


energy sources; moreover, it affects the functions of the
intestinal epithelium, including those of goblet cells and
mucus layers, by a “cross-talk” feedback mechanism
(Lievin-Le and Servin, 2006; Martens et al., 2009). The
microbiota and microbial products can also modulate
mucin synthesis and secretion, either by direct activation
of diverse signalling cascades or through bioactive
factors generated by epithelial and lamina propria cells.
Intestinal deregulation of mucin expression provides a
microenvironment where bacteria initiate an
inflammatory response (Johansson et al., 2008). The
importance of the intestinal microbiota for
gastrointestinal function and health has been shown in
many studies (Heinritz et al., 2013; Büsing and Zeyner,
2015; Liu et al., 2017). 

Probiotics are preparations of viable microorganisms
that induce beneficial effects in both animals and
humans by influencing gut flora or modifying immune
status, as well as by stimulating digestive processes
(Fuller, 2006; Meng et al., 2010). Thus, the use of
probiotics is suggested as an alternative for antibiotics or
anti-inflammatory drugs. The mode of action of
probiotics is poorly understood, however, and the
reported mechanisms of action are often the result of in
vitro experiments. Therefore, these results should be
confirmed by in vivo studies (Oelschlaeger, 2010).

Several studies have investigated the effects of
dietary administration of probiotics on intestinal
physiology and immunology (Lallés et al., 2007), as well
as on gut morphology and mucus composition in pig
intestine (Baum et al., 2002; Bontempo et al., 2006; Di
Giancamillo et al., 2007, 2008). The results of these
investigations indicate that the effects on gut
morphology and mucins secreted by goblet cells depend
on probiotic composition. 

Pigs are not only important farm animals, but,
because of their similarities to humans in gastrointestinal
tract functions, structure, metabolism, nutritional
requirements, major bacteria phyla and genetics, they
have a superior position over other non-primates, such as
rodents, in their frequency of use as animal models
(Heinritz et al., 2013). Thus, this species is considered a
promising animal model in translational biomedical
research, including studies of human nutrition and health
problems (Heinritz et al., 2013; Prather et al., 2013;
Gonzalez et al., 2015). Recently, it has been shown for
the first time that a commercial multi-strain probiotic
(SIVOY51™) intended for humans, apart from
enhancing the growth performance and meat quality of
growing-finishing pigs (Tufarelli et al., 2017), also
affects the glycan composition of glycoproteins secreted
by Brunner’s glands of the pig duodenum (Accogli et al.,
2018). With such evidence in mind, the aim of this study
was to examine the effect of the above-cited probiotic
complex on the glycan composition of mucins produced
in the intestinal goblet cells of growing-finishing pigs.
This study could therefore establish a valuable baseline
for further studies with possible translational value in
humans.

Materials and methods

Probiotic sources

The probiotic blend SLAB51™ (Mendes SA,
Lugano, Switzerland) contained 2×1011 lactic acid
bacteria composed of the following strains:
Streptococcus thermophilus DSM 32245; a mixture of
two strains of Bifidobacterium animalis spp., Lactis
DSM 32246 and DSM 32247; Lactobacillus acidophilus
DSM 32241; Lactobacillus helveticus DSM 32242;
Lactobacillus paracasei DSM 32243; Lactobacillus
plantarum DSM 32244; and Lactobacillus brevis DSM
27961.

Animals

The trial received ethical approval from the Italian
Ministry of Health (n.597/2015-PR del 23/06/2015) and
was conducted in strict accordance with the
recommendations of the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health
(Art. 18 D.L. 4 March 2014, no. 26).

Twenty female pigs [(Landrace × Yorkshire) ×
Talent] with an average initial body weight (BW) of
22.80±0.95 kg (SE) were used in a 12-week experiment.
Pigs were assigned to two dietary treatments: a control
basal diet without the probiotic blend (No-Pro) and an
experimental diet that included the probiotic blend (Pro).
The probiotic mixture was used as a dietary supplement
for the pigs during the entire feeding period at a dose of
100 mg/kg of BW. The basal diet was formulated to
meet or exceed the nutrient requirements of pigs
according to the NRC (1998). Pigs were housed in an
environmentally controlled room with a concrete floor
and were fed ad libitum. 

Sampling and histology processing

At the end of the trial, pigs aged 112±3 days were
slaughtered and the gastrointestinal tract was removed.
Tissue samples were collected from the duodenum (5 cm
aborally from the pylorus), caecum (middle of caecum)
and proximal colon (20 cm aborally from the ileocaecal
entrance) and fixed in 4% (v/v) phosphate-buffered-
saline-buffered paraformaldehyde for 24 h at 4°C. The
samples were then dehydrated through a graded series of
ethanol and embedded in paraffin wax. Serial sections
(4-μm thick) were cut and, after being de-waxed with
xylene and hydrated in an ethanol series of descending
concentrations, stained with haematoxylin-eosin for
morphological and morphometric studies and by
conventional histochemical procedures or lectin
histochemistry for sialylated mucin characterization. 

Conventional histochemistry

Sections were treated with (1) the periodic acid-
Schiff (PAS) reaction for neutral glycans (Mc Manus,
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1948); (2) Alcian Blue pH 2.5 (AB 2.5) for sulphate
esters and carboxyl groups in mucins (Pearse, 1968); (3)
combined high iron diamine/Alcian Blue pH 2.5
(HID/AB 2.5) for simultaneous staining of sulphated and
non-sulphated acidic glycans (Spicer, 1965); and (4) an
AB 2.5/PAS sequence to reveal combinations of acidic
and neutral mucins.

Lectin histochemistry

To differentiate the sialylated mucins, we stained
tissue sections with FITC-labelled Maackia amurensis
agglutinin (MAA)-II (specific for NeuNAcα2,3Galβ1,4
GlcNAc) (EY Laboratories, San Mateo, CA, USA) and
Sambucus nigra agglutinin (SNA) (specific for
Neu5Acα2,6Gal/GalNAc) (Vector Laboratories,
Burlingame, CA, USA). Tissue sections were rinsed in
0.05 M Tris-HCl-buffered saline (TBS), pH 7.4, and
incubated in 20 µg/mL of each lectin diluted in TBS for
1 h at 25°C in the dark. After three rinses in TBS, slides
were mounted in Vectashield mounting medium (Vector
Laboratories Inc., Burlingame, CA, USA). Each
experiment was repeated twice for each sample. Controls
for lectin staining included (1) substitution of the
substrate medium with buffer without lectin and (2)
incubation with each lectin in the presence of its hapten
sugar (Neu5Ac 0.5 M in TBS). All control experiments
gave negative results.

Slides were observed with the light photomicroscope
Eclipse Ni-U (Nikon, Japan) at 20× magnification and

photographed with a digital camera (DS-U3, Nikon,
Japan). The images were analysed by the image-
analysing program NIS Elements BR (Version 4.20)
(Nikon, Japan). 

Morphometry and statistical analysis

Haemoxylin-eosin-stained sections were used to
measure the depth of 15 well-oriented duodenum,
caecum and colon crypts from each No-Pro and Pro pig.
Microscopic fields were photographed with a 10x lens.
Images were analysed with the image-analysing program
NIS Elements BR (Version 4.30) (Nikon, JP). The total
number of goblet cells, the number of goblet cells with
different types of mucins as distinguished by AB
2.5/PAS staining, the HID/AB 2.5 reaction, and MAL II
and SNA affinity were determined by counting both
sides of 15 well-oriented crypts of the duodenum,
caecum and colon tracts with a 10x lens.

The fluorescence signal intensity of FITC-labelled
MAA-II and SNA was measured as described by
Mastrodonato et al. (2017) and the fluorescence intensity
(FI) for each goblet cell computed as described by
McCloy et al. (2014). The integrated density (ID) and
the area (A) of each cell were measured, after which10
regions in the field around the cells without fluorescence
were selected as background and their mean density
(BD) value was computed. FI was then calculated as FI
= ID – (A× BD).

The cell count of all staining methods was manually
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Fig. 1. Histological profile of the duodenum (A), caecum (B) and colon (C) of probiotic-fed pigs. Goblet cells were negatively stained. Bg, Brunner's

gland; dc, duodenal crypt; dv, duodenal villum; s, submucosa; arrow, muscularis mucosae. Haematoxylin-eosin staining. Scale bars: 130 µm.



performed in a double-blind test by at least two of the
authors. Values were expressed as cell percentage per
crypt and as cell means ± standard deviation (SD) per
crypt. The results were evaluated for statistical
significance by Student’s t test.

Results

Morphometry

The examined organs from No-Pro and Pro samples
did not show either macroscopic or histological lesions
(Fig. 1). The morphometric evaluations revealed that the
probiotic blend significantly reduced (P<0.01) the depth
of caecal crypts, whereas it did not affect the length of
crypts in other intestinal tracts (Fig. 2).

Histochemistry 

The differences between the untreated and treated
animals in the number of goblet cells secreting the
different types of mucins in duodenal, caecal and colonic
crypts are summarized in Figs. 3, 5, and 7. The number
of goblet cells per crypt, as revealed by AB 2.5/PAS
staining, which detects all types of acidic mucins and
neutral mucins at the same time, was significantly higher
(P<0.05 in the duodenum, P<0.001 in the caecum and
colon) in the probiotic-fed pigs than in the untreated pigs
(Fig. 3).

AB 2.5/PAS sequential staining showed that goblet
cells of the intestinal crypts from both No-Pro and Pro-
fed animals produced mostly a mixture of neutral and
acidic mucins (violet staining). However, there was a
very low incidence of crypt goblet cells producing only
PAS-positive (magenta) mucins. These cells were
observed in the duodenal and colonic crypts but not in
the caecal crypts of both samples (Fig. 4A-F). Caecal

goblet cells secreting both neutral and acidic mucins
were distributed along the entire crypts in Pro-samples,
whereas they were missing at the opening of the crypts
in the No-Pro pigs (Fig. 4C,D). The number of goblet
cells with only neutral mucins was higher in the
duodenum than in the colon and was significantly
(P<0.001) decreased in Pro pigs (Fig. 3). This trend was
distinctly evident when the cell percentage was
compared (Fig. 5).
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Fig. 2. Crypt length in the intestine of no-probiotic (No-Pro)-fed and

probiotic (Pro)-fed pigs. Data show the mean with error bars

representing ± SD and Student’s t-test results (**P<0.01).

Fig. 3. Box-and-whisker plots of goblet cell number in duodenal, caecal

and colonic crypts of no-probiotic (No-Pro)-fed and probiotic (Pro)-fed

pigs stained by conventional and lectin histochemical techniques. In all

plots, the upper and lower bounds of the box denote the upper (Q3) and

lower (Q1) quartiles, respectively; the symbol in the box interior

represents the group mean; the horizontal line in the box interior

represents the group median; and the vertical lines (whiskers) issuing

from the box extend to the group minimum and maximum values.

Student’s t-test results: *P<0.05; **P<0.001.
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Fig. 4. Alcian Blue pH 2.5 and PAS staining of pig duodenum (A,B), caecum (C,D) and colon (E,F). A,C,E: No-probiotic-fed samples; B,D,E: probiotic-

fed samples. Most of the goblet cells exhibit both PAS and AB2.5 positivity (violet). Inset shows some PAS-positive (magenta) goblet cells. Bg,

Brunner's gland; s, submucosa; arrow, muscularis mucosae. Scale bars: A-F, 90 µm. Insets: A, B, 50 µm; E, F, 40 µm.



The combination HID/AB 2.5 method showed that
HID-positive (brown) goblet cells predominated over
AB 2.5-positive (blue) goblet cells in the intestinal
crypts from both No-Pro and Pro pigs (Figs. 3,6). The
presence of goblet cells showing only AB 2.5 positivity
or a mixture of both HID and AB 2.5 staining was
detected in duodenal (Fig. 6A-C) and caecal (Fig. 6D-F)
crypts of both No-Pro and Pro samples. In the
duodenum, AB 2.5-positive goblet cells were
widespread in the basaland intermediate zones of the
crypts (Fig. 6A,C), whereas HID/AB 2.5-positive goblet
cells were found in the intermediate zone of the crypts
(Fig. 6B). In the caecum, AB 2.5-positive goblet cells
were detected at the bases of the crypts (Fig. 6D), and
the very few HID/AB 2.5 goblet cells (Fig. 7) were
localized at the bottom and intermediate zone of the
crypts. AB 2.5-positive and HID/AB2.5-positive goblet
cells were not detectable in the colonic crypts of either
No-Pro (Fig. 6G,H) or Pro (Fig. 6I) pigs. Probiotic
supplementation significantly (P<0.001) increased the
number of AB 2.5-positive and HID/AB2.5-positive
goblet cells in the duodenum (Figs. 3,7), which
displayed AB 2.5-positive goblet cells mainly located in
the basal zone of the crypts (Fig. 6C). The probiotic
blend did not significantly affect the staining pattern of
the goblet cells in the caecal and colonic crypts (Figs. 3,
6E,F,I, 7), although a significant (P<0.001) increase in
HID-positive goblet cells in colonic crypts was detected. 

Lectin histochemistry

In No-Pro samples, MAA-II stained scattered goblet
cells along the entire crypts in the duodenum (Fig. 8A)
and a few goblet cells at the opening of the caecal crypts
(Fig. 8B), whereas it reacted with the apical region of the
absorptive enterocytes in the basal half of the colonic
crypts (Fig. 8D). The probiotic blend affected the MAA-
II binding pattern only in the caecum, which lost goblet
cell reactivity (Fig. 3), whereas an appearance of affinity
was exhibited in the apical region of epithelial cells at

the bottom of the crypts (Fig. 8C).
SNA stained the goblet cells along the crypts of all

investigated intestinal tracts in both the No-Pro and Pro
samples (Fig. 9A-F). Supplementation with the probiotic
blend induced a significant decrease in signal intensity
of the duodenal crypt goblet cells (Figs. 9B, 10),
whereas it significantly (P<0.001) increased the number
and the staining signal in the goblet cells along the
caecal and colonic crypts (Figs. 3, 9D-F, 10).

Discussion

This study demonstrated that a dietary probiotic
complex containing Streptococcus, Bifidobacterium and
Lactobacillus strains is able to induce regional effects on
intestinal crypt morphology as well as on the mucins
secreted by goblet cells in growing-finishing pigs.

Intestinal crypts consist of several cell types,
including pluripotent stem cells residing at the bottom of
the crypts, and cells that differentiate into mature cell
lineages during migration along the crypts, such as the
mucin secretory goblet cells. Histomorphometric
analysis in this study showed that probiotic
supplementation did not affect the depth of the duodenal
crypts, whereas it induced a general reduction in crypt
depth in the large intestine, which was significant in the
caecum but not in the colon. Although a decrease in
crypt depth was unexpected, it is possible for commensal
microbiota to decrease intestinal crypt depth. For
example, Lactobacillus reuteri, an important member of
the intestinal commensal microbiota, is able to reduce
the crypt depth of pig small intestine (Le et al., 2016; Yi
et al., 2018). It has also been reported that a lower crypt
depth could be related to a reduced intestinal cell
turnover rate and therefore may indicate an energy-
saving mechanism (Hedeman et al., 2014; Metzler-
Zebeli et al., 2017). Crypt lengthening may be mediated
by a spectrum of local, immune and neurohumoral
factors (Pearson and Brownlee, 2010). Gut microbiota
can affect intestinal motor functions either directly or
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Fig. 5. Percentage of goblet cells stained with both Alcian

Blue pH 2.5 (AB) and PAS staining or with PAS only in

the intestinal crypts of no-probiotic (No-Pro) and probiotic

(Pro)-fed pigs.



indirectly via mediators released by the gut immune
response, intestinal neuroendocrine factors or the end
products of bacterial fermentation (Wu et al., 2013).
Recently, an increase in the interstitial cells of Cajal

(ICC), the pacemaker cells of spontaneous motility in
the gut (Takaki, 2003), has been detected in cats after
probiotic (SLAB51) therapy (Rossi et al., 2018). If the
decrease in crypt depth observed in this study is related
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Fig. 6. HID/AB 2.5 staining sequence of duodenal (A, B, C), caecal (D, E, F) and colonic (G, H, I) crypts. A, B, D, G, H. Instead of no-probiotic-fed

samples. C, E, F, I. Instead of probiotic-fed samples. Most of the goblet cells exhibit HID positivity (brown). Picture B shows goblet cells producing both

HID-positive (brown) and AB 2.5-positive (blue) mucins. Pictures H, I clearly show the absence of goblet cells that synthesize both HID- and AB 2.5-

positive mucins in the colonic crypts. Bg, Brunner's gland; s, submucosa; arrow, muscularis mucosae. Scale bars: A, C-E, G, 90 µm; F, I, 50 µm; B, H,

25 µm.


