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Escherichia coli lipopolysaccharide affects intestinal mucin
secretion in weaned pigs®

El lipopolisacdarido de Escherichia coli afecta la secrecion de mucinas intestinales en cerdos destetados

O lipopolissacdrido de Escherichia coli afecta a secrecio de mucina intestinal em porcos desmamados
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Summary

Background: to the best of our knowledge, the effects of lipopolysaccharide (LPS) from Escherichia coli on
goblet cells and intestinal mucin secretion of weaned pigs has not been reported, and it is unknown whether these
effects could trigger enteritis. Objective: to determine the effect of E. coli LPS on intestinal mucin secretion in
weaning piglets. Methods: fifty-two piglets weaned at 21 days of age were fed a basal diet supplemented with
four LPS levels (0.0, 0.3, 0.5, and 1.0 pg/mg) during 10 days. Piglets were slaughtered on days 1, 5, 7, and 10
post-weaning and samples of small and large intestine were taken for histochemical staining to determine goblet
cell population and type of mucins produced (acidic, sulphated, non-sulphated, or neutral). Results: acidic mucin
was reduced on day 5 post-weaning independently of the dietary LPS level supplied to piglets. Recovery of acidic
mucins was observed during days 7 and 10 post-weaning. Neutral mucins increased on day 5 and decreased on days
7 and 10 post-weaning. High LPS levels decreased goblet cells population and secretion of all types of mucins. This
effect was remarkably high for diet two (D2: 0.5 mg LPS/mg food). Conclusions: early weaning (21 d) and LPS
addition to the diet affect mucin secretion and intestinal epithelium integrity by modifying goblet cell populations
and their balance between acidic and neutral mucin secretion. These findings explain some abnormalities related
with post-weaning diarrhea syndrome and help to explain its pathophysiology.
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Resumen

Antecedentes: actualmente se desconoce el efecto del lipopolisacarido (LPS) de Escherichia coli sobre
la cantidad de células caliciformes y la secrecién de mucinas en diferentes regiones del intestino en cerdos
durante el periodo pos-destete. Tampoco se ha descrito si cambios en la distribucion de las mucinas en el
intestino estan relacionados con el desarrollo de enteritis. Objetivo: determinar el efecto del LPS de E. coli
sobre la secrecion de mucinas en el intestino de lechones recién destetados. Métodos: cincuenta y dos lechones
destetados a los 21 dias fueron alimentados con una dieta basal adicionada con cuatro niveles de LPS (0,0,
0,3,0,5y 1,0 pg/mg) durante 10 dias. Los cerdos se sacrificaron los dias 1, 5, 7 y 10 pos-destete y se tomaron
muestras de intestino delgado y colon para realizar coloraciones histoquimicas, que permitieran calcular
la cantidad de células caliciformes y el tipo de mucinas acidas sulfatadas, no sulfatadas o neutras por ellas
producidas. Resultados: la produccion de mucinas acidas en las células caliciformes se redujo el dia 5 del
periodo pos-destete, con posterior restauracion de los parametros a los dias 7 y 10 e independientemente
de la dosis de LPS suministrada en la dieta. En contraste, la produccion de mucinas neutras aument6 en el dia
5 y disminuy¢ en los dias 7 y 10 del periodo pos-destete. Al comparar las dietas experimentales, se observo que
dosis mayores de LPS, disminuyen el nimero de células caliciformes y la secrecion de los diferentes tipos de
mucinas. Este efecto fue mas marcado con la dieta dos (D2: 0,5 mg de LPS/mg de alimento). Conclusiones:
el destete a los 21 dias y la adicion LPS de E. coli a la dieta generan cambios en la secrecion de mucinas,
afectan la integridad del epitelio y el balance entre la secrecion de mucinas acidas y neutras por las células
caliciformes. Estos hallazgos sugieren explicaciones de algunas alteraciones que se producen en el sindrome
de diarrea pos-destete y contribuyen a explicar su fisiopatologia.

Palabras clave: células caliciformes, histopatologia, histoquimica, intestino, porcinos.

Resumo

Introducao: actualmente ¢ desconhecido o efeito do lipopolissacarideo (LPS) de Escherichia coli sobre a
quantidade de células caliciformes, sobre a secre¢@o de mucinas em diferentes regides do intestino em porcos durante
o periodo de pds-desmame e se o padrao de distribuicdo das mucinas esté relacionado com o desenvolvimento de
enterite. Objetivo: determinar o efeito da LPS de E. coli sobre a secrecdo de mucinas no intestino de leitdes recém
desmamados. Métodos: foi realizado um estudo experimental com 52 leitdes desmamados aos 21 dias, que foram
alimentados com uma dieta basal adicionada com quatro niveis de LPS (0,0, 0,3, 0,5 y 1,0 pg/mg) durante 10 dias.
Os porcos foram sacrificados os dias 1, 5, 7 ¢ 10 pos-desmame para tirar amostras de intestino delgado e grosso,
realizar coloragdes histoquimicas, calcular a quantidade de células caliciformes e o tipo de mucinas acidas sulfatadas,
ndo sulfatadas e neutras por elas produzidas. Resultados: observou-se que ao numero de c€lulas caliciformes que
expressaram mucinas acidas nos diferentes tempos do periodo pos-desmame, apresentaram uma diminui¢do da
secrecdo de mucinas acidas no quinto dia, com posterior recuperagio dos parametros os dias 7 e 10 Independentemente
da dose de LPS disso. Ao contrario, as mucinas neutras incrementaram o dia 5 com uma posterior diminuigéo os
dias 7 e 10 pos-desmame. Ao comparar as dietas experimentais, observou-se uma diminui¢do do nimero de células
caliciformes secretando os diferentes tipos de mucinas a doses maiores de LPS, principalmente com a dieta dois (D2:
0,5 mg LPS/mg comida). Conclusées: o desmame aos 21 dias e a adi¢do de LPS de E. coli na dieta, gera mudangas
na secrecao de mucinas, afetam a integridade do epitélio e o balango entre a secrecdo de mucinas acidas e neutras
pelas células caliciformes; isto modela algumas alteragdes que se produzem no sindrome de diarreia pés-desmame
e contribui a explicar a sua fisiopatologia.

Palavras chave: células caliciformes, histopatologia, histoquimica, intestino, porcinos.

Introduction

Alterations of intestinal epithelium of piglets have
been reported, including changes in absorptive activity
and predisposition to enteritis, with subsequent weight
loss and mortality during post-weaning (Reis de souza
etal., 2012).

Early weaning causes bacterial imbalances in
the intestinal populations, favoring Escherichia coli

growth and subsequent release of lipopolysaccharide
(LPS) from the cell wall of these bacteria (Amador
et al., 2007). The LPS is considered an important
pathogenic agent and a potent stimulator of innate
immunity and inflammation (Zhenfeng et al., 2008).

Recent studies show that £. coli LPS induces
morphological and histological changes in the
intestine of weaned piglets, such as: atrophy of villi,
increase in crypt depth, and injury to the epithelial
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barrier (Ospina et al., 2011; Parra et al., 2011;
Montoya et al., 2012; McLamb et al., 2013). LPS
also induces morphological changes in goblet cells,
which cause variations in their proliferative activity
in different organs (Shimizu et al., 2011).

Goblet cells synthesize glycoproteins called mucins.
A protective mucus gel composed predominantly of
these proteins covers the gastrointestinal epithelium.
Mucins constitute an important element of natural
immunity and its secretion is associated with different
physiological and pathological conditions (Voynow et
al., 2009; Nakamura et al., 2012). Mucins are classified
as neutral, acidic, sulphated, and non-sulphated.

In this study we evaluated the effect of E. coli
LPS on goblet cells and the type of mucins secreted
during post-weaning.

Materials and methods
Ethical considerations

All experimental procedures followed guidelines
set forth in the International Guiding Principles for
Biomedical Research Involving Animals (CIOMS,
1985) approved by the Ethics Committee for Animal
Experimentation of Universidad Nacional de
Colombia, Medellin (CEMED 001, January 26, 2009).

Location

The animal work was conducted at the San Pablo
Experimental Center of the Universidad Nacional
de Colombia. The farm is located in Rionegro
municipality, at 2,100 m.a.s.l. with an average
environmental temperature between 12 to 18 °C.

Experimental design

Durocs x Landrace pigs weaned at 21 days of
age with 6.5 £ 0.5 kg body weight were used. The
experiment followed a randomized block design (two
blocks) in a 4 x 4 factorial arrangement (Steel and
Torrie, 1985) with four diets and four sampling days
for histochemical analyses. The experimental diets
contained LPS from E. coli, serotype 0111: B4 (Sigma-
Aldrich, St. Louis, MO, USA), as follows: a control
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basal diet (BD) without LPS addition, Diet 1 (D1): BD
plus 0.3 mg LPS/mg food, Diet 2 (D2): BD plus
0.5 mg LPS/mg food, and Diet 3 (D3): BD plus 1 mg
LPS/mg food. A total of 52 piglets were slaughtered.
Four piglets (n = 1 per diet) were slaughtered for
samplings on day 1 post weaning and were used as the
reference group for each diet. Then, four piglets per
treatment were slaughtered on days 5, 7, and 10 post
weaning (n = 16 on each slaughtering day). Only one
piglet per diet instead of 4 was slaughtered on day 1
following recommendations by the Ethics Committee.

Pigs were housed at a density of eight pigs per pen
(64 pigs total) in environmentally controlled rooms
(26 = 3 °C) with ad libitum water. The basal diet
included milk and milk derivatives, vitamins, minerals
and lysine-HCI. Diets were formulated according to
minimal nutritional requirements proposed by the
National Research Council (NRC, 2012; Table 1).
The amount of food offered per animal was 3,000 g/day.
Experimental diets were offered from days 1 to 10 post
weaning. No solid food was offered to piglets during
lactation.

Intestinal sampling

The animals were sedated by inhalation of carbon
dioxide during 3 minutes, and then slaughtered by
ex-sanguination through section of the jugular vein.
Afterwards, they were put in supine position and the
intestine was extracted trough abdominal incision.
The intestine was aligned on a table, measured
without any tension, divided into three sections of
equal size (corresponding to the duodenum, jejunum,
and ileum), and 20 cm sections were taken from
the center of each segment. Once the portions were
cut, intestinal content was washed with cold saline
solution as described by Reis de souza et al. (2005).
Then, 1 cm long sub-samples were obtained from
each segment. All samples were kept in 10% neutral
buffered formalin solution until analysis.

Histochemical analysis

The tissues were embedded in paraffin and
sliced in 4 um thick cuts according to conventional
techniques. Histochemical staining was done in
three intestinal samples to identify mucin types
(AFIP, 1992). Alcian blue stain pH 1.0 was used for
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Table 1. Composition of the basal diet.

Ingredient %
Powdered milk 59
Casein 65
Dairylac 80 (lactose)? 15
Proliant 1000 (whey)? 8
Hemoglobin 2.5
Corn starch 4.32
Palm oil 2.36
Sea salt 0.2
Monocalcium phosphate 0.31
Common salt 0.4
Lysine 0.44
Methionin 0.33
Threonine 0.28
Tryptophan 0.06
Toxin adsorbent® 0.05
Vitamins? 0.36
Minerals® 0.12
Proximal analysis of the basal diet
Crude protein (%) 21
Ether extract (%) 8.35
Ash (%) 5.42
Humidity (%) 7.215

Gross energy (Kcal/kg) 3,708.0

@Dairylac 80 (Pro-Ag Products Ltd., Winnipeg, Canada).
bProliant 1000 (Alitecno S.A.C., Lima, Peru).
¢Toxibond (Biomix, Medellin, Colombia).

dComposition per kg of food: vitamin A (1,020 Ul), vitamin D (198 Ul), vitamin
E (6 Ul), vitamin K (1.20 mg), riboflavin (7.20 mg), vitamin B12 (0.04 mg),
coline (968.58 mg), niacin (36 mg), pantothenic acid (16.55 mg), thiamine
(30 mg), pyridoxine (31 mg), biotin (0.08 mg), folic acid (0.75 mg).

eComposition (per kg of food): copper (14.40 mg), iron (120 mg), manganese
(36 mg), selenium (0.30 mg), iodine (0.96 mg), zinc (144 mg).

'Sweet Vanilla, fruit essence (Prodia, Medellin, Colombia).

identifying significantly sulphated acid mucins, alcian
blue pH 2.5 for non-sulphated acid mucins, and periodic
acid schiff (PAS) for neutral mucins.

Microscopic evaluation and morphometric
analysis of images

Quantitative evaluation of tissue slides was carried
out according to the following procedure: tissue

identification was performed with a Leica DMLB
optical microscope (Meyer Instruments, Houston, TX,
USA). Subsequently, images from the tunica epithelial
were captured using a Leica EC3 microscope camera
(Leica microsystems, Heerbrugg, Switzerland) and
magnified 200X. Images were analyzed with ZEN
software (blue edition, Carl Zeiss, 2011).

Assessment of dietary effects on mucin secretion
was conducted as follows: a circular fold of mucosa was
selected and ten circular sections (diameter of 200 pm)
of villi and intestinal glands were drawn, for a total
evaluated area of 0.3 mm? per tissue slide. Afterwards,
a semiautomatic count of goblet cells positive to
each stain was conducted. Each villi region was
equally represented in the assessment. This process
was repeated on each section of the small intestine
(duodenum, jejunum, and ileum). Statistical data
analysis was conducted using a multivariable lineal
GLM model with SPSS software (version 19, 2010,
IBM). Duncan test was used to compare treatment
means (p<0.05).

Results

Piglets fed the basal diet were in good health
whereas those receiving LPS showed a sporadic
increase in rectal temperature (above 38 °C). However,
none of the animals had symptoms of illness, therefore
isolation or sacrifice was not required.

Initially, the effect of early weaning on goblet cells
population and mucin secretion was determined by
comparing data of the piglets fed the basal diet (control
diet) at different days post-weaning. The levels of
acid mucins decreased on day 5 post-weaning and
increased later on days 7 and 10 (Table 2). The goblet
cells that secrete neutral mucins increased on day 5
and decreased at days 7 and 10 post-weaning, showing
significant differences in the evaluated days (p<0.05).

Piglets fed different LPS levels exhibited a similar
trend to that described for the basal diet on days
1, 5, 7, and 10 post-weaning. This is, acid mucins
decreased on day 5 and increased at days 7 and 10.
On the contrary, neutral mucins increased on day 5
and subsequently decreased (Table 3). No statistical
interaction was observed between LPS concentrations
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Table 2. Changes of acid and neutral mucin secretion in the small
and large intestine of pigs fed the basal diet (BD) during the post-
weaning period.

Table 3. Changes in intestinal mucin secretion at various times
post-weaning in pigs exposed to different concentrations of LPS
from Escherichia coli.

Variables Post-weaning period (days) SEM Variables Post-weaning period (days) SEM
1 5 7 10 1 5 7 10
Duodenum Duodenum
SAM 335.87  308.57 3622  366.8% 6.6 SAM 335.82 31572 32942 33592 8.2
NSAM 3428@c 300° 354.5¢  358.8° 6.6 NSAM 3422 282.9> 32437 331.37 87
NM 270.3%2  412.3> 357.3° 375.8¢ 143 NM 270.32  337.8° 320.1® 339.9> 115
Jejunum Jejunum
SAM 4132 351.52 43257  446.5° 10.4 SAM 41349 346.2> 388.5°  403° 11.9
NSAM 3882 333.8° 402.32  399.5° 7.6 NSAM 3882 319.3> 37152 37442 93
NM 289.82  380.8>c  351° 365.5¢ 9.4 NM 289.82  327b 309.7° 337.3° 11.3
lleum lleum
SAM 4132¢ 336.3° 427.5°¢  437.8° 11.8 SAM 4134 339.3" 394.8° 400.4° 155
NSAM 3872 362.8° 436° 427.8° 71 NSAM 387ab 354.97 394.9° 418.9> 117
NM 34582  4258° 377.8° 413.5° 9.7 NM 34582 376.92 341.3° 379.3%¢ 10.4
Colon Colon
SAM 433.5% 408.75% 475.5" 524.8° 124 SAM 433.5% 384.1% 390.87 484.1> 16.8
NSAM 431.75% 390.87 448.8° 528.5° 13.7 MANS 431.829 371.6> 382.6%° 482.1¢¢ 17.9
NM 385.37  478.5" 388.57 463.75 114 NM 385.3% 407.3%° 331.9> 448.4° 182

SAM: Sulphated acid mucins. NSAM: Non-sulphated acid mucins. NM:
Neutral mucins.

abeMeans within the same row with different superscripts indicate statistical
difference (p<0.05).

SEM: Standard error of the mean.

and post-weaning periods for any of the variables
studied. Therefore, it was not necessary to analyze
or break down factors independently.

Analyzing the effect of different LPS doses
(experimental diets) on the population of goblet
cells and their mucins secretion, a deleterious effect
was observed, especially on acid mucins over all the
intestinal regions. This effect was dependent on the LPS
concentration and was associated to the highest doses
(Table 4). In this way, significant differences (p<0.05)
were observed in all the intestinal regions for diet D2
and in duodenum for diet D3 with respect to diets
BD and diet D1 (Figure 1).
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SAM: Sulphated acidic mucins. NSAM: Non-sulphated acidic mucins. NM:
Neutral mucins.

abc\Means within the same row with different superscripts indicate statistical
difference (p<0.05).

SEM: Standard error of the mean.

Discussion

In this study, £. coli LPS caused a dose-dependent
decrease in acid and neutral mucin secretion in all
intestinal regions. This effect was more evident on
day 5 post-weaning for acid mucins. Additionally, an
inverse relationship was observed between the number
of goblet cells secreting acid and neutral mucins on
day 5 post-weaning.

Quantification of the type of mucin secreted
by goblet cells in piglets fed the BD showed that
sulphated and non-sulphated acid mucins decrease
on day 5 post-weaning with a subsequent increase
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Table 4. Effect of feeding pigs LPS from Escherichia coli on secretion of acid and neutral mucins.

Variables Diets SEM
BD D1 D2 D3
Duodenum
SAM 343.32 345.32 289.50 327.32¢ 8.2
NSAM 338.872 327.73¢ 274 .50 311.3¢ 8.7
NM 353.92 313.6° 306.1b¢ 3296 115
Jejunum
SAM 410.92 404.32 322.2b 380.32 11.9
NSAM 380.92 372.52 315.30 354.12 9.3
NM 346.82 349.42 257.6° 325.82 11.3
lleum
SAM 403.62 4162 298.3b 397.82 15.5
MANS 403.42 415.82 335.80 397.82 1.7
NM 390.72 355.30 3400 362.520 104
Colon
SAM 460.62 450.22 346.50 412.32 16.8
NSAM 449.92 446.52 330.5° 415.32 17.9
NM 4292 424 .42 318.9b 396.42 18.2

SAM: Sulphated acidic mucins; NSAM: Non-sulphated acidic mucins; NM: Neutral mucins.

abeleans within the same row with different superscripts indicate statistical difference (p<0.05). SEM: Standard error of the mean.

on days 7 and 10; these results show the base effect
of early weaning, and are similar to what has been
described in pigs and other species (Hedemann et al.,
2003; Vente-Spreeuwenberg ef al., 2004; Brown et al.,
2006). These authors found that goblet cell population
in the intestinal mucous decreases at the beginning
of the weaning period followed by a recovery of
these cells during days 6 and 8. Finally, goblet cell
population reaches normal levels at days 9 and 14.

The decrease in goblet cell secretion of acid
mucins observed at the beginning of weaning— not
only in piglets fed BD, but also in those fed with diets
containing LPS (D1, D2, D3)—is due to changes in
cell architecture during post-weaning, as has been
reported by Parra et al. (2011). These intestinal
changes are associated with a reduction of villi height
and area (Parra ef al., 2011) and epithelial injury,
necrosis principally, which causes loss of goblet cells
secreting acid mucins (Liu et al., 2013).

It has been suggested that sulphated and non-
sulphated acid mucins protect against enteric illness
in piglets (Strous et al., 1992; Betscher et al.,
2010); therefore, a detriment in intestinal mucous
and decrease in goblet cells secreting acid mucins
could increase susceptibility to enteric disturbances
(Looft, 2013). Nevertheless, the intestine can react
to a harmful environment by increasing the rate of
epithelium regeneration (Moeser et al., 2012). This is
in agreement with results of this study, since recovery in
the number of goblet cells secreting acid mucins was
evidenced at days 7 and 10 post-weaning.

Neutral mucins increased on day 5, as opposite to
acid mucins. This could be related with less maturity
since this mucin type is mostly found in the fetal
stage, and are widely distributed in stomach and
intestine after birth. Besides, it is also known that
neutral mucin population is lower than acid mucins
under normal conditions (Deplancke et al., 2012).

Rev Colomb Cienc Pecu 2015; 28:209-217



Zapata DJ et al. E. coli LPS and intestinal mucins in weaned pigs 215

o e RAIRAIE
© wd e

-
.

Figure 1. Histochemical staining of distal small intestine at day 5 post-weaning. Note the difference in the number of goblet cells positive
to different stains (alcian blue, AB; periodic acid schiff, PAS), and differences in mucin amounts between BD (basal diet) and D2 (Diet 2).
A) ABpH1.0 staining, DB; B) ABpH1.0 staining, D2. C) ABpH2.5 staining, D2. E) PAS staining, DB. F) PAS staining, D2.

Goblet cells differentiate from endoderm stem cells
in that they are found deeply in the crypts, and when
mature they migrate to the villous surface (Dunsford et
al, 1991). Therefore, it can be suggested that increase
in neutral mucins during post-weaning is related to
variation in villi and crypt depth, affecting goblet

Rev Colomb Cienc Pecu 2015; 28:209-217

cell differentiation and normal maturation (Ghaleb
etal, 2011).

E. coli LPS caused a deleterious effect in goblet
cells and secretion of acid and neutral mucins that
was dependent on LPS concentration, and it was more
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evident for D2 diet (0.5 um LPS/mg of food). This
shows that LPS addition potentiates the effect of early
weaning on goblet cell population.

The highest LPS level did not have the strongest
effect on goblet cells and mucin secretion, as
evidenced in the results of diet D3. This could be due
to a reduction of food consumption caused by higher
secretion of pro-inflammatory cytokines (Bauer et al.,
2011; Parra et al., 2013). It may also suggest that D3
results are related to a saturation of the recognition
receptors that mediate cellular signaling induced by
LPS (Gomes et al., 2010).

It can be concluded that dietary LPS addition
increase the negative effect of early weaning on pig
intestine. LPS generates morphological alterations
reflected in changes of goblet cell population and
distribution in the intestine. Dietary addition of LPS
also causes alterations of the intestinal physiology
of piglets, evidenced in secretion changes of mucins
during post-weaning (McGuckin et al., 2011). LPS
effects can occur during natural infections after
weaning, causing post-weaning diarrhea (Blanco et
al.2011). Itis known that there is a strong interaction
between epithelium and intestinal microbiota.
Changes associated with mucin secretion can lead
to variations in the protecting function of intestinal
mucous and bacteria-host interactions (Deplancke et
al., 2012) facilitating the occurrence of enteritis and
septicemia during post-weaning.

The results of this study help to understand the
role of mucins in keeping intestinal integrity during
post-weaning. These findings underline the need of
further studies to understand the mechanisms involved
in the regulation of intestinal mucin secretion. That
knowledge would help to design strategies for
preventing and controlling diseases associated with
this critical phase of swine production.
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