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ABSTRACT: Within-litter birth weight variation is 
adversely correlated to piglet survival and postnatal 
growth. A less effi cient epithelial barrier function in 
light piglets may partly explain this inverse relationship 
between birth weight and zootechnical performance. A 
compromised epithelial barrier increases paracellular 
permeability; consequently, toxins, allergenic 
compounds, or bacteria may enter systemic circulation 
and induce infl ammatory responses. Dietary effects on 
function of gut epithelium of piglet are largely unknown. 
This study investigated epithelial barrier function of the 
small intestine of normal birth weight (NBW) piglets 
(1.46 ± 0.10 kg) and low birth weight (LBW) piglets 
(<1 kg at birth) in relation to their diet. Sixteen pairs of 
3-d-old LBW and NBW piglets were randomly assigned 
to 3 groups: a sow-fed control group euthanized at day 3 
of age (SOW3), piglets sow fed until day 10 (SOW10), 
and formula-fed piglets fed formula from day 3 until 

day 10 (FOR10). To measure gut permeability, piglets 
were dosed intragastrically with 0.75 g lactulose/kg 
BW and 0.3 g mannitol/kg BW 4 h before euthanasia. 
Urinary sugar excretion was measured using enzymatic 
spectrophotometry. Irrespective of birth weight, 
lactulose levels of FOR10 (4.4 ± 2.3 mmol/L) tended to 
be lower (P = 0.07) than SOW10 (26.4 ± 10.2 mmol/L) 
indicating a reduced paracellular intestinal permeability 
in FOR10. This reduction was associated with a 6-fold 
elevated (P < 0.01) protein expression of occludin, an 
important tight junction protein, in FOR10 compared 
to SOW10. Mannitol levels in FOR10 (31.0 ± 18.2 
mmol/L) did not differ (P = 0.28) from SOW10 (61.1 
± 10.2 mmol/L). However, shorter villi (P < 0.01) in 
FOR10 indicated a reduced absorptive capacity. In 
conclusion, formula feeding caused minor symptoms 
of gastrointestinal dysfunction compared to sow-fed 
piglets irrespective of their birth weight.
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INTRODUCTION

The use of hyperprolifi c sow breeds as a strategy 
to increase litter size will increase within-litter birth 
weight variation and reduce mean piglet birth weight. 
Low birth weight (LBW) in piglets correlates with 
decreased survival and lower growth rates (Milligan 
et al., 2002; Quiniou et al., 2002). Interfering by 
feeding these less competitive piglets a milk replacer 
ensures adequate milk intake and increases BW gain 
(Azain et al., 1996; Wolter et al., 2002). In this study, 
we examined postnatal developmental pattern of the 

intestine in normal birth weight (NBW) and LBW 
piglets, which were either sow fed or formula fed, with 
a focus on intestinal barrier structure and function. The 
in vivo integrity of the intestinal barrier (associated with 
gut permeability) was determined using a functional 
lactulose–mannitol sugar absorption test. Occludin is an 
essential structural and functional component of tight 
junctions (Feldman et al., 2005; Moeser et al., 2007) and 
was quantifi ed. Tight junctions are considered the most 
important components of the intestinal mucosal barrier, 
preventing paracellular diffusion of microorganisms, 
toxins, and other antigens across the epithelium.
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MATERIALS AND METHODS

Experimental Design
The Ethical Committee of Animal Experimentation, 

University of Antwerp, Belgium, approved the 
experimental design. A total of 16 pairs of 3-day-old LBW 
and NBW crossbred piglets [(Finnish Yorkshire × Belgian 
Landrace) × Piétrain] obtained from a commercial farm 
were randomly assigned in 3 experimental groups: a sow-
fed control group euthanized at day 3 of age (SOW3; n = 
12), piglets sow fed until day 10 (SOW10; n = 10), and 
piglets with ad libitum access to formula (28 g/L protein, 
23 g/L lipid, and 56 g/L lactose; 2,470 kJ/L GE) and 
water using a semiautomatic dispenser from day 3 until 
day 10 (FOR10; n = 10).

Permeability Measurements
To measure in vivo gut permeability, piglets were 

dosed intragastrically with 0.75 g lactulose/kg BW 
and 0.3 g mannitol/kg BW (Sigma-Aldrich, Steinheim, 
Germany) 4 h before euthanasia. Lactulose passes the 
intestinal epithelium paracellular when intestinal barrier 
function is compromised. Mannitol passes the intestinal 
epithelium by unmediated diffusion and therefore 
provides a measure of the absorptive surface. Urinary 
lactulose and mannitol concentrations collected by 
cystocentesis at the time of euthanasia were measured 
using an enzymatic spectrophotometric method (Behrens 
et al., 1984; Blood et al., 1991).

Intestinal Barrier Structure
Occludin expression was determined using SDS-

PAGE and western blotting analysis. Frozen small 
intestinal samples were homogenized in lysis buffer (50 
mM Tris, 150 mM NaCl, 1% Nonidet P40, and 0.5% 
deoxycholate) supplemented with complete protease 
inhibitor cocktail tablet (Roche Applied Science, 

Mannheim, Germany). Ten micrograms of protein was 
loaded on a 4 to 15% precast gradient gel (Biorad Labs, 
Hercules, CA). Nonspecifi c protein binding on blots 
was blocked with 5% nonfat dry milk in Tris buffer 
with Tween-20. Blots were incubated with a rabbit 
anti-occludin antibody (1/1000; Invitrogen, Merelbeke, 
Belgium) and subsequently incubated with a biotin-
conjugated anti-rabbit antibody (1/1000; Dako, Glostrup, 
Denmark) and streptavidin-horse reddish peroxidase 
(1/1000; Dako). Detection was performed using a 
chemiluminescence system (SuperSignal West Femto 
Maximum Sensitivity Substrate; Thermo Scientifi c, 
Rockford, IL). Band intensities were quantifi ed by 
densitometry using GeneSnap and GeneTools software 
(Syngene, Cambridge, UK).

Statistical Analysis
Data were analyzed using GLM procedures (SPSS 

statistics 18.0; IBM, New York, NY). A P value < 0.05 
was considered signifi cant. Results are presented as mean 
± SEM.

RESULTS

Following an oral lactulose–mannitol bolus, the 
urinary excretion ratio did not differ (P = 0.31) between 
NBW or LBW pigs in the 3 groups (Figure 1). In FOR10, 
the lactulose:mannitol ratio did not differ (P = 0.15) 
between the SOW3 and SOW10 groups. Irrespective of 
birth weight, lactulose levels of FOR10 (4.4 ± 2.3 mmol/L) 
tended to be lower (P = 0.07) compared to SOW10 (26.4 ± 
10.2 mmol/L). In contrast, protein expression of occludin 
was increased (P < 0.01) in FOR10 compared to SOW10 
(Figure 2). Urinary mannitol levels in the FOR10 group 

Figure 1. Urinary lactulose:mannitol ratio of a sow-fed control group 
euthanized at day 3 of age (SOW3), piglets sow fed until day 10 (SOW10), and 
formula-fed piglets until day 10 (FOR10) piglets of low birth weight (LBW) 
and normal birth weight (NBW). Bars represent mean ± SEM. Open bars 
represent LBW piglets and dark bars represent NBW piglets.

Figure 2. Relative occludin expression in small intestine of a sow-fed 
control group euthanized at day 3 of age (SOW3), piglets sow fed until day 
10 (SOW10), and formula-fed piglets until day 10 (FOR10) piglets of low 
birth weight (LBW) and normal birth weight (NBW); β-actin was used as a 
loading control. Occludin expression was less (P = 0.04) in LBW vs. NBW 
piglets across diets. Furthermore, the occludin expression differed (P = 0.001) 
among diets. Bars represent mean ± SEM. Open bars represent LBW piglets 
and dark bars represent NBW piglets.
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did not differ (P = 0.28) compared to SOW10 (31.0 ± 
18.2 versus 61.1 ± 10.2 mmol/L).

DISCUSSION

Intestinal permeability and absorption were 
investigated using differently sized marker molecules. 
Lactulose levels tended to be lower in formula-fed piglets 
compared to sow-fed piglets regardless of their birth 
weight. These results indicate a reduction in paracellular 
permeability of the intestinal mucosa of FOR10, which 
might be caused by the observed higher milk intake 
(data not shown). Indeed, lactulose levels in urine of 
piglets and feed intake were negative correlated recently 
(Wijtten et al., 2011). To further elucidate underlying 
molecular changes in intestinal barrier structure causing 
reduced gut permeability, occludin protein expression 
was determined. Formula feeding increased occludin 
expression in the small intestine compared to sow-fed 
piglets. This indicates a structural increase in mucosal 
integrity of the small intestine of formula-fed piglets 
irrespective of birth weight. In addition, mannitol levels 
did not differ between sow-fed and formula-fed piglets. 
However, villi were shorter in formula-fed piglets 
compared to sow-fed piglets (data not shown) indicating 
a reduced absorptive capacity of mucosal surface of the 
small intestine.

In conclusion, formula feeding was associated with 
structural small intestinal differences as indicated by a 
reduced villus length and increased occludin expression. 
However, these fi ndings were not associated with 
physiological permeability tests; therefore, we conclude 

that formula feeding resulted in minor symptoms of 
gastrointestinal dysfunction.
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