L. acidophilus = mixture of diosmectite and Lactobacillus acidophilus.
d DS-L. Acidophilus = composite of diosmectite and Lactobacillus acidophilus.
e Standard error of means, n = 3.

Table 4
Effect of L. acidophilus, DS, DS + L. acidophilus and DS-L. acidophilus on growth performance of weaned piglets.

Items Control L. acidophilusa DSb DS + L. acidophilusc DS-L. acidophilusd SEMe P-Value

ADG, g 269b 275b 274b 278b 298a 6.69 0.045
ADFI,  g 368 369 366 370 372 8.49 0.993
Feed/gain 1.37 1.34 1.35 1.34 1.25 0.05 0.409

a,b Mean values within a row with unlike superscript letters were significantly different (P < 0.05).
a L. acidophilus = Lactobacillus acidophilus.
b DS = diosmectite.
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c DS-L. acidophilus = composite of diosmectite and Lactobacillus acidophilus.
d DS + L. acidophilus = mixture of diosmectite and Lactobacillus acidophilus.
e Standard error of means, n = 6.

.5. Statistical analysis

One-way analysis of variance (ANOVA) was conducted using SPSS 20.0 statistical package (SPSS Inc., Chicago, IL). Differ-
nces among means were tested using Duncan’s multiple range tests. Effects were considered significant at P < 0.05.

. Results

.1. Survival rate of immobilized L. acidophilus in simulated gastrointestinal juices

Surival rate of L. acidophilus, DS + L. acidophilus and DS-L. acidophilus were determined in simulated gastrointestinal juices
re shown in Table 3. The results showed that compared with free L. acidophilus,  DS-L. acidophilus increased (P < 0.05) surival
ate of L. acidophilus when exposed to simulated gastric juice for 80 min  and intestinal fluid for 240 min. DS + L. acidophilus
ad no (P > 0.05) effect on the survival of L. acidophilus.  The surival rate of L. acidophilus were not affected by DS when exposed
o simulated gastric juice for 40 min  and intestinal fluid for 120 min  (P > 0.05).

.2. Growth performance

Table 4 indicates the growth performance of weaned piglets. As compared with the control, L. acidophilus, DS and DS + L.
cidophilus group, DS-L. acidophilus increased (P < 0.05) ADG; Supplementation with DS, L. acidophilus or DS + L. acidophilus
ad no (P > 0.05) effect on ADG. Average daily feed intake and feed/gain ratio were not affected (P > 0.05) by dietary treatments.

.3. Intestinal microbiota

As compared with the control group, supplementation with DS-L. acidophilus increased (P < 0.05) the Lactobacillus in the
roximal jejunum and colon of weaned piglets 

 

with
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Table  5
Effects of L. acidophilus, DS, DS + L. acidophilus and DS-L. acidophilus on intestine microbiotaa of weaned pigs.

Items Control L. acidophilusb DSc DS + L. acidophilusd DS-L. acidophiluse SEMf P-Value

Jejunum
E. coli 7.22 6.85 7.11 6.81 6.52 0.18 0.078
Lactobacillus 6.07b 6.75ab 6.11b 6.78ab 7.15a 0.24 0.014
Colon
E.  coli 8.25 7.98 8.17 7.81 7.53 0.21 0.082
Lactobacillus 6.98b 7.55ab 7.02b 7.49ab 7.88a 0.19 0.008

a,b Mean values within a row with unlike superscript letters were significantly different (P < 0.05).
a Bacterial numbers are expressed as log10 (16S rRNA gene copies g−1 wet  weight).
b L. acidophilus = Lactobacillus acidophilus.
c DS = diosmectite.
d DS-L. acidophilus = composite of diosmectite and Lactobacillus acidophilus.
e DS + L. acidophilus = mixture of diosmectite and Lactobacillus acidophilus.
f Standard error of means, n = 6.

Table 6
Effect of L. acidophilus, DS, DS + L. acidophilus and DS-L. acidophilus on jejunal morphology of weaned
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ass through the gastrointestinal tract and colonize in the intestine (Chou and Weimer, 1999). However, the survival rate
f probiotics is low in the gastrointestinal tract due to gastric pH and high concentrations of bile salts in the intestine,
hich seriously affects the efficacy of probiotics (Sabikhi et al., 2010). The diosmectite has been researched as a support to

mmobilize probiotic cells to provide a physical barrier against harsh environmental conditions such as those encountered
uring gastric and intestinal juice passage (Li et al., 2014; Sun et al., 2008). We  prepared diosmectite-Lactobacillus acidophilus
omposite (diosmectite-L.  acidophilus) by immobilization of L. acidophilus onto diosmectite. The present experiment show
hat diosmectite-L. acidophilus increased the survival rate of L. acidophilus in simulated gastric juice, suggesing that more cells
ould reach the small intestine and colon to exert effects. The result of X-ray diffraction and scanning electron microscope
f diosmectite-lactic acid bacteria demonstrated that the cells were adhered to the surface of diosmectite and were covered
r buried by diosmectite particles (Li et al., 2014). Therefore, we  suggest that diosmectite provide a physical barrier for L.
cidophilus against harsh environmental conditions such as those encountered during gastric and intestinal juice passage.

In order to evlaute the effect on weaned pigs, so we used diosmectite, L. acidophilus and mixture of diosmectite and L.
cidophilus as the control. In the present study, we  found that a supplemental the mixture of diosmectite and L. acidophilus had
o influence on growth performance and intestinal barrier of weaned pigs which was  similar with previous research (Almeida
t al., 2013). In contrast to our findings, it was reported that diosmectite was effective in intestinal mucosal restoration in
nimals (González et al., 2004; Dupont and Vernisse, 2009; Song et al., 2012). The possible reason for the ineffectiveness of
iosmectite in the present experiment may  be that the inclusion of diosmectite (1.5 g/kg) was too low (Hu et al., 2013a,b; Song
t al., 2012). As it was reported that the beneficial effect of DS was dose dependent and suggested to be at least 3 g/kg (Song
t al., 2015). As being probiotics, Qiao et al. (2015) had reported that Lactobacillus (5 × 1010 CFU/kg) had positive effects on the
rowth performance of piglets by effectively improving intestinal barrier function. In the present results, supplementation
ith L. acidophilus (7.5 × 108 CFU/kg) had no influence on growth performance of weaned pigs. Similar results were observed
y Zhao and Kim (2015) who reported that dietary probiotics supplementation (L. reuteri and L. plantarum,  1 × 109 CFU/kg
omplex) had no effect on ADG and feed/gain ratio in weaned pigs. Supplementation with diosmectite-L. acidophilus exerted
etter beneficial effects on weaned pigs than those fed the equivalent amount of the mixture of diosmectite and L. acidophilus,
hich was consistent with results of in vitro simulated gastrointestinal juices experiment. The higer survival rate of L.

cidophilus in diosmectite-L. acidophilus suggested a higher number of cells could reach the small intestine and the colon to
lay beneficial effects. The current study demonstrated that dietary supplementation diosmectite-L. acidophilus decreased
he E. coli and increased the Lactobacillus in intestinal contents of weaned pigs. That means diosmectite-L. acidophilus in our
tudy have beneficial effect on Lactobacillus counts, and inhibit the increase of E. coli.

Weaning is associated with villus atrophy and crypt hyperplasia (Montagne et al., 2007). Addition of diosmectite-L.
cidophilus reduced the weaning-associated damage to intestinal morphology. The intestinal epithelium serves as a barrier
gainst noxious antigens and pathogens. Impaired intestinal barrier function may  increase the translocation of intestinal
acteria and the entering of toxic or allergenic substances from the gut into the body (Wijtten et al., 2011). Supplementation
f L. acidophilus improved mucosal repair in rats with experimental colitis (Peran et al., 2007) and benefited the intestinal
arrier function in weaned piglets challenged with Escherichia coli lipopolysaccharide (Qiao et al., 2015). However, the effect
f DS-L. acidophilus on intestinal permeability of weaned pigs was  not reported. In the present experiment, the ex vivo Ussing
hamber was used to monitor intestinal permeability. The TER is considered to reflect the opening of the tight junctions
etween epithelial cells and the paracellular permeability of the intestinal mucosa (Wijtten et al., 2011). The flux of intact
D4 across the intestinal epithelium occurs mainly through paracellular pathways (Hamard et al., 2010). A decreased TER
nd increased flux of FD4 reflects an impaired intestinal barrier. Supplementation with DS-L. acidophilus increased TER and
educed the paracellular flux of FD4 across the epithelium, indicating that the intestinal barrier function of weaned pigs was
mproved.

. Conclusion

DS-L.acidophilus protected L. acidophilus from simulated gastrointestinal juices. DS-L. acidophilus was more effective than
. acidophilus, DS and DS + L. acidophilus in enhancing the growth, intestine microbiota and intestinal barrier of weaned pigs.
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