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Abstract 

Wijtten, P.J.A. (2011). Nutrition driven small-intestinal development and performance of 
weaned pigs and young broilers. PhD thesis, Wageningen University, Wageningen, The 
Netherlands. 

The relative importance of animal husbandry and nutrition during the first weeks after 
weaning in pigs and after hatch in broilers has increased considerably over the past 50 years 
as a result of the tremendous improvement in daily body weight (BW) gain. Substantial 
changes in weight, architecture, and physiology of the small intestine occur early in the life 
of these animals. The optimal function of the small intestines is fundamental for nutrient 
absorption from the diet and for health. Nutrient requirement studies conducted on these 
animals have largely overlooked the very young animal. It is therefore logical that there are 
still gaps in our knowledge of the nutrition of these animals during this particular stage of 
life. The objective of this thesis was to improve small-intestinal development and 
performance of pigs after weaning and young broilers by ways of an optimal nutrient 
composition of the diet. In experiments with broilers, it was shown that enhanced dietary 
ideal protein (IP) concentrations in the starter diet increased BW gain in the starter phase 
and in the subsequent grower phase. Moreover, the effects of enhanced IP concentrations 
in the starter diet on BW gain are more marked than the effects in the grower and finisher 
diets. However, BW gain hardly improved in response to dietary IP increment during the 
first 3 d after hatch, whereas in the consecutive 3 d, BW gain improved substantially with 
enhanced dietary IP concentrations. This suggests that the first 3 d after hatch, from a 
nutritional point of view, are substantially different from the next consecutive days in the 
life of broiler chicks. Moreover, a 30% increase in dietary IP increased the duodenum weight 
between 6 and 9 d of age. Thus, in young broilers, a greater relative small-intestinal weight 
is associated with a greater BW gain. However, this thesis did not make a clear 
determination of the functional changes of the small intestine after hatch in broilers. A 
review of the literature showed that after weaning in pigs, the barrier function of the tight 
junctions of the small intestine is disturbed, and transcellular barrier function seems to 
improve after weaning. In the first study with pigs, the data here showed that paracellular 
barrier functions, as measured with orally administered lactulose, did not correlate with 
bacterial translocation or transcellular barrier function, as measured with horseradish 
peroxidase in Ussing chambers. Therefore, it was concluded that lactulose recovery in the 
urine of pigs after weaning is not associated with risk factors for infection. The last study 
with pigs showed that dietary protein with dextrose stimulates mucosal weight after 
weaning. However, the combination of protein with dextrose had no substantial effect on 
small-intestinal barrier function, whereas dietary starch with dextrose improved small-
intestinal barrier function. In conclusion, optimising protein nutrition in broilers after hatch 
has a great potential to further improve overall broiler performance. In particular, 
knowledge regarding optimal nutrition during the first 3 d after hatch is still lacking. 
Furthermore, dietary protein is a potent stimulator for growth of the proximal small 
intestine in broilers and of the small-intestinal mucosa in pigs. However, mucosal mass and 
luminal protein are of minor importance for small-intestinal barrier function in pigs after 
weaning. In contrast, the luminal carbohydrate supply or energy level is important for 
maintaining small-intestinal barrier function.  



 

Voorwoord 

Zoals voor bijna iedereen was ook voor mij het uitvoeren van een promotieonderzoek een 
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mij heeft overgehaald om aan dit hele proces te beginnen, maar vooral ook omdat hij de 
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Martin wil ik vooral bedanken voor de mentale ondersteuning op de momenten dat ik 
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correcties van de aangeleverde artikelen. Wouter wil ik bedanken voor de gedetailleerde 
aanwijzingen om de laatste puntjes op de i te zetten in de eindfase. Uiteraard verdienen ook 
alle coauteurs een woord van dank voor de aanwijzingen bij het wegwerken van de scherpe 
kantjes aan de artikelen. Het belangrijkste bij het uitvoeren van een promotieonderzoek is 
uiteraard het genereren van goede proefgegevens. Daarom wil ik iedereen die betrokken is 
geweest bij de uitvoering van de dierproeven bedanken. Extra aandacht hiervoor verdienen 
John en Esther voor hun inzet en toewijding bij het uitvoeren van respectievelijk de laatste 
biggen- en kuikenproef van dit onderzoek die wel heel erg intensief waren. Johan, jij bent 
denk ik de enige die bij de uitvoering van alle proeven van mijn promotieonderzoek 
betrokken is geweest. Bedankt voor je toewijding! Onder jouw leiding is iedere proef in 
goede handen. Jaap en Evelien jullie zijn fantastische collega’s met een enorm 
enthousiasme voor het onderzoek. Bedankt voor de steun bij het opzetten, organiseren en 
uitvoeren van de proeven. Ik voel mij vereerd dat jullie mijn paranimfen willen zijn! Als 
laatste en belangrijkste wil ik een woord richten tot het thuisfront. Zonder jullie was ik zeker 
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jou is de opoffering voor mijn promotieonderzoek misschien nog wel groter geweest dan die 
van mij. Het was voor jou niet je eigen keuze en met twee jonge kinderen moest je meestal 
alles alleen regelen als ik weer “gezellig” op zolder zat. Bedankt dat je ondanks dat al die tijd 
een luisterend oor had zodat ik mijn hart kon luchten om vervolgens weer een stapje dichter 
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 General Introduction 1 

General Introduction 

At the end of the 19th century, similar breeds of domestic fowl were used for both meat and 
egg production. Over the first half of the 20th century, a few synthetic breeds of fowl were 
developed and separate strains were gradually selected for meat production and for egg 
laying(1). During the same period, the central organisation of pig breeding was being 
developed: however, it remained largely focused on selection within a single breed. 
Consequently, breeding efforts to improve the performance of pigs had limited effects(2). 
The second half of the 20th century saw a tremendous increase in the performance level of 
meat-type animals, including broilers and pigs, especially due to improvements in their 
genetic backgrounds. For broilers, the time from hatching to a body weight (BW) of 1815 g 
decreased from 101 d in 1957 to 32 d in 2001(3). Likewise, but to a lesser extent, the average 
daily weight gain in pigs nearly doubled between the beginning of the 20th and 21st centuries 
(Table 1) with the majority of improvements occurring after 1950(2). Consequently, for pigs, 
the length of time from birth to a BW of 120 kg decreased from about 340 d in 1900 to 170 
d in the year 2000. These findings demonstrate that the relative importance of the first 
weeks of life has tripled for broilers and has doubled for pigs over a period of 44 and 100 
years, respectively. As such, the relative importance of animal husbandry and nutrition 
during the first few weeks subsequent to weaning or hatching has increased considerably 
over the past 50 years. This process is likely to continue over the next several decades. 

Table 1. Development of animal growth in the 20th century 
Decade Average daily gain, g 
 Broilers (hatch–1815 g)(3) Pigs (20–120 kg)(2) 
1900s – 500 
1950s 18 600 
2000s 55 950 

Coinciding with improved performance, production-related diseases and disorders have 
increased significantly, particularly in broilers(4). For instance, broilers have become more 
susceptible both to ascites as well as leg-problems(5-7). Baghbanzadeh and Decuypere(8) have 
stressed that controlling excessive growth of broilers during early stages of development is 
paramount to reducing the incidence of metabolic disorders. From their work it can be 
hypothesised that the basis for metabolic disorders seen in broilers may lie early in 
development when their relative growth rate is at its maximum. It has been suggested that 
early embryonic(9) or post-hatching(10) organ development are important for subsequent 
growth and organ function. Therefore, inadequate organ development during early growth 
stages may directly relate to the occurrence of metabolic diseases later in life and as such 
the first weeks after hatch seem to be critical for health of the broilers up to market age. 

In pigs, the most severe health problems that arise early during development are related 
to the process of weaning. In nature, piglets gradually learn to eat solid food, and weaning is 
a gradual process that is completed at an age of about 10 wk(11). In most pig-producing 
countries, the weaning age has decreased from about 8 wk in the 1950s to around 3 to 4 wk 
today(12). Weaning pigs at such a young age is associated with abrupt social, environmental, 
and dietary changes, resulting in high levels of stress(13). Studies show that concentrations of 
cortisol and corticotrophin-releasing factor in the blood of pigs increase markedly after 
weaning(14,15). Moreover, about ten percent of pigs do not ingest any feed during the first 48 
h after weaning(16), and most other pigs have low intake of feed. Weaning is associated with 
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a variety of health problems, and after weaning, pigs are highly susceptible to enteric 
diseases and infections(13,17). In general, the detrimental effects of weaning on the health 
and performance of pigs are more severe when pigs are weaned at 3 wk or earlier than if 
the pig is 4 wk or older. This is best illustrated with data from studies using Ussing 
chambers, which measured transepithelial electrical resistance (TEER) and mannitol flux 
over the small intestine. There is an increase in mannitol flux and a concurrent decrease in 
TEER when the paracellular barrier function of the small intestine is disturbed. Moeser et 

al.
(18) showed that mannitol flux and TEER over the mid-jejunum were similar at 1 d after 

weaning compared with unweaned controls in pigs weaned at 4 wk of age. However, in pigs 
weaned at 3 wk of age, Moeser et al.

(14,18) and Boudry et al.
(19) reported that the mannitol 

flux over the proximal or mid-jejunum was significantly increased and that TEER was 
significantly decreased at 1 and 2 d after weaning compared to weaning or compared to 
unweaned controls. In line with the parracellular barrier function, active nutrient absorption 
is also more affected after weaning when pigs are weaned at 3 wk compared to 4 wk of age. 
In the study by Boudry et al.

(19), pigs were weaned at 3 wk of age. These authors showed 
that Na+-dependent glucose absorption increased transiently in the proximal jejunum at 2 d 
after weaning and decreased at 15 d after weaning compared to pre-weaning absorption. 
Moreover, in the same study, ileal glucose absorption decreased at 2, 5, and 15 d after 
weaning. In line with this, Smith(20) found that the Na+-dependent alanine uptake by 
enterocytes of the mid-small intestine (measured with a rapid-uptake-apparatus using 
radiolabelled tracer amino acids) decreased considerably at 5 d after weaning at 2 or 3 wk of 
age. Furthermore, in 4-wk-old pigs, Na+-dependent alanine uptake by enterocytes of the 
mid-small intestine was lower for weaned pigs (5 d after weaning, thus weaning at 23 d) 
than for unweaned pigs(21). However, the alanine uptake of 6-wk-old pigs (both weaned and 
unweaned) was similar to the alanine uptake of 4-wk-old weaned pigs(21). This study 
suggests that weaning before 4 wk of age and ageing appear to decrease the number of 
enterocytes that are involved in active alanine uptake(21). The studies described above show 
that active small-intestinal absorption of nutrients decreases after weaning when pigs are 
weaned between 14 and 23 d of age. However, when pigs are weaned after 4 wk of age, 
active absorption is not affected by the weaning process. Miller et al.

(21) observed that the 
decreased absorption rates after weaning also occur in unweaned pigs, but over a much 
longer time course. This suggests that the decrease in active absorption is part of a 
maturation process that is enhanced by the process of weaning. The small intestine of pigs 
is still maturing at 3 wk of age, and weaning at a young age may aggravate the negative 
effects observed at weaning at a later age. Therefore, the conditions (environmental, 
nutritional, and social) during the first week after weaning are very important for the health 
of pigs, and in this regard the weaning age is an important factor. 

The most obvious anatomical changes during the first week after hatch in broilers and 
during the first week after weaning in pigs occur in the small intestine. In broilers, the 
relative weight of the small intestine increases from about 2% at hatch to about 8% at 8 d 
after hatch(22). Subsequently, the relative weight of the small intestine decreases again. 
Other digestive organs do not show similar increases in relative size during the first week 
after hatch. Weaning results in villous atrophy and a reduced crypt-cell production rate(23). 
The lowest villous height and deepest crypts are generally found at 3–5 d after weaning, and 
the effect on crypt dept is slower than on villous height. At about 11 d after weaning, these 
parameters are largely restored to pre-weaning values. In the gastrointestinal tract, and 
especially in the small intestine, feed constituents are hydrolysed and degraded into simple 
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molecules or compounds (i.e. small peptides, amino acids (AA), free fatty acids, and 
monosaccharides). Subsequently, these molecules are absorbed and transported 
predominantly through the blood circulation, but may also be used by the gut wall. At the 
same time, the small intestine has to function as a barrier to resist harmful bacteria, toxins, 
and allergic compounds from entering the body(24). This barrier is a combination of a 
chemical/physical defence (i.e. gastric acid, mucus and epithelium with tight junctions 
between cells) and immunological defence (i.e. secretory IgA and several types of 
leucocytes)(24,25). As discussed above, the paracellular barrier function of the jejunum may 
be compromised during the process of weaning in pigs(14,19,26). Moreover, oedema disease, 
caused by the shiga-like II variant toxin from some Escherichia coli strains, is associated with 
the process of weaning and requires a disrupted intestinal barrier function in order for the 
large toxin molecules to pass through the intestinal epithelium(27). Thus, the small intestine 
undergoes large changes after hatch and weaning, and has a key function in both the supply 
of nutrients to the body and in maintaining health. In consideration of these points, it is 
inevitable that many health problems occur in these animals or have their origin during this 
phase of life when the small intestine is rapidly developing or degenerating. Moreover, in 
early life, pigs and broilers are subjected to abrupt changes in the macronutrient 
composition of their “diets”. Early in life, these animals use the fatty acids and AA in egg 
yolk and milk as the main energy yielding substrates. In addition, the lactose in milk is one of 
the primary energy sources for piglets. In comparison, glucose from complex carbohydrates 
is the main energy yielding substrate in the diet of chicks and pigs after this period. Thus, in 
addition to the structural and functional changes of the small intestine, the small intestine 
has to adapt to substantial changes in nutrient supply. 

Starvation reduces villous height and villous surface area in young broilers(28,29). Geyra et 

al.
(29) showed that the effects of starvation on villous height were more pronounced during 

the first days after hatch than from 6 to 8 d after hatch. In addition, it has been determined 
that the decrease in the total small intestine weight, mucosal weight, and villous height 
after weaning is more severe and the recovery is slower when very low levels of feed intake 
occur after weaning(26,30-32). The intestinal barrier function and development of the intestinal 
absorptive capacity depends on a sufficient supply of nutrients from the diet(33,34). This is 
also observed in pigs after weaning. Verdonk(26) measured the mannitol flux in the mid-
jejunum of pigs with a low vs. high intake level of milk replacer after weaning. The mannitol 
flux was not affected in pigs with a high feed intake level at 1, 2, and 4 d after weaning. 
However, mannitol flux was increased in pigs with low feed intake levels at 2 and 4 d after 
weaning compared to pre-weaning. On average over d 1, 2, and 4, this resulted in a higher 
mannitol flux for the low intake pigs compared to the high intake pigs (at least 2.5 times 
energy maintenance). In line with this, a 2 d fast of 23-d-old pigs increased transepithelial 
electrical conductance (the opposite of TEER)(35). Thus, sufficient feed intake after weaning 
prevents loss of barrier function of the tight junctions after weaning. From the above 
findings, some scientists have concluded that at low feed intake levels, it is specifically the 
low energy intake that causes the compromised small-intestinal barrier function and 
architecture. However, protein is the main energy source and AA are the main building 
blocks for the small intestine. Therefore, one can hypothesise that specifically a shortage of 
dietary protein, but not energy, may be the major cause of the reduced mucosal integrity 
and barrier function of the small intestine. This hypothesis is supported by some data in the 
literature. Enhanced lysine concentrations in the starter diet of broilers increased duodenal 
villous height at 21 d of age(28). Moreover, the addition of glutamine (1 or 4%) in the diet of 
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broilers increased small-intestinal villous height at 7, 14, and 21 d of age(36,37). Reduction of 
protein concentrations in broiler starter diets from 23% (maize-soybean meal diet) to 14% 
(maize-starch-crystalline AA diet) reduced jejunal villous height and small-intestinal weight 
at 7 d of age(38). These authors reported no differences in small-intestinal weight at 21 d of 
age, whereas villous height remained lower for the 14% protein diet at 21 d of age 
compared to the 23% protein diet. In agreement with these findings, Swatson et al.

(39) 
showed that differences in dietary protein concentrations or an AA imbalance had no 
consistent effect on small-intestinal weight at 24 d of age. However, the AA imbalance 
reduced the villous height. Reduction of protein concentrations in pig diets after weaning 
(23% vs. 17% protein in the diet) reduced duodenal and jejunal villous height at 2 wk after 
weaning(40). Supplementation of glutamine to weaner diets increased villous height in the 
duodenum and increased mucosal weight in the proximal jejunum at 14 d after weaning(41), 
and increased ileal villous height at 4 wk after weaning(42,43). Moreover, Wu et al.

(44) 
reported that dietary glutamine supplementation increased jejunal villous height at 7 d after 
weaning, whereas villous height at 14 d after weaning was only numerically increased. In 
addition, duodenal villous height at 7 and 14 d after weaning was increased after dietary 
glutamine supplementation, whereas jejunal and ileal villous height was only numerically 
increased(45). Finally, glutamine and glutamate increased villous height in the proximal, mid, 
and distal small intestine at 7 d after weaning, and to a lesser extent at 14 d after 
weaning(46). Supplementing the diet of weaned pigs with tryptophan tended to increase 
villous height in the distal small intestine(47). Threonine deficient diets reduced villous height 
in the ileum but not in the jejunum of young pigs after weaning(48,49). Moreover, in the latter 
study(49), threonine deficiency increased the ileal permeability for fluorescein isothiocyanate 
dextran and also tended to decrease TEER, showing that the paracellular barrier function 
was disturbed. The above studies indicate that small-intestinal weight and architecture are 
sensitive to dietary AA supply, especially during the first 2 wk after hatch or weaning. 
Moreover, one study with pigs indicates that dietary AA may also be important for small-
intestinal barrier function(49). 

There have been few reported studies that have investigated the nutrient requirements 
of very young animals (first weeks after hatch or weaning). This may be related to the feed 
costs during this phase, which are relatively low compared to the total feed costs from the 
time of hatch or birth to slaughter. In addition, in pigs, feed intake stimulation and health 
improvement after weaning are without a doubt the most important aspects of nutrition 
after weaning. Therefore, studies have mainly focused on ingredient composition to 
improve feed intake and health, with less attention focused on the nutrient composition of 
the diet. The importance of the small intestine for animal performance and health was 
emphasised above, and particularly in young animals, this organ is subjected to many 
changes. Therefore, nutrient requirement studies during these phases in broilers and pigs 
should also focus on the development of the different organs and their functionality, with 
special interest on the small intestine. 

The objective of this thesis is to improve intestinal development and performance of pigs 
after weaning and young broilers by optimising the nutrient composition of the diet. The 
first aim is to gain more insight into the anatomical and functional changes of the small 
intestine after hatch in broilers and after weaning in pigs. The second aim is to investigate 
the effect of the level of feed intake and the effect of protein nutrition on performance, 
small-intestinal development, and health in broilers after hatch and pigs after weaning. For 
broilers, the studies reported in this thesis concentrate on the further improvement of 
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performance and suppression of metabolic disorders in high performing birds. For pigs after 
weaning, the focus is on the optimal nutritional support for intestinal barrier and absorption 
functions of pigs at low levels of feed intake. 

Table 2. Most important parameters of the different animal studies of this thesis 

Chapter (specie) Primary parameters 
 Performance Mortality Mucosa or small 

intestine weight 
Intestinal barrier and 
absorptive function 

2 (broilers) X    
3 (broilers) X X X  
5 (pigs)    X 
6 (pigs)   X X 

Chapter 1 provides a review of the normal growth of intestinal villous in chicks and pigs 
and the development of the small intestine in broilers after hatch and in pigs around 
weaning. In addition, it describes various nutritional factors that can affect the development 
of the small intestine during these critical phases. The latter may contribute to the 
development of strategies that optimise small-intestinal development and function for 
these animals. Chapter 2 reports the effect of dietary AA concentrations on performance of 
broilers during the starter, grower, and finisher phase (Table 2), and further develops our 
understanding of the relative importance of the starter phase with respect to AA nutrition. 
Subsequently, in Chapter 3, the effect of AA nutrition in broiler starter diets on performance 
is studied in more detail. Moreover, the effect of AA nutrition and feed intake restriction on 
small-intestinal weight and mortality is also reported, and further insight regarding the 
importance of the small-intestinal weight with respect to broiler performance and health is 
provided. Chapter 4 provides a review of the effect of weaning and dietary treatments after 
weaning on intestinal barrier function and absorption, which allows the development of 
nutritional strategies to aid weaning disorders. Chapter 5 reports the change in small 
intestine barrier function over time, as measured by lactulose, and the relationship with 
putative causes of infection and disease. The lactulose recovery in urine is compared with 
bacterial translocation as well as with macromolecular transport of horseradish peroxidase 
in Ussing chambers. This study further develops our understanding of health disorders after 
weaning in relation to small-intestinal barrier function. In Chapter 6, the effect of non-
protein energy or protein intake immediately after weaning on the intestinal mucosal mass 
and permeability in the first week after weaning is reported. This study clarifies the role of 
dietary protein supply in small-intestinal atrophy and barrier function in pigs after weaning. 
Finally, in the General Discussion, the conclusions from Chapters 1–6 are aligned and 
discussed in the context of optimal early life nutrition, and the practical implications and 
suggestions for further research are provided. 
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Chapter 1 

Intestinal development in chicks after hatch and in pigs around the time of 

weaning: a review 

P.J.A. Wijtten1, D.J. Langhout2 and M.W.A. Verstegen3 

1
Provimi Research Centre ‘De Viersprong’, Velddriel, The Netherlands; 

2
Nutriad, Turnhout, 

Belgium; 
3
Animal Nutrition Group, Wageningen University, Wageningen, The Netherlands. 

Submitted 

Abstract 

This review describes small-intestinal development after hatch in broilers and around the 
time of weaning in pigs. In broilers, the relative small-intestinal weight and villous height 
increase rapidly during the first week after hatch. After the first week, the relative weight 
decreases gradually, but the villous height continues to increase. At 4 d after weaning, 
villous height in pigs decreases to about 60% of the pre-weaning height. Two weeks after 
weaning, this recovers to similar values as in unweaned control animals independent of 
weaning age. Small-intestinal development after weaning and after hatch consistently 
deteriorates at low feed intake levels. Suboptimal protein nutrition is the predominant 
factor that depresses small-intestinal development. This is more pronounced during the first 
2 wk after hatch or weaning than later in life. These findings stress the importance of 
applying an optimal nutritional strategy in these phases of life to reach optimal small-
intestinal development. 

Keywords: feed intake, intestinal weight, protein nutrition, villous height.  

Introduction 

In the gastrointestinal tract, and especially in the small intestine, feed constituents are 
hydrolysed and degraded into simple molecules (i.e. free small peptides, amino acids (AA), 
free fatty acids, and monosaccharides). Subsequently, these molecules are absorbed and 
may be used by the gut wall, but are mainly transported via blood circulation. At the same 
time, the small intestine has to function as a barrier to resist harmful bacteria, toxins, and 
allergic compounds(24). This barrier is a combination of chemical/physical defence (i.e. 
gastric acid, mucus, and epithelium with tight junctions between cells) and immunological 
defence (i.e. secretory IgA and several types of leucocytes)(24,25). The small intestine is the 
largest immunological organ in the body(50). Thus, the small intestine has a key function both 
in the supply of nutrients to the body and in disease prevention. Early in life, chickens and 
piglets use fatty acids and AA as the main energy yielding substrates in egg yolk and milk. 
Moreover, lactose in milk is also available as an energy source for piglets. Thereafter, 
glucose from complex carbohydrates is the main energy yielding substrate in the diet of 
chicks and pigs. In addition, chicks and piglets are subjected to several other stressors (a.o. 
intensive handling, transportation, and separation from the mother) that coincide with 
these nutritional changes. Because of the dietary changes and the other stressors occurring 
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in this phase of life, it is a critical period for development and for adaptation of the small 
intestine to the new environment. The intestinal barrier function and development of the 
intestinal absorptive capacity depends on a sufficient supply of nutrients from the diet(33,34). 
Moreover, intestinal barrier function may be further compromised in response to the 
different stressors. Hence, an adequate development of the intestines can be at risk in 
chicks after hatch and in pigs after weaning. An inadequate intestinal development will 
result in negative effects on body development and health. With the increasing growth rates 
for pigs and broilers, the time from birth or from hatch to slaughter has decreased 
considerably and this will most likely continue over the next several decades. Because of 
this, the relative effect of growth shortly after weaning or shortly after hatch is becoming 
increasingly important in respect to the economical performance of pigs and broilers. 

This review aims to describe the normal growth of intestinal villi in chicks and pigs and 
the development of the size of the small intestine in broilers after hatch and in pigs around 
weaning. Villi height and small intestine weight are relatively easy to measure, and 
therefore there is ample information on this topic in the literature. These parameters can be 
used as rough indicators of the digestive and absorptive capacity of the small intestine. In 
addition, this review describes various nutritional factors that can affect the development of 
the small intestine in these critical phases. This may be useful to develop strategies that 

optimise small-intestinal development and 
function in this critical phase. 

Villous growth: specie differences and effect of 

nutrition on growth rate 

A single layer of epithelial cells covers the small-
intestinal villous and provides the interface 
between the gut wall and intra-luminal chime 
constituents (Figure 1). This layer is covered 
with mucus and has to sustain the balance 
between (1) absorption of nutrients and (2) 
prevent harmful substances from entering the 
body. Stem cells that divide (proliferate) and 
generate new cells are located in the crypts. 
After division, the cells either migrate to the 
bottom of the crypt or to the top of the villous. 
The cells that migrate to the crypt are 
differentiated into Paneth cells (cells secreting 
antimicrobial polypeptides) or into 
enteroendocrine cells (cells producing 
serotonin, enteroglucagon, or gastrin). The cells 
that migrate to the villous differentiate into 
enteroendocrine cells, goblet cells (mucus 
producing cells), or absorptive enterocytes. 

During the migration of the enterocytes to the top of the villous (2–10 d), microvilli develop. 
Transport proteins that are essential for the active absorption of nutrients are synthesised 
and inserted into the luminal cell membrane. Moreover, at the top of the villi, digestive 
enzymes are produced. Immature cells have no absorptive or digestive abilities, and 

 
Figure 1. Architecture of a villous and crypt, 
from Van ‘t Land(51). 
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therefore most absorption of nutrients occurs at the tips of the villi. The migrating cells push 
older cells to the villous tip where they are extruded into the lumen(51-53). 

Under normal conditions, proliferation of cells is restricted to the crypt base. In neonatal 
mammals and in birds shortly after hatching, however, all epithelial cells, including villous 
cells will proliferate(54,55). Moreover, as a reaction to refeeding, the majority of jejunal crypt 
and villous cells can proliferate after a period of fasting, which allows for quick villous 
recovery(29,56,57). The renewal of the entire small-intestinal epithelium takes 7–10 d in 1 d old 
pigs(58), about 8 d in 14 d old pigs(59), 2–4 d in 3 wk old pigs(58), and 2–3 d in 7 wk old pigs(60). 
In 1–2 d old chicks, the renewal of the small-intestinal epithelium takes 2–5 d(55,61-63). In 
contrast to pigs, the lifespan of enterocytes in chickens increases as they age(55,61,63). As an 
example, only 75% and 50% of the small-intestinal epithelial cells were renewed over a 
period of 5 d in 3 wk and 6 mo old chickens, respectively(63). It is striking that the enterocyte 
lifespan in broilers seems to increase with age, whereas the enterocyte lifespan in pigs 
seems to decrease with age. This is in agreement with findings that villous height increases 
with age in broilers and decreases with age in pigs (see also sections below). 

Enterocyte lifespan in rats was not affected by dietary protein concentration (50 vs. 200 
g protein/kg). Moreover, enterocyte lifespan in pigs was not affected by a 50% reduction in 
dietary energy content(60). Starvation for 2 or more days decreases proliferation and 
migration rate of enterocytes in both rats and chickens(29,34,57). In line with this, total 
parenteral nutrition (no luminal feed supply) in pigs decreases enterocyte proliferation and 
migration rates(64). Refeeding after a period of starvation or malnutrition increases 
enterocyte proliferation and migration rates(29,65). In addition, a period of starvation up to 24 
h has no effect on enterocyte proliferation or migration rate(66). These findings show that 
nutritional status itself can affect villous growth in respect to cell proliferation and migration 
rate and most likely does not affect enterocyte lifespan very much. However, the latter has 

been tested with relatively smaller 
contrasts between nutritional 
treatments. 

Intestinal development of chicks after 

hatch 

Small intestine weight 

The relative weight of the small intestine 
increases from about 2.5% of BW at 
hatch to about 7% at 1 wk after hatch 
(Figure 2). Other digestive organs do not 
show similar increases in relative size 
during the first week after hatch(22). A 
higher relative small intestine weight of 
broilers is associated with higher growth, 
indicating that the small intestine 
facilitates rapid growth(72). After the first 
week of life, the relative weight of the 

small intestine decreases rapidly to about 4.5% of BW at 2 wk of age and decreases 
gradually thereafter to 3% at 5 wk of age. The pattern of development of the small intestine 
given in various studies reported in the literature is rather similar. However, the relative 

 
Figure 2. Small-intestinal (SI) weight relative to body 
weight (BW) after hatch based on data of 7 different 
literature sources: □(67), ▲(68), ■(69), ×

(61), +(38), ∆
(70), and 

−
(71). 
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weight at 1 wk of age varies largely between different studies reported in the literature, 
with the extremes at 4.5%(71) and 10%(38). These differences in reported relative weights 
may be related to the strain of chickens used and to environmental differences (i.e. diet 
composition, diet form, feeding strategy, ambient temperature, and microbial challenge) 
and to the methodology of the determination of the empty intestine weight. The latter is 
often not well described. Literature regarding the separate description of weight 
development over time of the duodenum, jejunum, and ileum is scarce. Data on poults 
showed that the development of the duodenum and the jejunum was similar between the 
time of hatch and 12 d of age, and also showed that the weight increase of the ileum was 
less pronounced within that same time frame compared to that of the duodenum and 
jejunum(73). 

In conclusion, the chick gives a high priority to the development of the small intestine 
during the first week of life. This conclusion underscores the importance of this organ to the 
newly hatched chick. 

Villous development 

Several studies have shown that villous height and villous volume increase rapidly during the 
first week after hatch. After the first week, villi height continue to increase with age(63,74). 
This increase in villi height is most marked in the jejunum and ileum. The age at which the 
villi height stops increasing has not be studied in detail, however it seems to continue to 
increase to at least the age at which birds are slaughtered (5–6 wk)(74). These studies show 
that both the height and volume of the villi increase rapidly after hatch. In the duodenum, 
the villous volume has increased 2-fold at 7 d of age compared with hatch, and stabilises 
thereafter(75,76). The villous volume in the jejunum and in the ileum increases 3-fold from 
hatch up to at least 10 d of age(75,76). Others have shown that villous height continues to 
increase after 10 d of age(63,74). These authors found that villous height in the duodenum 
increased by 30% between 7 and 21 d of age(74) and again by 30% between 21 d and 6 mo of 
age(63). In the jejunum, the villous height increases by 75% between 21 d and 6 mo of age(63). 
Furthermore, the villous height increases by 55% between 7 and 21 d of age in the ileum, by 
37% between 21 and 42 d of age(74), and by 72% between 21 d and 6 mo of age(63). In line 
with these findings, the villi height at 21 d of age in the duodenum, jejunum, and ileum had 
somewhat higher values than the height at 14 d of age(61).  

In conclusion, villous height in chicks continues to increase for a much longer period than 
the relative small intestine weight. This most likely enables maturing birds to efficiently 
absorb nutrients while the relative small intestine weight and length decrease. 

Effect of nutritional status on small-intestinal development 

There are a limited number of studies in the literature that have investigated the effect of 
diet composition on small-intestinal development of broilers within a short time after hatch. 
A few studies have focused on micro-ingredients in the diet, such as enzymes and minerals. 
Dietary xylanase supplementation had no effect on duodenal and jejunal villous height in 7 
and 21 d old broiler chicks(77,78). However, dietary xylanase supplementation reduced the 
relative weight and length of the duodenum, jejunum, and ileum at 21 d of age(77). This 
reduction in weight may be the adaptive response of the small intestine that is related to an 
improvement in digestion of the diet due to the enzyme supplementation. Consequently, 
the bird can change its digestive capacity. Moreover, part of the effect of xylanase is 
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believed to be related to a reduction in the microbial activity in the small intestine of the 
bird(79). The bird may respond to this by reducing the activity of the local immunological 
function, which can result in a lower weight of the mucosa and submucosa. 
Supplementation of chelated-Se to breeder hen and broiler diets was shown to increase 
villous height in the duodenum, jejunum, and ileum of 21 d old broilers(80). These authors 
hypothesised that the chelated-Se reduced oxidative stress, and as a result, the lifespan of 
enterocytes was increased, which resulted in increased villous height. Most studies reported 
in the literature have focused on the effects of macro-nutrients, such as protein, fat, and 
glucose, or the effect of feed restriction. Starvation depresses proliferation and migration of 
epithelium cells (see above) and reduces villous height and surface area in young birds(28,29). 
Moreover, Geyra et al.

(29) showed that the effects of starvation on villi heights were more 
pronounced during the first days after hatch than from 6–8 d after hatch. In line with this, 
jejunal villous height tended to decrease with a 25% feed intake restriction in 24-d-old 
broilers(39). In contrast, the jejunal villous height increased in 6-wk-old broilers after 24 h of 
starvation(66). These authors hypothesised that broilers increased the villous height to 
maximise later potential absorption capacity. Enhanced lysine concentrations in the starter 
diet increased duodenal villous height at 21 d of age(28). Noy and Sklan(81) varied dietary 
protein concentrations (18, 23, and 28%) but maintained indispensable AA concentrations 
(lysine, methionine + cystine, and threonine) at similar concentrations in all diets. They 
reported no difference in relative small-intestinal weight at 7 d of age. This may indicate 
that with respect to small-intestinal development one of the indispensable AA is limiting. 
The dietary addition of glutamine (1 or 4%) increased small-intestinal villi height at 7, 14, 
and 21 d of age(36,37). Reduction in dietary protein concentration in the starter diet from 23% 
(maize-soybean meal diet) to 14% (maize-starch-crystalline AA diet) reduced jejunal villous 
height and small-intestinal weight at 7 d of age(38). These authors reported no differences in 
small-intestinal weight at 21 d of age, whereas villous height remained lower with the 14% 
protein diet at 21 d of age compared to the 23% protein diet. In agreement with these 
findings, Swatson et al.

(39) showed that differences in dietary protein concentrations or an 
AA imbalance had no consistent effect on small-intestinal weight at 24 d of age. However, 
the AA imbalance had reduced the villous height. Thus, these studies(38,39) indicate that at 1 
wk of age, the small intestine is more sensitive to differences in dietary protein 
concentrations than at 3 wk of age, and that villous height is more sensitive than small-
intestinal weight. Maneewan and Yamauchi(82) showed that dietary protein is more 
important than fat or fibres for villi recovery after a 3 d period of feed withdrawal. However, 
in another study, both low protein (12.6 vs. 23.1%) and low fat (4.3 vs. 11.0%) depressed 
relative small-intestinal weight at 5 d of age(83). The dietary addition of egg powder (15%) or 
glucose syrup (20%), for 1 or 2 d showed no consistent effects on duodenal, jejunal, and ileal 
villi heights at 7 and 21 d of age(84). Moreover, intubation of starch, casein, or soybean oil 
within a very short time after hatch with the subsequent ad libitum supply of feed from 24 h 
onwards showed no differences at 3 and 21 d of age for the relative duodenum, jejunum, 
and ileum weights(85). The lack of an effect in the latter 2 studies(84,85) may be related to 3 
different factors. First, the application period of the treatment (24 or 48 h) may have been 
too short. Second, the tested ingredients may not have had a clear effect on small-intestinal 
development. Finally, the period between treatment application and intestinal 
measurements may have been too long. 

In conclusion, malnutrition or suboptimal nutrition deteriorates small-intestinal 
development, especially in young birds. This appears to be particularly true in the case of 
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malnutrition of AA. However, studies with nutrients other than AA are very limited. Thus, 
firm conclusions on the effects of these other nutrients on small-intestinal development 
cannot be drawn. With respect to AA, glutamine and indispensable AA seem to be especially 
important for small-intestinal development. 

Intestinal development of pigs around the time of weaning 

Small-intestinal development before weaning 

The relative weight of the small intestine and the small-intestinal mucosa decreases 
between a few days after birth until about 21 d of age (Figure 3a and 4a). Villous height 
continues to decrease until 28 d of age (Figure 5a). Cera et al.(86) showed that after 21 d of 
age, the relative weight of the small intestine increases again in suckling pigs, but not in 
piglets that are weaned. The piglets in that trial had access to creep feed before weaning. In 
general, piglets start to eat considerable amounts of creep feed after 3 wk of age. The 
increased small-intestinal weight after 3 wk of age in the trial of Cera et al.(86) may therefore 
be related to an increased intake of creep feed. Creep feed is less digestible than sow milk 
and may therefore require a higher intestinal motility that stimulates muscular 
development. In addition, feed intake and the associated increased microbial challenge can 
stimulate the development of immunological function and the digestive glands and tissues 
that are located in the mucosa and submucosa layers. Therefore, the weight of these layers 
may be increased as well. In conclusion, small-intestinal villous height and mucosa weight 
have been shown to already decrease before weaning, indicating that this process is part of 
the natural development of the small intestine. 

 
Figure 3. Small intestine (SI) weight relative to body weight before weaning (relative to 21 d of age, panel A) 
and after weaning (relative to weaning age, panel B) based on data of 5 different literature sources: + & −(87), 
×

(86), ■(88), □(31), and ▲(89). 

Small-intestinal development after weaning 

The relative small-intestinal weight decreases to about 80% of the pre-weaning weight at 2–
3 d after weaning (Figure 3b). Subsequently, the small intestine weight recovers rapidly to 
pre-weaning level 1 wk after weaning and continues to increase to about 200% of the pre- 
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Figure 4. Small-intestinal mucosa weight relative to body weight before weaning (relative to 21 d of age, 
panel A) and after weaning (relative to weaning age, panel B) based on data of 3 different literature 
sources: ■(88), □(31), and ▲(89). 

weaning level at 3 wk after weaning. In agreement with the hypothesis before weaning, this 
rapid increase of the small intestine weight is probably related to the consumption of solid 
feed. The consumption of solid feed may increase the muscularis, submucosa, and mucosa 
weight of the intestine. The villous height in the mid-small intestine drops rapidly after 
weaning to about 60% of the pre-weaning level between 3 and 5 d after weaning (Figure 
5a). When pigs are weaned at 1 wk of age, the villous height has been shown to decrease to 
60% of the pre-weaning level 3 d after weaning, and remains at this level for up to 2 wk 
after weaning(31). When the pigs are weaned at 3 wk of age, the small-intestinal weight had 
recovered to about 80% of the pre-weaning level 2–3 wk after weaning(86,88). When pigs are 
weaned at 4 wk of age, villous height recovers to pre-weaning values about 2 wk after  

 

Figure 5. Villous height in the small intestine of unweaned pigs (relative to 21 d of age, panel A) and after 
weaning (relative to weaning age, panel B) based on data of 5 different literature sources in the mid-small 
intestines: +(90) ×(86), ■ (88), □(31),  ∆(26), and one source in the proximal small intestine: ▲(89). 
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weaning (Figure 5b)(26). Therefore, this suggests that that at all weaning ages (1, 3, or 4 wk), 
the villous height at about 2 wk after weaning is similar to the villous height of unweaned 
counterparts of the same age. Thus, it appears that pigs weaned before 4 wk of age do not 
completely recover from villous atrophy due to the process of weaning, whereas pigs do 
recover from villous atrophy when weaned at 4 wk or thereafter. However, this could be 
misleading, because this is most likely due to a reduction of villous height, which is part of a 
natural intestinal maturation process that also occurs in unweaned pigs up to 4 wk of age. In 
conclusion, the severity of villous atrophy after weaning is similar for pigs weaned between 
1 and 4 wk of age, taking into account the natural decrease in villous height that occurs at 
this age. 

Effect of nutritional status on small-intestinal development 

It has been determined that the decrease in the total small intestine weight, mucosal 
weight, and villous height after weaning is more severe and the recovery is slower with very 
low levels of feed intake after weaning(26,30-32). Starvation has similar effects on villous height 
in both rats and chickens(29,56). The fast decrease of mucosa weight and villous height after 
weaning is therefore most likely due to starvation or low feed intake. Verdonk(26) showed 
that the mean jejunal permeability for mannitol at 1, 2, and 4 d after weaning was higher in 
pigs fed a low level of milk replacer compared to pigs fed a high level of milk replacer. In 
contrast, this author and co-workers found that jejunal permeability for mannitol was not 
affected by the feed intake level of a pelleted diet(91). This shows that although feed intake 
level after weaning consistently affects small-intestinal architecture, the effect on intestinal 
barrier function is less consistent. Page et al.

(34), hypothesised that additional stress is 
needed in addition to starvation (as a food stressor) to compromise intestinal barrier 
function. Several authors have reported that the reduction of villous height due to low feed 
intake after weaning is more pronounced in the proximal than in the distal small 
intestine(31,89). Stoll et al.

(92) reported that protein synthesis in the proximal small intestine is 
more dependent on luminal nutrient supply than protein synthesis occurring in the distal 
small intestine. This may explain the more pronounced reduction of villous height in the 
proximal compared to the distal small intestine with very low levels of feed intake. Vente-
Spreeuwenberg and Beynen(93) concluded from their review that soybean meal vs. milk 
protein, skimmed milk powder, fish meal, or hydrolysed soybean meal reduced villous 
height or had no effect on villous height. Moreover, dietary feather meal reduced villous 
height when compared with skimmed milk powder(94). Thus, these findings show that some 
raw materials that are generally believed to have a negative effect on the performance and 
health of pigs after weaning can reduce intestinal villous height. The addition of spray dried 
plasma, dietary fibre, calcium formate, and sodium butyrate to the diet after weaning had 
no consistent effects on villous height after weaning(93,95). All of these components are in 
general believed to be positive for the health and performance after weaning but have no 
clear effect on villous recovery or prevention of villous atrophy. Reduction in dietary protein 
concentration after weaning (23 vs. 17% protein in the diet) reduced duodenal and jejunal 
villous height at 2 wk after weaning(40). However, other studies that applied a similar change 
in dietary protein concentration in the weaning diet showed no clear effect on small-
intestinal villous height at 3 wk after weaning(96,97). Supplementation of extra glutamine to 
weaner diets increased villous height in the duodenum and increased mucosal weight in the 
proximal jejunum at 14 d after weaning(41) and increased ileal villous height at 4 wk after 
weaning(42,43). Moreover, Wu et al.

(44) reported that dietary glutamine supplementation 
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increased jejunal villous height at 7 d after weaning, whereas villous height at 14 d after 
weaning was only numerically increased. In addition, duodenal villous height at 7 and 14 d 
after weaning increased after dietary glutamine supplementation, whereas jejunal and ileal 
villous height was only numerically increased(45). Finally, glutamine and glutamate increased 
villous height in the proximal, mid, and distal small intestine at 7 d after weaning and to a 
lesser extent at 14 d after weaning(46). The supplementation of tryptophan to the diet of 
weaned pigs tended to increase villous height in the distal small intestine(47). Moreover, 
threonine deficient diets reduced villous height in the ileum but not in the jejunum of young 
pigs after weaning(48,49). 

In conclusion, small-intestinal mucosal atrophy is strongly related to the feed intake level 
after weaning. The data on the effects of different raw materials and bioactive dietary 
ingredients on mucosal architecture are limited and inconsistent. In contrast, dietary protein 
concentrations and specific AA have a significant and consistent effect on mucosal 
architecture after weaning. These effects are most pronounced in the proximal small 
intestine and seem to be most marked in the first week after weaning. 

Villous height differences over time for broilers vs. pigs 

In the previous sections, studies were discussed that showed that the villous height of 
broilers increases with age and the villous height of pigs decreases with age. This 
contradiction most likely relates to differences in enterocyte lifespan that increase in 
broilers and decreases in pigs over time (Table 1). It seems that broilers experience a rapid 
increase in the small-intestinal mass at young age in order to support the rapid increase in 
BW. However, when broilers get older, the small-intestinal mass decreases, and 
concomitantly small-intestinal absorptive capacity is refined with a higher absorptive 
capacity per mass unit, as indicated by the higher villi. This enables the birds to obtain a 
lower weight compared to mammals, which is especially important for birds during flight. In 
addition, the retention time of the digesta in the small intestine is shorter, the pH of the 
stomach (proventriculus and gizzard) is higher, and there is more reflux of the digesta in the 
small intestine of broilers compared to pigs. These conditions in the small intestine of 
broilers may be less favourable for pathogenic bacteria to adhere to the lumen wall to 
colonise. Consequently, this may reduce the risk of infections and subsequent 
inflammations in broilers compared to pigs. 

Table 1. Enterocyte lifespan of broilers and pigs at different ages 
 Enterocyte lifespan, d  
Age Broilers(55,61-63) Pigs(58-60)  
1–2 d 2–5 7–10  
2 wk – 8  
3 wk 7 2–4  
7 wk – 2–3  
6 mo 10 –  

Local or systemic inflammations have consistently been shown to be related to a reduction 
in small-intestinal villous height(98-100). Moreover, the type of bacteria in broiler and pig small 
intestines are probably different. Different bacteria may have a different direct stimulating 
or suppressing effect on villous growth. For example, it has been shown that dietary 
probiotics can affect small-intestinal villous heights(99,101). Thus, in addition to a different 
evolutionary background, villi may grow higher in broilers than in pigs due to differences in 
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bacterial challenges or differences in bacterial stimulation of villous growth between 
broilers and pigs. 

Conclusions 

The relative small-intestinal weights and villous heights increase rapidly in broilers during 
the first week after hatch. After this week, the relative weights decrease gradually, but the 
villous heights continue to increase. Thus, the chick gives a high priority to the development 
of the small intestine during the first week of life. This underscores the importance of this 
organ to the newly hatched chick, and if this development can be improved, it may be 
beneficial for its performance and health. After weaning, the villous heights in pigs decrease 
to about 60% of the pre-weaning level 4 d after weaning. Two weeks after weaning, the 
villous height recovers to a similar value as in unweaned control animals, independent of 
the weaning age. Thus, the intestinal architecture is largely affected by weaning, but the 
severity of this effect seems to be unrelated to the weaning age. Small-intestinal villous 
heights increase in broilers and decrease in pigs with age. This contradiction may relate to 
the need of flying birds to have highly efficient nutrient absorption at a low intestinal mass. 
Moreover, it may also relate to differences in bacterial and immunological stimulation or 
suppression of villous growth between broilers and pigs. Small-intestinal development after 
weaning and after hatch consistently deteriorates at low feed intake levels. Moreover, 
suboptimal protein nutrition depresses small-intestinal development, which is more 
pronounced during the first 2 wk after hatch or weaning than later in life. Thus, small-
intestinal weights and villous heights are sensitive to nutritional differences in recently 
hatched birds and in recently weaned pigs. This underscores the importance of an optimal 
nutrient supply in these periods of life for optimal small-intestinal development. The 
importance of protein in this regard should be especially studied in detail. Explicit 
information with regard to the optimal protein intake and optimal AA composition of the 
protein is missing with respect to intestinal development. Better insight into the relationship 
between AA nutrition and small-intestinal development should lead to more balanced 
nutrition in young farm animals. 
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Abstract 

Several experiments in which the dietary ideal protein (IP) concentrations were increased 
indicate that with current IP recommendations the maximum performance of broilers will 
not be achieved. However, available data of this IP-increment approach is scarce and, for 
the starter phase, entirely lacking. The objective of the present study, therefore, was to 
generate data regarding the effects in the starter phase and to test the impact of adequate 
vs. high IP concentrations in preceding phases on the response to IP increment in the phase 
under study. To evaluate this, an IP dose response in the starter phase and factorial 
arrangements combining adequate or high IP concentrations in starter and grower diets 
with low, adequate, or high IP concentrations in finisher diets were carried out with male 
and female broilers. Enhanced dietary IP concentrations in the starter diet increased BW 
gain in the starter phase and in the consecutive grower phase. Moreover, it was shown that 
a delay in BW gain due to suboptimal IP concentrations in the starter diet could only be 
partly compensated for in later phases of life. These results demonstrate a need for a 
reevaluation of IP concentrations used in practical starter diets. Gain to feed ratio and BW 
gain responses to increased IP concentrations in the grower and finisher diets were less 
pronounced when high compared with adequate IP concentrations were fed in the 
preceding phase. This difference in response could not be detected statistically but was 
consistent between experiments and phases. Therefore, this phenomenon should not 
simply be neglected. 

Keywords: age, broiler, ideal protein, sex, age, phase.  

Introduction 

Besides energy, amino acids (AA) are the most critical dietary factors determining feed costs 
and performance in the broiler industry. Therefore, it is of considerable financial importance 
to continuously increase our knowledge of broiler requirements for AA. 

In the 1950’s, Almquist(102) established that growth rate depends on the intake of the 
first limiting (indispensable) AA. Animal performance, furthermore, improves in response to 
supplementation of that AA in the diet up to the concentration that the second 
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indispensable AA becomes limiting. This theory has been fully accepted and is used in feed 
formulation practice. 

It is understood that requirements of poultry for AA are influenced by dietary, 
environmental, and genetic factors. The ideal protein (IP) concept has been developed, in 
which AA requirements are often expressed as ratio to Lys, leading to an ideal AA profile in 
which all indispensable AA are equally limiting. This approach was first implemented in 
pigs(103,104). Until now, the optimum concentration of this profile in the diet has been 
established mainly based on studies designed according to the graded supplementation 
technique in which Lys was increased in diets deficient in Lys(105-109). Recent studies(110-112) 
showed, however, that increasing IP concentrations in male broiler grower and finisher diets 
improves broiler performances up to higher Lys concentrations than was expected based on 
studies using the graded supplementation technique. Furthermore, Eits et al.

(110) showed 
that gain to feed ratio (G:F) and BW gain responses to increased dietary IP concentrations 
are similar for male and female broilers during the grower phase (11–26 d), whereas, during 
the finisher phase (26–41 d) responses were of a higher magnitude for male broilers. 

These data from experiments using the IP-increment approach strongly indicate that 
with current IP recommendations, the maximum performance of broilers will not be 
achieved. Compared to the tremendous amount of data available regarding the graded 
supplementation technique, however, data with the IP-increment approach is scarce, and 
data for the starter phase is even entirely lacking. Hence, an effort has to be made to 
generate a substantial amount of data to estimate the full potential of this approach. 

The impact of protein concentrations [either a specific AA, crude protein (CP), or IP] in 
preceding phases, on the response to protein increment in the phase under study is 
generally neglected in requirement studies. It has been reported, however, that low protein 
concentrations in preceding phases enhance the response to protein in the phase 
studied(110,113,114). In general, however, these studies are designed with deficient vs. high 
protein concentrations in preceding phases and the effect of adequate vs. high protein 
concentrations remains unknown. 

The objective of the present study was to generate more data with the IP-increment 
approach regarding the effects in the starter phase and to test the impact of adequate vs. 
high IP concentrations in preceding phases, on the response to IP increments in the phase 
under study. To evaluate this, an IP dose response in the starter phase and factorial 
arrangements combining adequate(109) or high IP concentrations in starter and grower diets 
with low, adequate, or high IP concentrations in finisher diets were carried out with male 
and female broilers 

Materials and methods 

Birds and Housing 

Two consecutive experiments were performed in the same broiler unit. The unit 
consisted of 2 rooms with 36 cages each. Birds were housed in battery cages (1.1 m2) with 
raised wire floors. Feed and water were provided ad libitum. Temperature, relative humidity, 
and ventilation were computer controlled. Temperature decreased by 2.5oC per week, from 
34oC at the day of arrival (1-d-old chicks) to a final temperature of 21oC at 37 d of age during 
the trial. Lights were on 23 h/d. Birds were spray-vaccinated against Newcastle disease 
immediately after hatching and at 20 d of age. 

Nine hundred fifty 1-d-old male and 950 female chicks (for experiment 1) and 1800 male 
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chicks (for experiment 2) of a commercial broiler strain (Ross 308) were purchased and 
weighed individually. Chicks weighing between 38 and 48 g for experiment 1 and between 
35 and 45 g for experiment 2 were randomly assigned to a cage; chicks outside these ranges 
were not used in the trials. The experiments commenced with 20 birds per cage with similar 
average initial weights of 43 g/chick in experiment 1 and 40 g/chick in experiment 2. In 
experiment 1, birds were housed with 1 sex per cage and sexes were evenly divided over 
both rooms. 

Experimental Design and Diets 

In both experiments, the effects of different dietary IP concentrations were studied. 
Experiments were divided into starter (0–14 d of age), grower (14–30 d of age), and finisher 
phases (30–37 d of age). 

In experiment 1 (Table 1), in the starter and grower phase, adequate(109) or high (20% 
above recommendation) IP concentrations were fed according to a 2 × 2 factorial 
arrangement. In addition, 2 treatment groups were fed 10 to 30% above recommendation 
in the starter diet and adequate IP concentrations in the grower diet. All birds were fed an 
adequate IP diet in the finisher phase. Treatments receiving an adequate IP concentration in 
the grower phase, after graded dietary IP concentrations in the starter phase comprised 
experiment 1A, whereas the treatments of the 2 × 2 factorial arrangement comprised 
experiment 1B. Consequently, the treatment receiving adequate IP concentrations in the 
starter and grower phase and the treatment receiving a high IP concentration in the starter 
and an adequate IP concentration in the grower phase were integrated in both experiments. 

In experiment 2 (Table 1) adequate or high (20% above recommendation) IP 
concentrations in the starter and grower phase and low (10% below recommendation), 
adequate (recommended), or high (10% above recommendation) IP concentrations in the 
finisher phase were fed according to a 2 × 2 × 3 factorial arrangement. 

Table 1. Experimental design of experiment 1 and experiment 2 
 Dietary ideal protein (percentage of recommendations1)  

Treatment Starter Grower Finisher Experiment 

Experiment 1    
1 100 100 100 1B/1A 
2 100 120 100 1B 
3 120 100 100 1B/1A 
4 120 120 100 1B 
5 110 100 100 1A 
6 130 100 100 1A 

Experiment 2    
1 100 100 90 2 
2 100 100 100 2 
3 100 100 110 2 
4 100 120 90 2 
5 100 120 100 2 
6 100 120 110 2 
7 120 100 90 2 
8 120 100 100 2 
9 120 100 110 2 

10 120 120 90 2 
11 120 120 100 2 
12 120 120 110 2 

1Recommendations of Schutte(109). 



 

 

20 Chapter 2 

T
a

b
le

 2
. I

n
gr

ed
ie

n
t 

co
m

p
o

si
ti

o
n

 (
g/

kg
) 

o
f 

th
e 

ex
p

er
im

en
ta

l d
ie

ts
 

 
Ex

p
er

im
en

t 
1 

 
Ex

p
er

im
en

t 
2 

 
St

ar
te

r 
 

G
ro

w
er

 
 

Fi
n

is
h

er
 

 
St

ar
te

r 
 

G
ro

w
er

 
 

Fi
n

is
h

er
 

A
FD

1  L
ys

, g
/k

g 
10

.5
 

13
.7

 
 

10
.2

 
12

.2
 

 
9.

9 
10

.5
 

12
.6

 
10

.2
 

12
.2

 
8.

9 
10

.9
 

M
ai

ze
 

30
9.

5 
40

5.
4 

 2
92

.5
 

35
3.

0 
 3

62
.4

 
37

5.
2 

45
2.

2 
30

7.
1 

37
0.

5 
32

6.
3 

40
1.

0 
So

yb
ea

n
 m

ea
l 

21
5.

0 
27

9.
5 

 2
46

.3
 

29
5.

6 
 2

59
.8

 
23

2.
0 

27
8.

4 
24

6.
9 

29
6.

3 
24

7.
3 

30
2.

3 
So

y 
is

o
la

te
 

34
.3

 
44

.5
 

 
19

.6
 

23
.5

 
 

10
.2

 
3.

3 
3.

9 
10

.2
 

12
.2

 
 

 
W

h
ea

t 
76

.9
 

10
0.

0 
 1

25
.0

 
15

0.
0 

 1
30

.0
 

83
.3

 
10

0.
0 

12
5.

0 
15

0.
0 

12
2.

7 
15

0.
0 

P
o

ta
to

 p
ro

te
in

 
26

.9
 

35
.0

 
 

25
.0

 
30

.0
 

 
30

.0
 

29
.2

 
35

.0
 

25
.0

 
30

.0
 

18
.3

 
22

.4
 

Fi
sh

 m
ea

l 
30

.8
 

40
.0

 
 

16
.7

 
20

.0
 

 
 

33
.3

 
40

.0
 

16
.7

 
20

.0
 

 
 

So
yb

ea
n

 o
il 

33
.0

 
33

.0
 

 
38

.4
 

38
.4

 
 

35
.0

 
14

.7
 

14
.7

 
30

.2
 

30
.2

 
30

.6
 

30
.6

 
A

n
im

al
 f

at
 

10
.0

 
10

.0
 

 
40

.0
 

40
.0

 
 

40
.0

 
20

.0
 

20
.0

 
40

.0
 

40
.0

 
40

.0
 

40
.0

 
M

o
n

o
d

ic
al

ci
u

m
 p

h
o

sp
h

at
e 

12
.4

 
10

.4
 

 
11

.5
 

10
.4

 
 

12
.0

 
11

.7
 

10
.3

 
11

.3
 

10
.2

 
12

.5
 

11
.7

 
G

ro
u

n
d

 li
m

es
to

n
e 

17
.2

 
16

.6
 

 
12

.5
 

12
.1

 
 

12
.5

 
16

.8
 

16
.2

 
12

.3
 

11
.9

 
12

.5
 

12
.3

 
So

d
iu

m
 b

ic
ar

b
o

n
at

e 
0.

6 
0.

2 
 

1.
3 

1.
2 

 
2.

0 
2.

4 
2.

5 
1.

9 
1.

9 
2.

7 
2.

9 
P

o
ta

ss
iu

m
 b

ic
ar

b
o

n
at

e 
1.

3 
 

 
 

 
 

 
 

 
 

 
 

 
L-

Ly
si

n
e-

H
C

L 
(8

0%
) 

0.
7 

1.
0 

 
1.

1 
1.

3 
 

1.
3 

1.
6 

1.
9 

1.
6 

2.
0 

1.
8 

2.
2 

D
L-

M
et

h
io

n
in

e 
2.

3 
3.

0 
 

2.
3 

2.
7 

 
2.

1 
2.

3 
2.

8 
2.

4 
2.

8 
2.

0 
2.

5 
L-

Th
re

o
n

in
e 

 
 

 
0.

1 
0.

1 
 

 
 

 
 

 
 

0.
1 

L-
A

rg
in

in
e 

0.
3 

0.
4 

 
0.

3 
0.

4 
 

0.
3 

1.
2 

1.
4 

0.
9 

1.
1 

0.
6 

0.
8 

So
d

iu
m

 c
h

lo
ri

d
e 

1.
5 

1.
0 

 
1.

3 
1.

1 
 

1.
7 

1.
0 

0.
6 

1.
2 

0.
9 

1.
6 

1.
4 

M
ai

ze
 s

ta
rc

h
 

18
3.

7 
5.

0 
 1

27
.5

 
5.

0 
 

74
.0

 
13

8.
5 

5.
0 

13
1.

3 
5.

0 
14

2.
7 

5.
0 

C
el

lu
lo

se
 (

A
rb

o
ce

l B
 8

00
) 

16
.8

 
2.

5 
 

14
.2

 
2.

5 
 

8.
4 

11
.8

 
2.

5 
13

.1
 

2.
5 

14
.2

 
2.

5 
D

ia
m

o
l G

M
 

16
.8

 
2.

5 
 

14
.2

 
2.

5 
 

8.
4 

11
.8

 
2.

5 
13

.1
 

2.
5 

14
.2

 
2.

5 
V

it
am

in
-m

in
er

al
 p

re
m

ix
2  

10
.0

 
10

.0
 

 
10

.0
 

10
.0

 
 

10
.0

 
10

.0
 

10
.0

 
10

.0
 

10
.0

 
10

.0
 

10
.0

 
1 A

FD
 =

 a
p

p
ar

en
t 

fa
ec

al
 d

ig
es

ti
b

le
. 

2 C
o

n
tr

ib
u

te
d

 p
er

 k
g 

d
ie

t:
 r

ib
o

fl
av

in
, 5

 m
g;

 n
ia

ci
n

am
id

e,
 4

0 
m

g;
 d

-p
an

to
th

en
ic

 a
ci

d
, 1

2 
m

g;
 c

h
o

lin
e 

ch
lo

ri
d

e,
 5

00
 m

g;
  

cy
an

o
co

b
al

am
in

, 1
5 

μ
g;

 v
it

am
in

 E
 (

d
l-

α
-t

o
co

p
h

er
yl

 a
ce

ta
te

),
 1

5 
IU

; m
en

ad
io

n
e,

 5
 m

g;
 v

it
am

in
 A

 (
re

ti
n

yl
-a

ce
ta

te
),

 1
0,

00
0 

IU
; 

 c
h

o
le

ca
lc

if
er

o
l, 

50
 μ

g;
 b

io
ti

n
, 0

.1
 m

g;
 f

o
lic

 a
ci

d
, 0

.7
5 

m
g;

 F
eS

O
4.

H
2O

, 2
00

 m
g;

 M
n

O
2,

 1
00

 m
g;

 C
u

SO
4.

5H
2O

, 6
0 

m
g;

 Z
n

So
4.

H
2O

, 
15

0 
m

g;
 S

e 
(o

rg
an

ic
),

 0
.1

5 
m

g;
 K

I, 
1 

m
g;

 C
o

SO
4.

7H
2O

, 1
 m

g;
 a

n
ti

o
xy

d
an

t 
(e

th
o

xy
q

u
in

),
 1

00
 m

g.
 

  
 



 

 

21 Protein concentrations for broilers at different ages 

T
a

b
le

 3
. N

u
tr

it
io

n
al

 c
o

m
p

o
si

ti
o

n
 o

f 
th

e 
ex

p
er

im
en

ta
l d

ie
ts

 

 
Ex

p
er

im
en

t 
1 

 
Ex

p
er

im
en

t 
2 

 
St

ar
te

r 
 

G
ro

w
er

 
 

Fi
n

is
h

er
 

 
St

ar
te

r 
 

G
ro

w
er

 
 

Fi
n

is
h

er
 

A
FD

1  L
ys

, g
/k

g 
10

.5
 

13
.7

 
 

10
.2

 
12

.2
 

 
9.

9 
 

10
.5

 
12

.6
 

 
10

.2
 

12
.2

 
 

8.
9 

10
.9

 

C
al

cu
la

te
d

 c
o

m
p

o
si

ti
o

n
, 

g/
kg

2  
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

A
M

E n
 (b

ro
ile

rs
),  

M
J/

kg
 

11
.9

2 
11

.9
2 

12
.5

5 
12

.5
5 

12
.5

5 
11

.9
2 

11
.9

2 
12

.5
5 

12
.5

5 
12

.5
5 

12
.5

5 

P
 (

av
ai

la
b

le
) 

4.
5 

4.
5 

4.
0 

4.
0 

3.
8 

4.
5 

4.
5 

4.
0 

4.
0 

3.
8 

3.
8 

K
 

7.
3 

8.
9 

7.
5 

9.
0 

7.
9 

7.
4 

8.
9 

7.
5 

9.
0 

7.
4 

9.
0 

N
a 

1.
7 

1.
7 

1.
5 

1.
5 

1.
5 

1.
7 

1.
7 

1.
5 

1.
5 

1.
5 

1.
5 

C
l 

1.
8 

1.
8 

1.
6 

1.
6 

1.
6 

1.
8 

1.
8 

1.
6 

1.
6 

1.
6 

1.
6 

A
FD

 a
m

in
o

 a
ci

d
s 

 
 

 
 

 
 

 
 

 
Ly

s 
10

.5
 

13
.7

 
10

.2
 

12
.2

 
9.

9 
10

.5
 

12
.6

 
10

.2
 

12
.2

 
8.

9 
10

.9
 

M
et

 +
 C

ys
 

7.
9 

10
.2

 
7.

7 
9.

2 
7.

4 
7.

9 
9.

5 
7.

6 
9.

2 
6.

7 
8.

2 
Th

r 
6.

6 
8.

6 
6.

4 
7.

7 
6.

3 
6.

6 
8.

0 
6.

4 
7.

7 
5.

6 
6.

9 
Tr

p
 

2.
2 

2.
9 

2.
2 

2.
6 

2.
2 

2.
2 

2.
6 

2.
2 

2.
6 

1.
9 

2.
3 

Ile
 

8.
0 

10
.4

 
7.

7 
9.

2 
7.

6 
7.

5 
9.

0 
7.

3 
8.

8 
6.

4 
7.

9 
V

al
 

8.
9 

11
.5

 
8.

5 
10

.2
 

8.
5 

8.
5 

10
.2

 
8.

3 
9.

9 
7.

2 
8.

8 
A

rg
 

11
.8

 
15

.3
 

11
.4

 
13

.7
 

11
.1

 
11

.8
 

14
.1

 
11

.4
 

13
.7

 
10

.0
 

12
.2

 
G

ly
 +

 S
er

 
15

.5
 

20
.2

 
14

.9
 

17
.9

 
14

.6
 

15
.6

 
18

.7
 

15
.2

 
18

.3
 

13
.3

 
16

.3
 

A
n

al
ys

ed
 c

o
m

p
o

si
ti

o
n

, g
/k

g 
 

 
 

 
 

 
 

 
 

C
P

 
20

8 
27

2 
20

4 
24

5 
20

2 
20

8 
24

5 
20

4 
24

2 
18

0 
21

8 
C

ru
d

e 
fa

t 
64

 
72

 
10

1 
10

4 
98

 
61

 
63

 
93

 
98

 
98

 
94

 
C

a 
10

.5
 

10
.0

 
7.

9 
7.

9 
7.

6 
10

.9
 

10
.8

 
9.

1 
8.

9 
8.

6 
8.

4 
P

 
6.

3 
7.

0 
6.

2 
6.

6 
6.

3 
6.

5 
6.

9 
6.

3 
6.

6 
6.

0 
6.

5 
Ly

s 
12

.5
 

16
.2

 
12

.1
 

14
.8

 
12

.1
 

12
.9

 
15

.4
 

12
.7

 
15

.1
 

11
.1

 
13

.2
 

M
et

 +
 C

ys
 

8.
7 

11
.5

 
8.

9 
10

.5
 

8.
8 

8.
5 

10
.3

 
8.

7 
10

.2
 

7.
5 

8.
7 

Th
r 

8.
3 

10
.8

 
8.

3 
9.

9 
8.

0 
7.

5 
8.

8 
7.

2 
8.

7 
6.

4 
7.

6 
Tr

p
 

2.
6 

3.
3 

2.
6 

3.
0 

2.
5 

2.
4 

2.
8 

2.
4 

2.
8 

2.
1 

2.
6 

Ile
 

8.
9 

11
.5

 
9.

0 
10

.4
 

8.
6 

8.
4 

10
.2

 
8.

5 
10

.1
 

7.
3 

8.
7 

V
al

 
10

.3
 

13
.1

 
10

.2
 

12
.0

 
9.

9 
9.

4 
11

.4
 

9.
5 

11
.4

 
8.

2 
9.

7 
A

rg
 

13
.8

 
17

.9
 

13
.7

 
16

.5
 

13
.3

 
13

.9
 

16
.7

 
14

.0
 

16
.7

 
12

.2
 

14
.5

 
G

ly
 +

 S
er

 
19

.0
 

24
.6

 
18

.7
 

22
.3

 
18

.1
 

17
.9

 
21

.1
 

17
.4

 
21

.1
 

15
.5

 
18

.5
 

1 A
FD

 =
 a

p
p

ar
en

t 
fa

ec
al

 d
ig

es
ti

b
le

. 
2 B

as
ed

 o
n

 a
m

in
o

 a
ci

d
, N

 a
n

d
 d

ry
 m

at
te

r 
an

al
ys

es
 o

f 
ra

w
 m

at
er

ia
ls

 a
n

d
 c

h
em

ic
al

 c
o

m
p

o
si

ti
o

n
, d

ig
es

ti
b

ili
ty

 a
n

d
 e

n
er

gy
 v

al
u

e 
fo

r 
b

ro
ile

rs
 o

f 
th

e 
C

V
B

 L
iv

es
to

ck
 F

ee
d

 
Ta

b
le

(1
15

) . A
M

E n
 (

b
ro

ile
r)
 c

o
n

te
n

t 
o

f 
m

ai
ze

 s
ta

rc
h

 w
as

 e
st

im
at

ed
 a

t 
13

.3
7 

M
J/

kg
 a

n
d

 z
er

o
 f

o
r 

ce
llu

lo
se

 a
n

d
 d

ia
m

o
l. 



 

 Chapter 2 22 

In both experiments, adequate IP concentrations met the IP recommendations of 
Schutte(109), being 10.5 g of apparent faecal digestible (AFD) Lys/kg in the starter, 10.2 g of 
AFD Lys/kg in the grower and 9.9 g of AFD Lys/kg in the finisher diets. This represents the 
recommendations of the Central Bureau for Livestock Feeding (CVB)(115). The 
recommendations are widely used in commercial operations in the Netherlands and other 
West European countries and they are approximately 10% higher than NRC(116) 
recommendations. 

For each experiment, battery cages were assigned to the treatments according to a 
randomised block design (block = room), with 6 cages of male broilers and 6 cages of female 
broilers per treatment in experiment 1, and 6 cages with male broilers per treatment in 
experiment 2. 

For each experiment, batches of maize, wheat, soybean meal, soy isolate, fish meal, and 
potato protein were reserved and analysed for AA(117), N (Dumas)(118), and dry matter 
content. Based on these analyses and on digestibility and nutrient data provided by CVB(115), 
the starter, grower, and finisher diets containing the highest IP concentrations (Table 2) 
were formulated first for each experiment. The diets with the lowest IP concentrations 
(Table 2) were formulated by diluting the high IP diets with a protein-free mixture. This 
mixture contained maize starch, inert materials (cellulose: Arbocel B 800, J.Rettenmaier & 
Sohne GmbH + Co, Rosenberg, Germany and silica: Diamol GM: Franz Bertram GmbH, 
Hamburg, Germany), soybean oil, animal fat, and all necessary minerals and vitamins. All 
diets were calculated to be isocaloric within each phase and adequate in all nutrients, 
except CP and AA (Table 3). The ratios between digestible Lys and all other indispensable 
digestible AA met or exceeded the recommendations of Mack et al.

(108) for Met + Cys (0.75), 
Thr (0.63), Trp (0.19), Ile (0.71), Val (0.81), and Arg (1.12) and the recommendations of 
Schutte(109) for Met (0.38) and Gly + Ser (1.43). The diets with intermediate IP 
concentrations for the starter phase of experiment 1 (11.55 and 12.6 g AFD Lys/kg) and the 
finisher phase of experiment 2 (9.9 g AFD Lys/kg) were prepared by blending the highest 
and lowest IP diet for the specific phase and experiment. After mixing, the diets were 
pelleted (2.5 mm) with steam addition. All diets were analysed for AA(117), N (Dumas)(118), 
crude fat (6-h extraction with petroleum-ether), ash (incineration at 550oC for 4 h), Ca (ISO 
6490.2), and P (ISO 6491) content. 

Data Collection 

In both experiments, for each cage all birds were weighed together at the start and were 
weighed individually at 14, 30, and 37 d of age, and BW gain for each phase was calculated. 
In addition, feed consumption for each cage was recorded during each phase. Feed spillage 
at the research accommodation was extremely low because birds could only access the 
feeding troughs with their heads. Based on gain and feed consumption, G:F was calculated 
as grams of live weight gain per gram of feed consumed.  

At 37 d of age, 5 birds per cage (birds being nearest to the average cage weight) were 
deprived of feed (for approximately 10 h) and slaughtered the next day. The birds were 
successively weighed, euthanised by cervical dislocation (method approved by the Ethical 
Committee of the Erasmus University, Rotterdam, The Netherlands), and bled, and the 
feathers were removed. After removal of the feathers, the birds were excised. The weight of 
the carcass (whole bird without feathers, blood, organs, intestines, head, and legs below the 
hock) was determined and carcass yield was calculated as percentage of the feed-deprived 
bird weight (whole bird weight before slaughtering). In addition, the breast weight 
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(pectoralis major, pectoralis minor, sternum, and clavicle), and the abdominal fat pad 
weight (included fat surrounding the gizzard) were determined and their yields were 
calculated as percentage of the carcass weight. 

 
Figure 1. Feed intake, BW gain, and gain to feed ratio (G:F) of male (∆) and female (■) broilers as a function of 
ideal protein concentrations [expressed as apparent faecal digestible (AFD) Lys, g/kg] in the starter diet (0–14 
d). Regression lines are displayed when significant (P ≤ 0.05, Table 4), experiment 1A. 

Statistical Analyses 

A linear model was fitted to treatment means for all data of experiment 1A. The model 
included AFD Lys concentration (g/kg) in the starter diet, sex effect, and the interaction 
between AFD Lys and sex. However, the interaction for none of the parameters was 
significant and therefore omitted from the model. In addition, the sex effect for BW gain, 
feed intake, and G:F of the starter period were not significant and were omitted from the 
model. All data from experiment 1B and experiment 2 were subjected to ANOVA according 
to the following statistical models: 

(experiment 1B) Yijklm = μ + Ri + Sj + Gk + SXl + S×Gjk + S×SXjl + G×SXkl + eijklm, 

(experiment 2) Yijklm = μ + Ri + Sj + Gk + Fl + S×Gjk + S×Fjl + G×Fkl + eijklm, 

where Y = variance associated with a parameter; μ = overall mean; R = room; S = IP 
concentration starter diet; G = IP concentration grower diet; F = IP concentration finisher 
diet; SX = sex; S×G, S×SX, G×SX, S×F, and G×F are the interactions between the different 
factors; and e = the residual error term. Differences between the 3 IP concentrations of the 
finisher phase of experiment 2 were analysed for significance (P ≤ 0.05) using the Student-
Newman-Keuls test(119). In both experiments, cages were treated as experimental units. 
Effects were considered significant for P ≤ 0.05. The sixth edition of Genstat for Windows(120), 
was used to analyse all data. 
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Table 4. Intercept and slope (SE in parentheses) estimates for the linear responses1 of BW gain, feed intake, 
gain to feed ratio (G:F), and slaughter yields of male and female broilers2 to dietary ideal protein 

concentrations (expressed as apparent faecal digestible Lys, g/kg) in the starter diet (0–14 d), experiment 1A 
  Intercept (a)    

Dependent variable (y) Female Male Slope (b) R2 P
3 

BW gain, g 0–14 d 348 348 10.8 (1.7) 0.85 *** 
 14–30 d 1025 1169 9.7 (1.5) 0.99 *** 
 30–37 d 591 708 0.3 (4.3) 0.95 NS 
 0–37 d 1964 2224 20.7 (3.3) 0.99 *** 
       
Feed intake, g 0–14 d 598 598 -2.0 (2.1) - NS 
 14–30 d 1685 1829 16.3 (2.6) 0.99 *** 
 30–37 d 1084 1169 7.9 (4.3) 0.91 NS 
 0–37 d 3370 3593 22.3 (6.5) 0.97 * 
       
G:F, g/g 0–14 d 0.573 0.573 0.0214 (0.0022) 0.93 *** 
 14–30 d 0.610 0.638 -0.0003 (0.0008) 0.97 NS 
 30–37 d 0.544 0.601 -0.0033 (0.0026)  0.93 NS 
 0–37 d 0.587 0.619 0.0018 (0.0008) 0.98 † 
       
Carcass yield, % of BW 72.7 71.5 -0.06   (0.11) 0.76 NS 
Breast yield, % of carcass 29.2 29.2 0.17   (0.08) 0.32 † 
Abdominal fat pad yield4 3.41 2.83 -0.065 (0.016) 0.97 ** 
1The model used was: y = a + bx where y = dependent variable; a = intercept; b = slope; and x = apparent faecal 
digestible Lys (g/kg) in the starter diet. Parallel lines were fitted for male and female broilers because slopes 
between sexes did not differ (P > 0.1). Separate intercepts were estimated per sex. 
2 One intercept was estimated for male and female broilers for all data from d 0–14 and for breast yield 
because sex effects were not present (P > 0.1) and therefore omitted from the model. 
3 Probabilty of the Lys effect in the model, †P ≤ 0.1; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; NS = P > 0.1. 
4 As percentage of the carcass weight. 

Results 

Starter Diet Effects, Experiment 1A 

Increasing IP concentrations in the starter diet (Figure 1, Table 4), linearly improved (P < 
0.05) BW gain (11 g per gram AFD Lys) and G:F (0.021 g/g per gram AFD Lys). During the 
grower phase, as a carry-over-effect, BW gain (10 g per gram AFD Lys) and feed intake (16 g 
per gram AFD Lys) improved linearly (P < 0.05). Over the entire growth period, the former 
effects resulted in a linear increase (P < 0.05) in BW gain (21 g per gram AFD Lys) and feed 
intake (22 g per gram AFD Lys). Breast yield showed a nonsignificant increase and abdominal 
fat pad yield (0.07% per gram AFD Lys) decreased linearly (Figure 2, Table 4). Ideal protein 
responses for performance during the starter, grower, and finisher phase and for slaughter 
yields were similar for male and female broilers. 

Phase Effects and Phase Interactions, Experiment 1B and 2 

Increasing IP concentrations in the starter diet by 20% significantly improved BW gain and 
G:F in the starter phase in experiment 1B (Tables 5, 6) and experiment 2 (Tables 7, 8). In the 
consecutive grower phase, BW gain increased significantly only in experiment 2, whereas 
feed intake increased and G:F decreased (P < 0.05) in both experiments. In experiment 1B, 
the decreased G:F was more pronounced in birds fed high IP concentrations in the grower 
phase compared with birds fed adequate IP concentrations in the grower phase. Over the 
entire growth period, BW gain improved (P < 0.05) by 43 g/bird (mean of experiments 1B  
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and 2) and in experiment 2, feed intake increased 
(P < 0.05) by 55 g/bird, because of the increased 
IP concentration in the starter diet. 

Increasing IP concentrations in the grower diet 
by 20% significantly improved BW gain and G:F in 
the grower phase in experiment 1B (Tables 5, 6) 
and experiment 2 (Tables 7, 8). In experiment 1B, 
the improved G:F was of a higher magnitude in 
males than in females, resulting in a significant 
grower IP × sex interaction. In the consecutive 
finisher phase, G:F decreased (P < 0.05) because 
of increased IP concentrations in the grower diet. 
The increased BW gain obtained in the grower 
phase was partly compensated in the finisher 
phase and therefore was nonsignificant over the 
entire growth period. Gain to feed ratio improved 
(P < 0.05) over the entire growth period, because 
of the increased IP concentrations in the grower 
diet. Breast yield increased (P < 0.05) in both 
experiments and abdominal fat pad yield 
decreased (P < 0.05) in experiment 2 because of 
high dietary IP concentrations in the grower diet. 

Increasing IP concentrations in the finisher 
diet (experiment 2) significantly improved BW 
gain in the finisher phase, and G:F in the finisher 
phase and the entire growth period (Tables 7, 8). 
In addition, breast yield (P < 0.05) improved 
because of increased dietary IP concentrations in 

the finisher diet. In general, BW gain and G:F responses to increased dietary IP 
concentrations were of a lower magnitude in treatments that received high IP diets in the 
phase preceding the test phase compared with treatments that received adequate IP 
concentrations in the phase preceding the test phase. However, in none of the cases did this 
lead to a significant interaction between starter and grower IP concentrations. 

Discussion 

In the present study, breast yield, abdominal fat pad yield, BW gain, and G:F (Tables 4–8, 
Figures 1–3) responded to higher dietary IP concentrations than those recommended in the 
literature for starter, grower, and finisher diets(109,121). For the grower and finisher diets, 
these results confirm previous findings with the IP-increment approach(110-112). However, 
compared with Wijtten et al.(112), BW gain responses during the grower and in particularly 
during the finisher phase, were of a lower magnitude. The lower magnitude of these 
responses might be related to the difference in absolute performance level between both 
studies. Daily feed intake during the grower phase of the present study was higher than that 
observed by Wijtten et al.(112). Consequently, at similar dietary IP concentrations, daily IP 
intake in the present study was higher. D’Mello(122) showed that AA responses are better 
predicted by the absolute daily intake rather than by the dietary AA concentration. 

 
Figure 2. Slaughter yields of male (∆) and 
female (■) broilers as a function of ideal 
protein concentrations [expressed as 
apparent faecal digestible (AFD) Lys, g/kg] 
in the starter diet (0–14 d). Regression 
lines are displayed when significant (P ≤ 
0.05, Table 4), experiment 1A. 
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Table 5. Effect of different ideal protein concentrations in the starter (0–14 d), and grower (14–30 d) diet on 
BW gain and feed intake of male and female broilers, experiment 1B 

 AFD1 Lys, g/kg BW gain, g  Feed intake, g 

Sex Starter Grower2 0–14 d 14–30 d 30–37 d 0–37 d  0–14 d 14–30 d 30–37 d 0–37 d 

Male 10.50 10.20 460 1270 713 2443  574 1996 1265 3835 
  12.24 446 1326 683 2455  559 1963 1263 3784 
 12.60 10.20 487 1289 725 2501  579 2043 1285 3907 
  12.24 495 1339 701 2534  580 2027 1284 3891 
Female 10.50 10.20 462 1121 597 2180  583 1849 1158 3589 
  12.24 462 1174 588 2224  575 1851 1183 3609 
 12.60 10.20 491 1151 574 2215  583 1898 1178 3660 
  12.24 479 1146 586 2211  566 1845 1180 3591 
Pooled SEM  8.8 14.5 14.5 28.0  11.1 22.5 17.4 45.2 
Factorial analysis3          
Starter  10.50  457 1223 645 2326  573 1914 1217 3704 

 12.60  488 1231 646 2365  577 1953 1232 3762 
Probability  *** NS NS *  NS * NS † 
Grower  10.20 – 1208 652 2335  – 1946 1222 3748 

  12.24 – 1246 640 2356  – 1921 1227 3719 
Probability  – *** NS NS  – NS NS NS 
df   43 39 39 39  43 39 39 39 
1Ideal protein concentrations expressed as apparent faecal digestible (AFD) Lys, g/kg. 
2Means of 6 cages (each containing 20 birds) per treatment. 
3 Probabilities for the interactions are not shown, but none were significant (P > 0.1). 
†P ≤ 0.1; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; NS = P > 0.1. 

Table 6. Effect of different ideal protein concentrations in the starter (0–14 d), and grower (14–30 d) diet on 
gain to feed ratio (G:F) and slaughter yields of male and female broilers, experiment 1B 

 AFD1 Lys, g/kg G:F, g/g  Slaughter yields3 

Sex Starter Grower2 0–14 d 14–30 d 30–37 d 0–37 d  Carcass Breast 
Abdominal 

fat pad 

Male 10.50 10.20 0.802 0.637 0.562 0.637 71.0 31.0 2.12 
  12.24 0.799 0.675 0.540 0.649 70.6 31.8 1.74 
 12.60 10.20 0.842 0.631 0.564 0.640 70.2 31.0 1.95 
  12.24 0.853 0.660 0.545 0.651 70.9 31.7 1.79 
Female 10.50 10.20 0.792 0.607 0.515 0.607 72.3 31.2 2.77 
  12.24 0.804 0.634 0.497 0.616 71.6 32.1 2.65 
 12.60 10.20 0.842 0.606 0.487 0.605 72.0 31.3 2.53 
  12.24 0.846 0.621 0.497 0.616 72.0 31.6 2.61 
Pooled SEM  0.0079 0.0043 0.0073 0.0026 0.28 0.29 0.11 
Factorial analysis4        
Starter 10.50  0.799 0.638 0.529 0.627 71.4 31.6 2.32 

 12.60  0.846 0.630 0.523 0.628 71.3 31.4 2.22 
Probability  *** ** NS NS NS NS NS 
Grower  10.20 – 0.620 0.532 0.622 71.4 31.1 2.34 

  12.24 – 0.648 0.520 0.633 71.3 31.8 2.20 
Probability  – *** * *** NS ** † 
df   43 39 39 39 39 39 39 
1Ideal protein concentrations expressed as apparent faecal digestible (AFD) Lys, g/kg. 
2Means of 6 cages (each containing 20 birds, 5 birds per cage for slaughter yields) per treatment. 
3As percentage of the feed-deprived BW for carcass yield and as percentage of the carcass for breast and 
abdominal fat pad yield. 
4Starter × grower interactions were significant for G:F 14–30 d (P ≤ 0.1) and for carcass yield (P ≤ 0.05); starter 
× sex interaction was significant for G:F 30–37 d (P ≤ 0.1); and grower × sex interaction was significant for G:F 
14–30 d (P > 0.05). Other interactions were not significant. 
†P ≤ 0.1; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; NS = P > 0.1. 
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Table 7. Effect of different ideal protein concentrations in the starter (0–14 d), grower (14–30 d), and finisher 
(30–37 d) diet on BW gain and feed intake of male broilers, experiment 2 

AFD1 Lys, g/kg BW gain, g  Feed intake, g 

Starter Grower Finisher2 0–14 d 14–30d 30–37d 0–37 d  0–14 d 14–30d 30–37d 0–37 d 

10.50 10.20 8.91 439 1213 576 2228  563 1856 1143 3562 
  9.90 444 1209 579 2232  548 1861 1094 3503 
  10.89 435 1225 612 2272  547 1852 1136 3535 
 12.24 8.91 444 1262 566 2272  550 1861 1119 3531 
  9.90 437 1260 567 2264  537 1853 1132 3521 
  10.89 442 1265 603 2310  549 1878 1145 3572 

12.60 10.20 8.91 473 1266 568 2307  543 1945 1143 3632 
  9.90 470 1256 588 2314  535 1946 1136 3617 
  10.89 467 1222 605 2293  548 1899 1119 3566 
 12.24 8.91 470 1276 564 2309  539 1900 1144 3583 
  9.90 466 1261 580 2307  545 1889 1147 3581 
  10.89 473 1280 575 2327  543 1902 1131 3576 

Pooled SEM 6.1 16.1 15.5 23.4  8.8 24.8 18.3 41.5 
Factorial analysis3          
Starter           

10.50   440 1239 584 2263  549 1860 1128 3537 
12.60   470 1260 580 2310  542 1914 1137 3592 

Probability *** * NS ***  NS *** NS * 
Grower 10.20  – 1232 588 2274  – 1893 1129 3569 

 12.24  – 1267 576 2298  – 1881 1136 3561 
Probability – *** NS †  – NS NS NS 
Finisher 8.91 – – 568b 2279  – – 1137 3577 

  9.90 – – 579ab 2279  – – 1127 3556 
  10.89 – – 599a 2301  – – 1133 3562 

Probability – – * NS  – – NS NS 
df   69 67 59 59  69 67 59 59 
a,bMeans within a column (for finisher effect) with no common superscript differ significantly (P < 0.05). 

1Ideal protein concentrations expressed as apparent faecal digestible (AFD) Lys, g / kg. 
2Means of 6 cages (each containing 20 birds) per treatment. 
3Probabilities for the interactions are not shown, but none were significant (P > 0.1). 
†P ≤ 0.1; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; NS = P > 0.1. 

This may explain the differences in G:F and BW gain responses between the 2 studies. The 
initial weight at the start of the finisher phase in the present experiment (30 d) was 
approximately 450 g above that of the birds (28 d) of Wijtten et al.(112). Pesti and Fletcher(114) 
and Eits et al.(110) showed that BW responses to dietary CP or IP concentrations were more 
pronounced in birds restricted in weight (by protein restriction in their case) in the 
preceding phase. In the context of compensatory growth, it has been hypothesised that 
birds have a set point for BW for a specific age, and when behind their scheduled growth 
curve (for whatever reason), they try to reach the set point weight in the shortest possible 
time(123,124). Compensatory growth can partly be explained by a better G:F because of 
decreased fat content in the gain(114), or by a higher water content in the carcass as was 
hypothesised by Eits et al.(110). These findings and theories might explain the higher 
responses in the finisher phase found by Wijtten et al.(112) compared with the present study. 

Starter Diet Effects, Experiment 1A 

The BW gain and G:F responses (Figure 1, Table 4) due to increased dietary IP 
concentrations in the starter phase reported herein, agreed well with findings of Morris and 
Njuru(125), Morris and Abebe(126) and Sklan and Noy(127). Those studies varied dietary CP  
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Table 8. Effect of different ideal protein concentrations in the starter (0–14 d), grower (14–30 d), and finisher 
(30–37 d) diet on gain to feed ratio (G:F) and slaughter yields of male broilers, experiment 2 

AFD1 Lys, g/kg G:F, g/g  Slaughter yields3 

Starter Grower Finisher2 0–14 d 14–30 d 30–37 d 0–37 d  Carcass Breast 
Abdominal 

fat pad 

10.50 10.20 8.91 0.781 0.654 0.504 0.626 71.4 29.5 1.72 
  9.90 0.809 0.650 0.529 0.637 71.9 29.8 1.67 
  10.89 0.798 0.663 0.538 0.643 71.8 30.1 1.93 
 12.24 8.91 0.807 0.678 0.505 0.644 71.3 30.3 1.69 
  9.90 0.814 0.680 0.501 0.643 71.5 29.9 1.41 
  10.89 0.805 0.673 0.527 0.647 71.7 31.0 1.50 

12.60 10.20 8.91 0.871 0.651 0.496 0.635 72.0 30.1 1.79 
  9.90 0.879 0.645 0.517 0.639 71.7 30.0 1.75 
  10.89 0.853 0.643 0.540 0.643 71.3 30.4 1.59 
 12.24 8.91 0.872 0.672 0.492 0.644 71.5 30.7 1.52 
  9.90 0.857 0.667 0.506 0.644 71.7 30.4 1.59 
  10.89 0.870 0.673 0.508 0.651 71.7 30.7 1.35 

Pooled SEM 0.0115 0.0062 0.0095 0.0044 0.28 0.29 0.10 
Factorial analysis4        
Starter          

10.50   0.802 0.666 0.518 0.640 71.6 30.1 1.65 
12.60   0.867 0.658 0.510 0.643 71.6 30.4 1.60 

Probability *** * NS NS NS NS NS 
Grower 10.20  - 0.651 0.521 0.637 71.7 30.0 1.74 

 12.24  - 0.674 0.506 0.645 71.5 30.5 1.51 
Probability - *** ** ** NS ** *** 
Finisher 8.91 - - 0.500c 0.637b 71.5 30.2ab 1.68 

  9.90 - - 0.513b 0.641ab 71.7 30.0b 1.61 
  10.89 - - 0.528a 0.646a 71.6 30.6a 1.59 

Probability - - *** * NS * NS 
df   69 67 59 59 59 59 59 
a,b,cMeans within a column (for finisher effect) with no common superscript differ significantly (P < 0.05). 
1Ideal protein concentrations expressed as apparent faecal digestible (AFD) Lys, g/kg. 
2Means of 6 cages (each containing 20 birds, 5 birds per cage for slaughter yields) per treatment. 
3As percentage of the feed-deprived BW for carcass yield and as percentage of the carcass for breast and 
abdominal fat pad yield. 
4Starter × finisher interaction was significant for abdominal fat pad yield (P ≤ 0.05). Other interactions were not 
significant; †P ≤ 0.1; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; NS = P > 0.1. 

concentrations in broilers up to 3 wk of age between 170 and 250 g/kg(125), 180 and 300 
g/kg(126), or 160 and 280 g/kg(127). Morris and Njuru(125) and Sklan and Noy(127), however, did 
not balance the AA composition of the diets when increasing the CP content, and observed 
that feed intake increased along with increased dietary CP concentrations. This effect may 
have been related to an inadequate AA intake in the low CP diets or might have been caused 
by an effect on the palatability of the diets due to the shifts in ingredients. Hence, their 
response on BW gain could also have been influenced by a higher intake level of other 
nutrients and most likely were not solely an AA intake effect. The data of Noy and Sklan(81) 
and MacLeod(128) support this theory because they increased an unbalanced CP in the diets 
of male broilers during the first week of life and did not observe an effect on feed intake and 
BW gain(128), or BW gain was even depressed(81). Morris and Abebe(126), on the contrary, 
balanced the AA composition of their diets, did not find an effect on feed intake, and 
reported comparable responses to those found in the present experiment. This supports the 
theory that a balanced IP is necessary to achieve the effects on BW gain as reported herein 
and as shown before(110-112). 
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The present study showed that 
increased IP concentrations in the 
starter diets improve feed intake and 
BW gain in the consecutive grower 
phase (Figure 1, Table 4). The 
physiological background of this might 
be related to a better development of 
the gastrointestinal tract after hatch. 
This better developed intestinal tract 
has been reported to affect the 
capacity and efficiency of digestion and 
subsequently can improve broiler 
performance up to market age (129,130). 
In addition, muscle cell maturation 
appears to depend on nutrition soon 
after hatch(131). Delayed muscle cell 
maturation cannot be fully 
compensated in later phases of life and 
will result in decreased muscle 
growth(131,132). In contrast with our 
observation, Pesti and Fletcher(114) and 
Eits et al.(110) showed that differences in 
BW at the end of the grower period, 
caused by different CP or IP 
concentrations in the grower phase, 
were compensated in the consecutive 
phase. The observation that delayed 
muscle cell maturation in early life 
cannot be fully compensated(131,132) 
might explain the discrepancy between 
our findings in the starter phase and 
findings of Pesti and Fletcher(114) and 
Eits et al.(110) in the grower phase. 
However, Pesti and Fletcher(114) and 
Eits et al.(110) also showed that 
compensation in BW gain was more 
pronounced for treatments receiving 
diets with high CP or IP concentrations 
in the consecutive phase. This finding 
might indicate that with a higher IP 
concentration in the diet of the 
consecutive grower phase our birds 
would have shown some compensatory 
growth. This aspect will be further 
discussed in the next section. 

Finally, abdominal fat yield in the 
present experiment (Figure 2, Table 4) was significantly decreased as a result of the 

 

 

 

 
Figure 3. Effect of different ideal protein (IP) 
concentrations (expressed as apparent faecal 
digestible (AFD) Lys, g/kg) in the starter (0–14 d), 
grower (14–30 d), and finisher (30–37 d) diet on BW 
gain of male broilers, experiment 2. Bars represent 
Low (□), adequate (■), or high (■) IP concentrations 
fed in the particular phase (Panel A, B, and C); and 
represent the respective concentrations fed in the 
finisher phase for panel D (entire experimental 
period). 
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increased IP concentration in the starter diet, showing that nutrition in early phases of life is 
capable of influencing the body composition at slaughtering. 

Phase Effects and Phase Interactions, Experiments 1B and 2 

The effects due to increased IP concentrations in the starter diets of experiments 1B and 2 
(Tables 5–8, Figure 3) were generally in line with the effects of experiment 1A as discussed 
above. However, 2 additional findings can be added to the previous discussion. First, in 
contrast with experiment 1A, G:F was significantly decreased in the consecutive grower 
phase of experiment 1B and 2 as a result of increased IP concentrations in the starter diet. 
In experiment 1B this effect was almost entirely attributed to the treatment groups 
receiving high IP concentrations in the grower diet (treatments not included in experiment 
1A) and hence this effect was not observed in experiment 1A. Second, BW gain and G:F 
responses to increased dietary IP concentrations in the grower phase were less pronounced 
when high IP concentrations were fed in the preceding starter phase. Although BW 
responses due to increased IP concentrations in the grower diet were less pronounced when 
high IP concentrations were fed in the preceding starter phase, birds fed adequate IP starter 
diets and high IP grower diets, compared with those fed high IP starter diets and high IP 
grower diets, were still not able to compensate for the lower BW gain during the starter 
phase. This clearly shows the importance of sufficient IP concentrations in the starter phase 
to obtain optimum broiler performance. 

Feed conversion efficiency was significantly lower in the finisher phase (experiment 2) 
for birds fed high IP grower diets (Table 8). This phenomenon has been reported in 
literature(110,114,133). It might be caused by a higher fat deposition rate in the finisher 
phase(133) as compensation for the lower fat gain in the grower phase, or due to a higher 
maintenance requirement(134) because of a heavier weight at the end of the grower period. 

In agreement with findings in the grower phase, BW gain and G:F responses to increased 
IP concentrations in the finisher diets were less pronounced when high IP concentrations 
were fed in the preceding grower phase (Tables 7 and 8, Figure 3). These effects could not 
be detected statistically. However, the consistency of this observation between experiment 
1B and experiment 2 and between the grower and finisher phases indicates the existence of 
this effect at adequate vs. high IP concentrations in preceding phases. Moreover, it is in 
agreement with the comparison of deficient vs. high CP or IP concentrations in the 
preceding phases of Pesti and Fletcher(114) and Eits et al.(110). 

During the grower phase of experiment 1B, G:F responses of females to the increased IP 
concentration were significantly lower compared with those of males. This is not surprising 
because AA requirements have been reported to be higher for male than for female 
broilers(121). In addition, Wijtten et al.(135) showed that in the grower phase (14–35 d), 
responses of female broilers to increased dietary IP concentrations were of a lower 
magnitude than those of male broilers. 

Conclusions 

The results of the present study showed that a delay in BW gain due to suboptimal IP 
concentrations in the starter diet could only partly be compensated for in later phases of life, 
and then at the expense of high IP concentrations in the grower and finisher diets. High IP 
concentrations in the starter phase can be financially attractive due to the relatively low 
contribution of the starter diet to the total feed costs of a broiler up to market age. For the 
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same reason, the effect of high IP concentrations on nitrogen excretion in the starter phase 
would have a minor effect on total nitrogen excretion. The results of the present study, 
therefore, demonstrate a need for a reevaluation of IP concentrations used in practical 
starter diets. 

This study and literature data indicate that BW gain and G:F responses to increased 
dietary IP concentrations in the phase under study depend on the IP concentrations fed in 
preceding phases. For accurate requirement studies and for implication of practical 
recommendations, it is important to know if this effect truly exists. Therefore, this possible 
effect should not simply be neglected. Hence, this phenomenon should be further studied in 
a well-designed experiment that can detect and accurately quantify such an effect, if 
present. 

The current study demonstrated that G:F responses due to IP increment of female 
broilers, in the grower phase, are of a lower magnitude than those of male broilers. This 
finding shows that additional research is required to establish the differences in male and 
female responses to dietary IP concentrations in the grower and finisher phase. 
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Abstract 

This study investigated the effect of 2 different dietary amino acid (AA) treatments and feed 
restriction in early life vs. a control treatment on development of the small intestine 
segments (weights), mortality, and broiler performance. Each treatment was applied to 6 
cages with Ross 308 male broilers and to 6 cages with Cobb 500 male broilers with 24 birds 
per cage. A control treatment [100% ideal protein (IP)] was compared with a treatment with 
30% extra IP, a treatment with daily adjustment of the dietary AA concentration and profile, 
and a feed restriction treatment. The protein treatments were applied from 0–14 d of age. 
The feed restriction was applied from 4–21 d of age. Restriction was 15% from d 4–14 of age 
and diminished with equal daily steps thereafter to 5% at 21 d of age. Birds were weighed 
and dissected for evaluation of small intestine weights at 6, 9, 14, and 36 d of age. Feed 
intake restriction reduced leg problems in Ross and Cobb broilers. Extra dietary protein 
reduced leg problems in Ross broilers only. The present experiment does not show that 
small-intestinal weight development is related to mortality. Thirty percent extra dietary 
ideal protein increased duodenum weight between 6 and 9 d of age. This was not further 
increased by the daily optimisation of the dietary AA concentration and profile. The 
increased duodenum weights coincided with an improved BW gain. This indicates that 
duodenum weight may be important in facilitating BW gain in young broilers. Thus, it may 
be worthwhile to pay more attention to the relation between nutrition and duodenum 
weight and duodenum function in further studies. 

Key words: amino acid, broiler, feed restriction, mortality, small intestine. 

Introduction 

The growth rate of broilers has increased considerably over the last decades. As a side 
effect, broilers have become more susceptible to metabolic disorders than in the past(5-7). 
Baghbanzadeh and Decuypere(8) stressed that particularly growth reduction of broilers in 
early life is very effective in reducing metabolic disorders. It has been suggested that early 
embryonic(9) or post-hatch(10) organ development is important for growth and for organ 
functioning. From this, we hypothesised that the basis for metabolic disorders lies in early 
life when relative growth rate is at its maximum. The development of the small intestines in 
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birds occurs rapidly. It increases from 2 to 8% of the BW from 0–8 d of age(22). It is known 
that organs develop in concert with the need of the body. The increase at d 8 indicates a 
high metabolic activity of the small intestine and this is indicative of the high importance of 
this organ for young broilers. Amino acids (AA) are both energy sources and building blocks 
for the small intestine. They are very important for optimal development of the small 
intestine. There are very few studies on the AA requirement of very young broilers, 
especially with regard to intestinal development. It has been shown that dietary protein 
quality (AA profile) and its concentration can affect gene expression of transporter proteins 
in the small intestines(136,137). As a consequence, suboptimal dietary concentrations may 
suppress gut function. We hypothesised that optimal AA nutrition in the starter diet will 
improve intestinal development and its capacity in digestion and absorption of nutrients 
from feed. 

Our previous studies demonstrated that increased dietary AA concentrations in early life 
also improve BW gain in consecutive phases(138) and that early life feed intake restriction 
decreases mortality rate(139). The present study was specifically designed to investigate the 
effect of these treatments on small intestine and heart weight development in addition to 
the effects on performance and mortality. When these treatments affect organ weights, this 
may be used as an indication that organ function also is affected. Subsequently, more 
sophisticated studies can be designed to evaluate the effects on organ functionality. In 
previous studies, it was shown that performance responses to dietary AA treatments(140) and 
also mortality(139,141) can differ largely between Ross and Cobb broilers. Therefore, in the 
present study we included both breeds. 

Materials and methods 

Birds and housing 

The experiment was performed in a broiler unit that consisted of 2 rooms with 24 cages 
each. Birds were housed in battery cages, which were 1.1 m2 each and had a raised wire 
floor. Water was provided ad libitum, whereas feed was either provided restricted or ad 

libitum according to treatments as shown in Table 1. Temperature, relative humidity, and 
ventilation were automatically controlled. Temperature decreased by 2.5oC per wk, from 
34oC at the day of arrival (1-d-old chicks) to a final temperature of 21.5oC at 36 d of age. 
Lights were on during 23 h/d. Birds were spray-vaccinated against Newcastle disease at 9 d 
of age. The experimental methods were approved by the Ethical Committee of the Animal 
Science Group of Wageningen University and Research Centre, Lelystad, the Netherlands. 

Eight hundred 1-d-old Ross 308 and 800 Cobb 500 male chicks were purchased from a 
commercial hatchery and weighed individually. Ross 308 chicks weighing between 38 and 46 
g and Cobb 500 chicks weighing between 40 and 48 g were each randomly assigned to a  

Table 1. Experimental design1 

Treatment 
 Experimental phase 

 0–4 d 4–14 d 14–21 d2 
1 Control (CONTR)  100% IP (AL) 100% IP (AL) 100% IP (AL) 
2 130% IP (130IP)  130% IP (AL) 130% IP (AL) 100% IP (AL) 
3 Optimised (OPT)  Variable AA (AL) Variable AA (AL) 100% IP (AL) 
4 Restricted (RES)3  100% IP (AL) 100% IP (15% RES) 100% IP (15 to 5% RES) 
1AA = amino acid; IP = ideal protein; AL = ad libitum. 
2All birds had free access to a 100% IP diet from d 21 until the end of the experiment (d 36). 
3Feed restriction was 15% from 4–14 d and diminished with equal daily steps thereafter to 5% at 21 d of age. 
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Table 2. Feed intake, body weight (BW), and empty BW of Ross 308 male broilers in the preliminary 
experiment1 

Day Feed intake, g/d BW, g Empty BW2 , % of BW 

0    47 ± 0.1 91.6 ± 1.2 
1 8 ± 0.5 57 ± 2.2 84.5 ± 1.8 
2 12 ± 0.7       
3 17 ± 1.0 88 ± 3.7 87.2 ± 1.2 
4 20 ± 1.1       
5 25 ± 0.9 130 ± 2.2 88.3 ± 1.5 
6 30 ± 1.8       
7 34 ± 1.1 184 ± 5.7 90.8 ± 0.6 
8 40 ± 1.9       
9 46 ± 1.8       
10 54 ± 1.8 299 ± 10 92.4 ± 1.0 
11 58 ± 3.1       
12 68 ± 3.5       
13 71 ± 2.4       
14 76 ± 2.3 508 ± 20 94.7 ± 1.0 
14–213 94 ± 3.0 974 ± 29 95.5 ± 1.4 
21–293 145 ± 2.7 1742 ± 36 95.7 ± 0.6 
29–353 180 ± 2.8 2403 ± 40 96.6 ± 0.6 
1For the experiment, 6 cages with broilers (63 broilers at d 0) were fed a diet with a similar nutritional 
composition as the control treatments in the present experiment. Data represents the mean of 6 cages ± SD. 
2 At each dissection day, 5 broilers per cage were dissected to determine the empty BW (BW minus yolk and 
gut content); 3 Body weight and empty BW at d 21, 29 and 35, respectively. 

cage. Chicks outside these weight ranges were not used in the trial. Breeds were equally 
divided over the 2 rooms with 3 cages per breed by treatment combination in each room. 
The experiment commenced with 24 chicks per cage. The average initial weight in each cage 
was 43 g/chick for Ross 308 and 44 g/chick for Cobb 500. 

Experimental design and diets 

In this experiment, the effects of 4 dietary treatments were studied each in 2 broiler breeds 
(Ross 308 and Cobb 500) according to a 4 × 2 factorial arrangement. The 4 dietary 
treatments were applied in the starter phase and partly in the first week of the grower 
phase (Table 1). The experiment was divided in a starter phase (0–14 d of age), grower 
phase (14–30 d of age), and a finisher phase (30–36 d of age). The control (CONTR) 
treatment (100% ideal protein, IP) met the Lys recommendations according to Schutte(109). 
These recommendations are 10.5, 10.2, and 9.9 g of apparent faecal digestible Lys/kg in the 
starter, grower, and finisher diets, respectively. This corresponds, respectively, to 11.0, 10.7, 
and 10.4 g true faecal digestible Lys if it is taken into account that endogenous Lys losses are 
0.5 g/kg feed(142). The profile of Mack et al.(108) was applied for the other AA, being a ratio to 
Lys of 0.75 for TSAA, 0.63 for Thr, 0.19 for Trp, 0.71 for Ile, 0.81 for Val, and 1.12 for Arg. In 
the second treatment, the dietary IP concentration of the starter diet was increased by 30% 
(130IP, 13.7 g apparent faecal digestible Lys/kg) compared with the CONTR treatment and 
remaining similar ratios among all AA. The IP was increased by increasing the content of all 
high-protein raw materials (soybean meal, fish meal, soybean isolate, maize gluten meal, 
and potato protein) at the expense of maize. This ensured that Trp, Ile, Val, and Arg met or 
exceeded 130% of the recommendations. Subsequently, Lys, TSAA, and Thr were set at 130% 
of the recommendations with synthetic AA. This 130IP treatment showed significantly more  
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Table 3. Approach used for amino acid (AA) requirement calculations of the optimised diets 
Item Approach 
1 Based on our previous studies(138), we assumed that the dietary crude protein (CP) and indispensable 

AA content for maximal growth is well established in 28-d-old broilers. Based on this, the assumption 
was that at this age, the dietary Lys recommendations of Schutte(109)+10% are sufficient to maximise 
growth. 

2 In the above trial (item 1), the AA profile of Mack et al.(108) was applied and all diets exceeded the 
recommendations for His, Leu, and Phe + Tyr of Han and Baker(105). 

3 We predicted daily empty gain (gain minus yolk and gut fill) and daily feed intake based on a 
preliminary experiment with male Ross 308 broilers in our own research facilities (Table 2). In that 
experiment, feed intake was determined daily until 14 d of age and weekly afterward.  

4 Daily CP gain was estimated based on the daily empty BW gain of the preliminary study (item 3) and the 
CP content of carcasses calculated based on equations from Sklan and Noy(143). 

5 Requirements for indispensable AA and CP intake at 28 d of age were based on the estimated feed 
intake at that day in the preliminary study (item 3) and the estimated optimum dietary CP and AA 
compositions based on item 1 and 2. 

6 To estimate the indispensable AA and CP requirement for CP gain, the maintenance requirements for 
CP and indispensable AA based on literature [Leveille and Fisher(144-146), Leveille et al.(147), Baker et 

al.(148), Edwards III et al.(149,150) Edwards III and Baker(151), Samadi and Liebert(152) and Kebreab et al.(153)] 
were subtracted from the total AA and CP requirements (item 5). 

7 Based on item 5 and 6, the CP and indispensable AA requirements per gram CP gain and for 
maintenance are available and daily requirements were calculated based on CP gain (item 4). 

8 Amino acid digestibility is lower during the first 10 d posthatch compared with older broilers(154,155). 

9 Based on daily indispensable AA and CP requirements (item 7) and predicted daily feed intake (item 3), 
the dietary AA and CP content were calculated. 

weight gain in previous experiments compared with the 100% IP treatment(138). For the third 
treatment, the dietary crude protein (CP) concentration and AA profile were optimised (OPT) 
based on data of a preliminary study (Table 2), our own calculations, and data from 
literature. This is described in more detail in Table 3. The calculations resulted in daily CP 
and AA formulation targets for d 0–14 (Table 4). Changes in dietary CP and AA composition 
for the OPT treatment were realised in the same manner as for the 130IP diet. For the 
fourth treatment, feed intake of the birds was restricted (RES, Table 1) based on a 
previously tested program(139). This showed that 15% feed restriction from 4–14 d of age  

Table 4. Formulation targets for the diets of the optimised treatment 
  Trial day1 
Nutrient 1 2 3 11–14 
AFD2 amino acids, g/kg     
 Lys 11.7 14.5 14.1 11.3 
 TSAA 8.9 10.9 10.5 8.4 
 Thr 7.6 9.1 8.8 7.0 
 Trp 2.3 2.7 2.6 2.1 
 Ile 8.5 10.3 9.9 8.0 
 Arg 9.6 11.7 11.4 9.1 
 Val 13.5 16.2 15.6 12.5 
 His 3.5 4.5 4.4 3.5 
 Leu 13.4 16.0 15.5 12.4 
 Phe + Tyr 12.3 15.2 14.8 11.9 
Crude protein 241 282 270 217 
1Formulation targets for d 4–10 were intermediate targets of the d 3 and d 11–14 targets and can be 
calculated by applying the following ratios for the d 3 and d 11–14 targets: d 4, 0.800:0.200; d 5, 0.642:0.358; d 
6, 0.509:0.491; d 7, 0.381:0.619; d 8, 0.255:0.745; d 9, 0.144:0.856; d 10, 0.063:0.937. 
2AFD = apparent faecal digestible. 
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and thereafter gradually diminishing this restriction to 5% at 21 d of age, reduced mortality 
markedly. Feed intake restriction was based on the feed intake of the CONTR groups (per 
breed) on the previous day and an estimated increase in daily feed intake based on our 
preliminary study (Table 2). The feed of the RES birds (same diets as the CONTR treatment) 
was provided once per day between 0800 and 0900 h. This resulted in a period of 4–6 h/d 
without feed during the first week of the restriction that decreased to no or almost no time 
without feed at the end of the restriction phase. After the starter diets (fed until 14 d of age), 
the birds of all treatments switched to the grower diet (from 14–30 d of age) and to the 
finisher diet (from 30–36 d of age). 

Before the preparation of the experimental diets, batches of soybean meal, soybean 
isolate, maize gluten meal, fish meal, and potato protein were analysed for AA content(156-

158) In addition, these ingredients and the maize and wheat were analysed for N (Dumas)(118) 
and DM content (103oC for 4 h). Based on the analysed values and digestibility figures and 
nutrient contents derived from CVB(142), the different experimental diets were formulated 
(Table 5). All diets were composed to be isocaloric with regard to AMEn within each phase 
and adequate in all nutrients. For the CONTR diets and the 130IP starter diet, the ratios 
between digestible Lys and all other indispensable digestible AA met or exceeded the 
recommendations of Mack et al.(108). Diets for d 4–10 of the OPT treatment were 
intermediate diets of the d 3 and d 11–14 diets and were blended at the production plant at 
different ratios before pelleting (Table 5). All diets were pelleted (2.5 mm) with steam 
addition. All diets were analysed for N (Dumas)(118), crude fat (AOCS Am 5-04), Ca, and P 
(both inductive coupled plasma-atomic emission spectrometry, ICP-AES) content. The AA 
composition of the diets was calculated from analysed composition of the ingredients 
before composing the diets and was not analysed after preparation of the diets. The diets 
were prepared in a plant specialised in the production of experimental diets (Research Diet 
Services, Wijk bij Duurstede, the Netherlands), and the quality standards at this plant 
ensured that the diet composition was as formulated. 

Data Collection 

For each cage, all birds were weighed individually at 0, 3, 6, 9, 11, 14, 21, 30, and 36 d of age 
and weight gain for each phase was calculated per cage. In addition, feed consumption for 
each cage was determined at the time of weighing. Based on gain and feed consumption, 
gain to feed ratio (G:F) was calculated as grams of live weight gain per gram of feed 
consumed. Every dead or culled bird during the experiment was dissected to determine the 
reason for mortality or disease. 

Two birds per cage (chosen at random) were dissected to determine the weights of 
various organs at 6, 9, 14, and 36 d of age. The birds were weighed and euthanised (by 
decapitation) without previous feed deprivation (fed birds). Subsequently, they were 
dissected and the empty weights of the duodenum (duodenal loop), jejunum (end 
duodenum to the Meckel’s diverticulum), ileum (Meckel’s diverticulum to the ceca), and the 
heart weight were measured. The intestines were emptied by gently squeezing out the 
content. The organ weights were calculated as percentage of the fed metabolic BW (BW0.75). 
Five additional birds per cage (chosen at random) were deprived of feed (for 8–12 h) at 36 d 
of age and were slaughtered the next day. The birds were successively weighed, euthanised, 
bled, and feathers were removed. After removal of the feathers, the birds were excised. The 
weight of the carcass (whole bird without feathers, blood, organs, intestines, head, and legs 
below the hock) was measured. Carcass yield was determined and calculated as percentage  
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Table 5. Ingredient and nutritional composition of the experimental diets 

 Starter diets   
Grower 

diet 
  Finisher 

diet 
 Tr. 1 & 4 Tr. 2 Treatment (Tr.) 31  All Tr.  All Tr. 
Item d 1–14 d 1–14 d 1 d 2 d 3 d 11–14  d 14–30  d 30–36 
Ingredient composition, g/kg 
 Maize 575.2 426.8 468.8 360.7 392.3 537.0 430.6 461.2 
 Wheat 100.0 100.0 100.0 100.0 100.0 100.0 150.0 150.0 
 Soybean meal 199.2 294.7 269.3 338.2 317.5 224.0 306.8 287.4 
 Fish meal 20.3 30.0 27.4 34.4 32.3 22.8   
 Soybean isolate 14.3 21.2 19.4 24.4 22.9 16.1   
 Maize gluten meal 13.5 20.0 18.3 23.0 21.6 15.2   
 Potato protein 13.5 20.0 18.3 23.0 21.6 15.2   
 L-Lysine-HCl 1.9 1.4 0.1 0.4 0.9 1.8 1.4 1.6 
 DL-Methionine 2.1 3.1 2.1 3.1 3.0 2.3 2.4 2.2 
 L-Threonine 0.2 0.1    0.1 0.2 0.2 
 Soybean oil 17.1 43.0 36.0 54.7 49.1 23.8 34.8 31.1 
 Animal fat       34.8 31.1 
 Ground limestone 16.8 16.0 16.2 15.6 15.8 16.6 13.7 12.0 
 CaHPO4,Ca(H2PO4)2.H2O 11.9 10.5 10.9 9.8 10.1 11.6 11.3 9.1 
 Sodium chloride 1.2 1.3 1.7 1.5 1.4 1.2 1.5 1.4 
 Sodium bicarbonate 2.6 1.9 1.5 1.3 1.6 2.5 2.6 2.8 
 Vitamin-mineral premix2 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 
Calculated composition3, g/kg       
 AMEn (Broiler), MJ/kg 11.92 11.92 11.92 11.92 11.92 11.92 12.55 12.55 
 P (available) 4.3 4.3 4.3 4.3 4.3 4.3 3.8 3.3 
 K 7.2 9.0 8.6 9.9 9.5 7.7 9.0 8.7 
 Na 1.6 1.6 1.6 1.6 1.6 1.6 1.4 1.4 
 Cl 1.8 1.8 1.8 1.8 1.8 1.8 1.6 1.6 
 AFD4 amino acids         
  Lys 10.5 13.7 11.7 14.5 14.1 11.3 10.2 9.9 
  Met 5.2 7.0 5.8 7.3 7.1 5.6 5.0 4.8 
  TSAA 7.9 10.2 8.9 10.9 10.5 8.4 7.7 7.4 
  Thr 6.6 8.6 8.0 9.4 9.0 7.0 6.4 6.2 
  Trp 2.0 2.7 2.5 3.0 2.9 2.2 2.2 2.1 
  Ile 7.6 10.0 9.4 11.2 10.6 8.2 7.6 7.3 
  Arg 11.8 15.8 14.7 17.6 16.8 12.8 12.6 12.1 
  Val 8.5 11.1 10.4 12.2 11.7 9.2 8.3 8.0 
Analysed composition, g/kg       
 Crude protein 205 263 249 292 284 220 211 201 
 Crude fat 45 67 60 78 74 49 91 86 
 Ca 10.1 9.9 10.0 9.6 9.5 9.4 8.2 6.5 
 P 6.0 6.3 6.4 6.3 6.2 5.9  6.0  5.2 
1Diets for d 4–10 of treatment 3 were intermediate diets of the d 3 and d 11–14 diets and, respectively, 
blended at the production plant before pelleting in the following ratios: d 4, 0.800:0.200; d 5, 0.642:0.358; d 6, 
0.509:0.491; d 7, 0.381:0.619; d 8, 0.255:0.745; d 9, 0.144:0.856; d 10, 0.063:0.937. 
2Contributed per kg diet: riboflavin, 5 mg; niacinamide, 40 mg; D-pantothenic acid, 12 mg; choline chloride, 500 
mg; cyanocobalamin, 15 μg; vitamin E (DL-α-tocopheryl acetate), 15 IU; menadione, 5 mg; vitamin A (retinyl-
acetate), 10,000 IU; cholecalciferol, 50 μg; biotin, 0.1 mg; folic acid, 0.75 mg; FeSO4.H2O, 200 mg; MnO2, 100 
mg; CuSO4.5H2O, 60 mg; ZnSo4.H2O, 150 mg; Se (organic), 0.15 mg; KI, 1 mg; CoSO4.7H2O, 1 mg; antioxydant 
(ethoxyquin), 100 mg. 
3Based on amino acid, N, and dry matter analyses of raw materials and chemical composition, digestibility, and 
energy value for broilers of the CVB Livestock Feed Table(142). 
4AFD = apparent faecal digestible. 
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of the feed-deprived bird weight (whole bird weight before slaughtering). In addition, the 
breast weight (pectoralis major, pectoralis minor, sternum, and clavicle) and the abdominal 
fat pad weight (including fat surrounding the gizzard) were measured and their yields were 
calculated as percentage of the carcass weight. 

Statistical Analyses 

All data (except mortality) were subjected to ANOVA according to the following statistical 
model: 

Yijkl = μ + Ri + Dj + Bk + D × Bjk + eijkl, 

where Y = variable; μ = overall mean; R = room (i = 1,2); D = Dietary treatment (j = 1,4); B = 
Breed (k = 1,2); D × B is the interaction between D and B; and e = the residual error term. 
For all parameters, except for carcass, breast and abdominal fat yield, room effects were 
significant for at least 1 time point. However, only for duodenum weight at d 36, room × 
dietary treatment interaction was significant. For the other parameters, therefore, the 
above model was used, in which the room × dietary treatment interaction was omitted. 
Contrasts were calculated for the 130IP (CONTR vs. 130IP), OPT (CONTR vs. OPT), RES 
(CONTR vs. RES), and protein (130IP vs. OPT) effects and for the breed × contrast 
interactions. The data from each cage were the experimental unit. Mortality data were 
analysed by comparing individual treatments as binomial proportions calculating the same 
contrasts as mentioned above. Effects were considered significant for P < 0.05. The 11th 
edition of Genstat for Windows(159) was used to analyse all data. 

Results 

Performance 

Feed intake from d 0–6 of the 130IP birds was lower (P < 0.05) than of the CONTR birds 
(Table 6). Feed intake from d 0–3 of the OPT birds was lower (P < 0.01) than of the CONTR 
birds. From d 6–14, feed intake of the OPT birds was higher (P < 0.001) than of the CONTR 
birds. From d 6–14, breed × contrast interactions for feed intake were significant (P < 0.05) 
for the CONTR vs. 130IP birds and for CONTR vs. OPT birds. These contrasts were due to a 
more marked increase in feed intake due to the 130IP and OPT treatments in Ross broilers 
compared with Cobb broilers. Feed intake of the 130IP and OPT birds was higher (P < 0.001) 
from d 14–21 compared with CONTR birds. On average, feed intake of RES birds from d 3–14 
was 16% lower (P < 0.001) than feed intake of CONTR birds. Feed intake of RES birds from d 
14–21 was lower (−10%, P < 0.001) than of CONTR birds. From d 21–36, feed intake was 
similar for all treatments. 

Body weight (BW) gain from d 3–4 was higher (P < 0.001) for the 130IP (+13%) and the 
OPT birds (+10%) than for the CONTR birds (Table 7). From d 9–14, BW gain was lower (P < 
0.05) for the OPT birds (−5%) compared with the 130IP birds but was still higher (P < 0.001) 
for the OPT birds (+7%) compared with the CONTR birds. The RES treatment reduced (P < 
0.001) BW gain (−16%) from d 3–14 compared with the CONTR treatment. Body weight gain 
was similar for all treatments from 14–36 d of age. 

Body weight gain relative to metabolic BW from d 3–9 was higher (P < 0.05) for the 
130IP birds (+7%) and higher (P < 0.05) for the OPT birds (+9%) than for the CONTR birds 
(Figure 1). From d 30–36, relative BW gain for the 130IP birds (−7%) was lower (P < 0.05) 
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Figure 1. Combined results of the Ross and Cobb broilers of the average daily gain expressed relative to the 
metabolic BW (BW0.75) of the control (■, panel A and B), the 130% ideal protein (▲, panel A), the restriction (□, 
Panel A), and the optimised (Δ, panel B) treatments. *Differences (P < 0.05) for the 130% ideal protein or 
optimised treatment compared with the control treatment. # Differences (P < 0.05) for the restriction 

treatment compared with the control treatment. The Pooled SEM were 1.9 (d 0–3), 1.7 (d 3–6), 1.5 (d 6–9), 

1.6 (d 9–11), 1.1 (d 11–14), 1.1 (d 14–21), 1.0 (d 21–30) and 1.3 (d 30–36). 

than for the CONTR birds. The RES treatment reduced (−9%, P < 0.001) relative BW gain 
from d 3–14 compared with the CONTR treatment. Relative BW gain was higher (P < 0.05) 
from d 14–21 (+4%) and higher (P < 0.05) from d 21–30 (+8%) for the RES birds than for the 
CONTR birds. 

Gain to feed ratio from d 0–14 was higher (P < 0.001) for the 130IP birds compared with 
the CONTR birds (Table 8). G:F ratio from d 0–9 was higher (P < 0.05) for the OPT birds 
compared with the CONTR birds. From d 0–3 and from d 6–14, G:F was higher (P < 0.05) for 
the 130IP birds compared with the OPT birds. G:F ratio from d 14–21 was lower (P < 0.05) 
for the 130IP birds than for CONTR birds and was higher (P < 0.001) for the RES birds 
compared with the CONTR birds. 

Breast weight relative to carcass weight was lower (P < 0.001) and abdominal fat yield 
relative to carcass weight was higher (P < 0.01) at d 37 for RES birds compared with CONTR 
birds (Table 9). 

Small Intestines 

Relative duodenum weight (Table 10) was higher (P < 0.05) for the 130IP birds compared 
with the CONTR birds at d 6 (+11%) and at d 9 (+15%). Relative duodenum weight at d 6 
(+11%) and relative jejunum weights at d 6 (+11%) and at d 9 (+9%) of the OPT birds were 
higher (P < 0.05) than those of the CONTR birds. At d 9, the relative duodenum weight was 
higher (P < 0.05) in the 130IP birds than in the OPT birds. The relative duodenum weight for 
RES birds at d 6 (−24%) was lower (P < 0.001) than for CONTR birds. The relative jejunum 
weight at d 6 (−18%) and d 14 (−17%) was lower (P < 0.001) for RES birds than for CONTR 
birds and tended (P = 0.076) to be lower at d 9 (−6%). The relative ileum weight at d 6 
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 44 Chapter 3 

Table 9. Effect of different dietary amino acid treatments and feed restriction on slaughter characteristics at 
37 d of age1 

Item2  Carcass, % of BW Breast, % of carcass Abdominal fat, % of carcass 
Ross 308 CONTR 72.6 34.5 1.55 
 130IP 71.5 35.1 1.44 
 OPT 72.0 34.6 1.37 
 RES 71.6 32.6 1.79 
Cobb 500 CONTR 71.7 34.3 1.40 
 130IP 71.3 33.8 1.36 
 OPT 72.2 34.6 1.46 
 RES 71.4 32.7 1.71 
Pooled SEM (n = 6) 0.5 0.6 0.12 
Main effects    
 Breed     
  Ross 308  71.9 34.2 1.54 
  Cobb 500  71.6 33.9 1.48 
Pooled SEM (n = 24) 0.3 0.3 0.06 
 Starter diet     
 CONTR 72.1 34.4 1.48 
 130IP 71.4 34.4 1.40 
 OPT 72.1 34.6 1.41 
 RES 71.5 32.7 1.75 
Pooled SEM (n = 12) 0.4 0.4 0.09 
P-value of factorial analysis   
 Breed  0.207 0.235 0.376 
 Feed treatment 0.069 <0.001 <0.001 
 Breed × Feed 
treatment 0.581 0.320 0.558 
P-value of contrasts    
 CONTR vs. 130IP 0.038 0.877 0.402 
 CONTR vs. OPT 0.920 0.571 0.477 
 CONTR vs. RES 0.072 <0.001 0.004 
 130IP vs. OPT 0.048 0.679 0.897 
1Five birds were slaughtered per cage. 
2CONTR = the control 100% ideal protein starter diet; 130IP = 130% ideal protein starter diet; OPT = daily 
optimised ideal protein composition of the starter diet; RES = feed intake restriction from d 4–21. 

(−23%), d 9 (−8%), and d 14 (−17%) was lower (P < 0.05) for RES birds than for CONTR birds. 
Relative small intestine weights at d 36 were similar for all treatments. 

Mortality and Heart Weight 

For RES birds, the relative heart weight (Table 11) was lower (P < 0.05) than for the CONTR 
birds at d 6 (−12%), d 9 (−11%), and d 14 (−8%). Mortality due to leg problems was lower (P 

< 0.01) for RES Ross and Cobb broilers compared with CONTR birds (Table 12). Mortality due 
to leg problems was lower (P < 0.05) for 130IP and OPT Ross birds compared with Ross 
CONTR birds and was not different from CONTR birds for Cobb. 

Discussion 

Performance 

In the current experiment, higher dietary protein concentrations (130IP and OPT) initially 
decreased feed intake. This is in line with the general opinion that high dietary protein 
suppresses feed intake(160). However, after 6 d on a high protein diet, feed intake equalled 
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Table 11. Effect of different dietary amino acid treatments and feed restriction on relative heart weight of 
male broilers1 

    Heart, g/kg BW0.75 
Item2  d 6 d 9     d 14     d 36 
Ross 308 CONTR 17.4 19.2 17.1 23.2 
 130IP 17.1 18.5 17.6 22.7 
 OPT 16.6 18.7 17.1 22.2 
 RES 15.2 16.5 15.6 22.7 
Cobb 500 CONTR 16.6 17.6 16.6 20.9 
 130IP 16.5 18.2 16.4 20.9 
 OPT 15.6 17.7 17.1 20.7 
 RES 14.8 16.1 15.4 21.4 
Pooled SEM (n = 6) 0.4 0.6 0.6 0.7 
Main effects     
 Breed      
  Ross 308  16.6 18.2 16.8 22.8 
  Cobb 500  15.9 17.4 16.4 21.3 
Pooled SEM (n = 24) 0.2 0.3 0.3 0.4 
 Starter diet      
 CONTR 17.0 18.4 16.8 22.0 
 130IP 16.8 18.4 17.0 21.8 
 OPT 16.1 18.2 17.1 21.4 
 RES 15.0 16.3 15.5 22.1 
Pooled SEM (n = 12) 0.3 0.4 0.4 0.5 
P-value of factorial analysis     
 Breed  0.023 0.047 0.282 0.002
 Feed treatment <0.001 0.002 0.032 0.780
 Breed × Feed treatment 0.944 0.698 0.770 0.919
P-value of contrasts     
 CONTR vs. 130IP 0.644 0.982 0.800 0.717
 CONTR vs. OPT 0.052 0.752 0.661 0.386
 CONTR vs. RES <0.001 <0.001 0.027 0.965
 130IP vs. OPT 0.131 0.735 0.853 0.612
1Per dissection day, 2 birds were dissected per cage. BW0.75 = metabolic body weight. 
2CONTR = the control 100% ideal protein starter diet; 130IP = 130% ideal protein starter diet; OPT = daily 
optimised ideal protein composition of the starter diet; RES = feed intake restriction from d 4–21. 

(Cobb broilers) or exceeded (Ross broilers) feed intake of CONTR birds. This higher feed 
intake with high-protein diets is probably related with the higher BW of birds on a high-
protein diet because when expressed as percentage of the BW, the feed intake of the birds 
on a high-protein diet remains lower than that of the CONTR birds (data not given). When 
the birds (130IP and OPT) at d 14 were switched to the same diet as the CONTR treatment, 
the feed intake clearly exceeded the feed intake of the CONTR birds. However, when 
expressed again relative to BW, feed intake after d 14 was similar to that of CONTR birds 
(data not given). The increased dietary AA concentrations (130IP and OPT treatments) in the 
starter diet improved BW gain during the starter period. These differences in BW gain 
remained significant until 30 d of age. This effect on BW gain in the starter phase agrees 
with results of Morris and Abebe(126) and of Wijtten et al.(138). In the current experiment, 
between d 3 and 6, relative BW gain of the 130IP (+12%) and OPT (+13%) birds was higher 
than that of the CONTR birds (Figure 1). The stimulation of BW gain due to high dietary 
protein in this phase may have been crucial in stimulation of feed intake and BW gain in 
subsequent phases. Between d 9 and 14, BW gain of the OPT birds was significantly lower 
(−5%) than of the 130IP birds. This indicates that dietary AA requirements for maximal BW 
gain in this phase are probably higher than those calculated for our OPT diets. Thus, dietary  
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Table 12. Effect of different dietary amino acid treatments and feed restriction on mortality due to ascites or 
leg problems up to d 36 of male broilers1 

    Mortality, % 
Item2  Ascites Leg problems 
Ross 308 CONTR 1.9 4.6 
 130IP 0.0 0.0 
 OPT 0.9 0.0 
 RES 0.9 0.0 
Cobb 500 CONTR 2.8 4.6 
 130IP 2.8 4.6 
 OPT 0.9 7.4 
 RES 0.0 0.9 
 Starter diet    
 CONTR 2.3 4.6 
 130IP 1.4 2.3 
 OPT 0.9 3.7 
 RES 0.5 0.5 
P-value of contrasts   
 CONTR vs. 130IP 0.475 0.189 
 CONTR vs. OPT 0.253 0.630 
 CONTR vs. RES 0.100 0.006 
 130IP vs. OPT 0.653 0.398 
1Mortality percentage is based on 18 broilers per pen (24 broilers at the start minus 6 broilers dissected at d 6, 
9 or 14). 
2CONTR = the control 100% ideal protein starter diet; 130IP = 130% ideal protein starter diet; OPT = daily 
optimised ideal protein composition of the starter diet; RES = feed intake restriction from d 4–21. 

AA concentrations should remain at a high concentration for a longer period, as was done 
with the 130IP treatment. 

The RES treatment reduced BW gain during the restriction phase, as was expected. After 
the restriction phase, this BW difference became gradually smaller with age until the end of 
the experiment. This was not yet completely compensated at d 36. For the Ross broilers, this 
is in line with our previous experiments(139). For the Cobb broilers, however, this was in 
contrast with our previous experiments, in which Cobb broilers did fully compensate their 
BW at 37 d of age. The lower breast yield and higher abdominal fat yield due to feed 
restriction were also observed in our previous experiment with the same restriction 
program. Thus, with this restriction program in young broilers, final weights can be similar 
to CONTR birds. However, carcass quality is consistently compromised. In our previous 
experiment(139) the abdominal fat yield was similar to the CONTR treatment when a more 
severe restriction program or an abrupt change from restriction to ad libitum feeding was 
applied. Plavnik and Hurwitz(161) showed that with a severe restriction program, abdominal 
fat yield was lower in RES-fed birds compared with CONTR birds. The differences in effect of 
feed restriction on abdominal fat yield among studies may relate to differences in the 
restriction programs and changes in broiler genetics over time. 

Small Intestines 

In the present experiment, increased dietary AA concentrations (130IP and OPT treatments) 
in the starter diet increased duodenum weights at d 6 and 9. Jejunum weights were only 
increased with the OPT treatment at d 6 and 9. The ileum weights were not affected by the 
130IP and OPT treatments. Thus, effects were most pronounced in the duodenum, 
decreased in the jejunum, and nearly disappeared in the ileum. It has been shown in pigs 



 

 48 Chapter 3 

that the proximal small intestine is more dependent on luminal nutrient supply for intestinal 
protein synthesis than the distal small intestine(162). This may explain why the effect of 
dietary protein on small-intestinal weight in the current study was more pronounced in the 
duodenum than in the jejunum and ileum. Moreover, this indicates that the luminal supply 
of AA is important for duodenum weight. Batal and Parsons(38) investigated the small-
intestinal weight of broilers either fed a maize-soybean meal-based diet with 23% CP or a 
crystalline AA-based diet with 14% CP. In line with our study, they showed that relative 
weight of the jejunum and ileum at 7 d of age was higher when fed the 23% CP diet 
compared with the 14% CP diet. At 21 d of age, Batal and Parsons(38) found no effect of the 
different diets on ileum weight and they found a lower jejunum weight for the 23% CP diet 
compared with the 14% CP diet. Lemme et al.(163) found that the relative weight of the 
entire small intestine was increased at 7 d of age with high dietary IP concentrations, but 
this effect had disappeared at 14 d of age. Finally, Swatson et al.(39) found no consistent 
effects of different dietary protein concentrations (20–40% with balanced or unbalanced AA 
fed from 10–24 d of age) on relative small intestine weight. In our experiment and in those 
of Batal and Parsons(38) and Lemme et al.(163), the most pronounced effects were found 
between 6 and 9 d of age and hardly any effects were seen in birds of 14 d and older. This 
indicates that suboptimal protein nutrition will suppress small-intestinal weight in birds 
between 6 and 9 d of age but may not affect small-intestinal weight in birds of 2 wk and 
older. In the present experiment, weights of the different small-intestinal segments were 
similar for the 130IP and the OPT treatments at most days. This means that a daily 
optimisation of the AA concentration and profile in the starter diet does not further increase 
small-intestinal weight compared with a treatment with a constantly high dietary IP 
concentration (130IP). To the contrary, duodenum weight at d 9 was lower for the OPT birds 
than for the 130IP birds, which is probably related to the suboptimal dietary AA 
concentrations at that day in the OPT diets. 

Feed intake restriction reduced the duodenum, jejunum, and ileum weight at d 6 in the 
present experiment. At d 9 and 14, feed intake restriction reduced jejunum and ileum 
weights. In line with this, Palo et al.(164) also reported a decrease of the relative duodenum 
weight and jejunum weight at the end of a 7-d feed restriction period. In contrast to this, 
others reported no difference in relative small intestine weights due to feed restriction or an 
increase in relative small intestine weights due to feed restriction(39,165). The above shows 
that feed intake restriction gives differential effects on relative small intestine weights. 
These discrepancies are most probably related to differences in the severity of the 
restriction between studies. Moreover, there were differences among studies in the time 
between the last meal and dissection in RES birds and in fed birds. These differences make it 
difficult to draw firm conclusions regarding the relation between feed intake restriction and 
small-intestinal weight. 

The small intestine is an important organ for the digestion and absorption of nutrients. 
Therefore, an adequate development of this organ is essential for digestion and absorption. 
In this respect, a study of Maisonnier et al.(166) with broilers showed that the weight:length 
ratio of the duodenum of individual birds was positively related with the digestibility 
percentage of nutrients. To a lesser extend, this relation was also found for duodenum 
weight relative to BW. For the jejunum and ileum, the relation between weight:length ratio 
and nutrient digestion was less pronounced or did not exist in the experiment of Maisonnier 
et al.(166). To the contrary, the addition of enzymes or antibiotics to the diet, which have 
shown to improve BW gain and feed efficiency, are often reported to reduce the length and 
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weight of the small intestines(167,168). Marquardt(169) hypothesised that a reduced intestine 
size after enzyme supplementation is related to a more efficient nutrient digestion, which 
reduces the need for an enlarged intestine. On the other hand, a thinner intestinal wall due 
to a lower bacterial challenge after antibiotic feeding is hypothesised to be one of the 
mechanisms that improves feed efficiency due to antibiotics(167). Thus, an increased 
intestinal weight can be related to an improved as well as a deteriorated animal 
performance. The above indicates that when an improved performance is associated with 
an increased intestinal size, this may be related to an enhanced digestive and absorptive 
capacity. Moreover, when a deteriorated performance is associated with an increased 
intestinal size, this may be related with an enhanced defence mechanism (e.g., immunity 
and physical barrier function) of the intestines. This may occur as a result of a bacterial 
challenge. In the present study, the increased duodenum weights, due to enhanced dietary 
AA concentrations, coincided with an improved BW gain. Moreover, Maisonnier et al.(166) 
showed that the weight:length ratio of the duodenum, and to a lesser extend the relative 
duodenum weight, was positively related with digestion. Based on this, we hypothesise that 
especially the increased duodenum weight may have been important in facilitating the 
increased BW gain with the enhanced AA treatments in the present experiment. However, 
this remains speculative and the mechanism should be revealed in further studies. 

Mortality 

Feed restriction reduced the incidence of ascites numerically and reduced the incidence of 
leg problems significantly in the present experiment. This is in line with findings from 
Robinson et al.(170) and Demir et al.(171). The relative heart weight of the restriction 
treatment, in the present experiment, was lower on d 6, 9, and 14 than the weights of the 
heart of the CONTR treatment. In literature, a lower right heart ventricle weight has been 
associated with a low susceptibility for ascites(172). It is well known that feed restriction can 
reduce the incidence of ascites(173). Thus, the positive effect of feed restriction on mortality 
may be related to a lower oxygen demand as a consequence of a lower metabolic rate of 
the birds during the first weeks of life. However, the 130IP treatment in the present 
experiment increased relative BW gain during the first 2 wk of life, which coincided with a 
lower mortality due to leg problems in Ross broilers. The absence of increased mortality in 
these faster growing 130IP birds weakens the direct relation between early life BW gain and 
mortality in latter life. This contributes to the idea that the effect of early life feed restriction 
on early life organ development may also be a factor that is critical for ascites and leg 
problems. In the current experiment, feed intake restriction decreased small-intestinal 
weight and the 130IP and OPT treatments increased small-intestinal weights. Feed intake 
restriction reduced mortality due to leg problems in Ross and Cobb broilers. Extra dietary 
protein decreased mortality due to leg problems in Ross broilers and exhibited no effect in 
Cobb broilers. Thus, small intestine weights and leg problems are not consistently related 
between treatments and breeds in the present experiment. This indicates that weight 
development of the small intestines is not related to leg problems. The effect of feed intake 
restriction on leg problems is consistently shown in literature and in the present experiment. 
However, evidence for the positive effect of enhanced protein concentrations in the starter 
diet on leg problems in the present experiment is only observed in Ross broilers and not in 
Cobb broilers and should be repeated to be convincing. 
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Conclusions and Implication 

Feed intake restriction reduces mortality due to leg problems in Ross and Cobb broilers and 
extra dietary protein decreases mortality due to leg problems in Ross broilers but not in 
Cobb broilers. The present experiment does not show that small-intestinal weight 
development is related to mortality. Enhanced dietary AA concentrations increase 
duodenum weight in birds between 6 and 9 d of age and hardly affect small-intestinal 
weight in 14-d-old or older birds. The increased duodenum weights coincide with an 
improved BW gain. This indicates that duodenum weight may be important in facilitating 
BW gain in young broilers. Thus, it may be worthwhile to pay more attention to the relation 
between nutrition and duodenum weight and duodenum function in further studies. The 
daily optimisation of the AA concentration and profile in the starter diet (OPT) does not 
further increase BW gain or duodenum weight compared with a treatment with a constant 
high dietary IP concentration (130IP). 
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Abstract 

Under commercial conditions, weaning of piglets is associated with social, environmental 
and dietary stress. Consequently, small-intestinal barrier and absorptive functions are 
deteriorated within a short time after weaning. Most studies that have assessed small-
intestinal permeability in pigs after weaning either used Ussing chambers or orally 
administered marker probes. Paracellular barrier function and active absorption decrease 
when pigs are weaned at 3 wk of age or earlier. However, when weaned at 4 wk of age or 
later, the barrier function is less affected, and active absorption is not affected or is 
increased. Weaning stress is a critical factor in relation to the compromised paracellular 
barrier function after weaning. Adequate feed intake levels after weaning prevent the loss 
of intestinal barrier function. Transcellular transport of macromolecules and passive 
transcellular absorption decrease after weaning. This may reflect a natural intestinal 
maturation process that is enhanced by the weaning process and prevents the pig from an 
antigen overload. It seems that passive and active absorption after weaning adapt 
accurately to the new environment after weaning when pigs are weaned after 3 wk of age. 
However, when weaned at 3 wk of age or earlier, the decrease in active absorption indicates 
that pigs are unable to sufficiently adapt to the new environment. To improve weaning 
strategies, future studies should distinguish whether the effect of feed intake on barrier 
function can be directed to a lack of a specific nutrient, i.e. energy or protein. 

Keywords: pigs, weaning, intestinal barrier, intestinal absorption.  

Introduction 

The small intestinal epithelium has 3 major functions; (1) the digestion and absorption of 
nutrients; (2) the secretion and absorption of water and electrolytes to maintain a proper 
viscosity of the luminal content and to flush out noxious components; (3) serving as a barrier 
against noxious antigens and pathogens. Impaired intestinal barrier function or an increased 
intestinal permeability may promote the translocation of bacteria and the entering of 
allergenic compounds from the gut into the body. This results in immunological responses 
and an increased susceptibility for infections(174,175). Weaning of pigs is associated with social, 
environmental and dietary stress(13), and in rats and humans various stressors will 
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deteriorate small-intestinal barrier function(176,177). Evidence for weaning stress in pigs is 
that cortisol and corticotrophin-releasing factor concentrations in the blood plasma are 
increased after weaning(14,15). Moreover, about 10% of the pigs do not ingest any feed 
during the first 48 h after weaning(16), and most other pigs have a low feed intake. In 
addition, low feed intake after weaning is consistently associated with villous atrophy in the 
small intestine(13,23,32). After weaning, pigs are especially susceptible for infections(13). 
Oedema disease, caused by the Shiga-like toxin type II variant from some Escherichia coli 

strains, is associated with the process of weaning but requires a disturbed intestinal barrier 
function in order to enable large toxin molecules to pass the intestinal epithelium(27). Thus, 
the effect of weaning on intestinal morphology, susceptibility for infections and occurrence 
of oedema disease indicates that intestinal barrier function is disturbed after weaning. 
Moreover, a reduced villous surface after weaning implicates a reduction in intestinal 
absorptive capacity as well. The present review discusses the effect of weaning and dietary 
treatments after weaning on intestinal barrier function and absorption. The study opens 
with some background information regarding epithelial transport in the small intestine. 
Subsequently, the most commonly used techniques, Ussing chambers and orally 
administered marker probes, to asses intestinal barrier function and intestinal absorption 
are discussed.  Eventually, the review concentrates on the effects of weaning and 
treatments after weaning on intestinal barrier function and absorption in pigs. 

Background of epithelial transport 

Transport across the small-intestinal epithelium can be separated into paracellular and 
transcellular pathways. Paracellular transport represents diffusion between epithelial cells. 
Networks of proteins called tight junctions connect the epithelial cells and ‘seal’ the space 
between the cells. The tight junctions are selectively permeable for ions, small molecules 
and water(178). Transcellular transport represents either the uptake of small molecules (e.g. 
nutrients) by carrier-mediated (active) or carrier-unmediated (passive) transport through 
absorptive small-intestinal cells (enterocytes) or the uptake of macromolecules by 
endocytosis. Endocytosis is specifically important with respect to maternal Ig uptake after 
birth and for antigen uptake. In healthy animals, antigen uptake is precisely regulated to 
train the immune system. Antigen uptake by endocytosis is more common in the follicle-
associated epithelium, covering the Peyer’s patches, than in enterocytes(179). In the present 
review, we distinguish between small-intestinal barrier function and small-intestinal 
absorption. For this distinction, we associate a disturbed barrier function with increased 
paracellular transport and transepithelial transport (paracellular and transcellular) of 
macromolecules into the body. 

Techniques to measure epithelial transport 

Ussing chamber 

Intestinal barrier function and absorption in pigs after weaning has mainly been assessed in 
ex vivo studies with Ussing chambers. In Ussing chambers a section of intestinal mucosa is 
mounted between 2 chambers. Marker probes are added to the solution in the chamber at 
the mucosal site. The appearance of these marker probes in the chamber at the serosal site 
represents the permeability for these probes. Table 1 gives an overview of probes that have 
been used in studies with pigs after weaning. In addition, Table 1 gives 3 electrophysical 
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Table 1. Marker probe characteristics and electrophysical parameters 

Probe Molecule size, Da Transepithelial routes / description 

Probes used in Ussing chambers 
Ovalbumin 45000 Transcellular by endocytosis(180) 
Horseradish peroxidase 40000 Transcellular by endocytosis(181,182) as well as paracellular 

through tight junctions(183) 
Na-Flu 376 Passive transcellularly(15,180,184) 
Mannitol 182 Mainly via a paracellular route(185,186), passive transcellular 

routes cannot be excluded(187). 
D-glucose1 180 Carrier-mediated transcellular transport(19) 
Gln1 146 Carrier-mediated transcellular transport(19) 
Glycylsarcosine 146 Via a H+ carrier-mediated transcellular route(188) 

Electrophysical parameters used in Ussing chambers 
TEER - Reflects mainly paracellular transport(189) 
Conductance - Inverse of TEER(189) 
Short-circuit current - Measures active ion transport and gives indication of 

water movement and electrolyte dependent glucose and 
amino acid absorption(189) 

Probes used in vivo  
Bovine serum albumin 66000 Transcellular by endocytosis(180) 
Lactulose 342 Paracellular(190) 
Mannitol 182 Mainly via a paracellular route(185,186), passive transcellular 

routes cannot be excluded(187). 
L-rhamnose 164 Transcellular (aqueous pores) or paracellular(185) 
D-xylose 150 Passive transcellular, paracellular(191) or carrier-mediated 

transcellular transport(185) 

Na-Flu, sodium-fluorescein isothiocyanate; TEER, transepithelial electrical resistance. 
1Determined by measuring the change in short-circuit current after the addition of glucose or Gln to the 
mucosal site of the chamber. 

parameters that can be determined in Ussing chambers. First, the transepithelial electrical 
resistance (TEER) of the mounted intestinal mucosa can be determined. This is considered to 
reflect the opening of the tight junctions between epithelial cells, i.e. the paracellular 
permeability of the intestinal mucosa(189). An increased TEER reflects decreased paracellular 
permeability, and a decreased TEER reflects increased paracellular permeability. Second, the 
transepithelial electrical conductance can be determined. This is the inverse of the TEER(189). 
Finally, the short-circuit current (Isc) over the mucosa can be measured. This is a 
measurement of active electrogenic ion transport across the epithelium. Increased Isc either 
reflects increased electrogenic anion secretion (e.g. Cl-, HCO3

-) or increased electrogenic 
cation absorption (Na+). In vivo, the water flow over the intestinal epithelium follows the 
osmotic gradient induced by actively transported electrolytes. Therefore, Isc can be used to 
indicate water movement over the epithelium(189). Moreover, the change in Isc after the 
addition of specific nutrients to the mucosal solution (e.g. glucose, Gln) is an indirect 
measure of Na-dependent nutrient absorption. 

Orally administered marker probes 

In vivo permeability tests have been used to assess intestinal permeability in human and 
medical research for many decades(192). The principle of the test is that orally administered 
test substances (probes) that are not metabolised in the body pass through the intestinal 
epithelium and are excreted in the urine within a short time after administering. Most 
frequently used probes are those monosaccharides and disaccharides that are not degraded 
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by digestive enzymes, that are hardly metabolised in the body but that are fermented by 
‘colonic’ bacteria(185). Because of these 3 characteristics, the sugars are almost exclusively 
absorbed by the small intestine, and the influences of digestion and metabolism are 
minimised. Therefore, depending on their permeation route, they can be used as specific 
markers for small-intestinal permeability function, absorption function or both(185). 

In vivo permeability tests have been used in pigs around weaning. The most frequently 
used test in this respect is the D-xylose absorption test(23,193-197). In studies with pigs, D-xylose 
is exclusively analysed in blood 1 h after an oral dose. In humans both blood and urine are 
used for the D-xylose test. In animals, it is easier to sample blood than to perform a 
quantitative urine collection. However, a single blood measurement is affected by many 
factors, for instance, rate of gastric emptying, intestinal absorption rate and clearance rate 
from the blood(198). Therefore, in general, a correct quantitative urine collection is better 
than a single blood sampling in order to get an accurate permeability or absorption 
estimate(198). Even though, absorption and permeability tests based on quantitative urine 
collection can also be disturbed by several factors. Most important in this respect are a 
marked renal dysfunction, an incomplete urine collection and an increased luminal 
clearance of the marker probes by bacterial overgrowth(198,199). 

It is evident that knowledge about the permeation routes of the used marker probes is 
required in order to draw conclusions with physiologic relevance. Of the marker probes that 
are most commonly used with this technique, we have gathered the most relevant 
information in Table 1. The test results with this technique can, however, be influenced by 
many premucosal factors (gastric emptying, intestinal transit time and bacterial degradation) 
and postmucosal factors (metabolism, endogenous production, completeness of urinary 
collection and renal function)(185). To reduce the effects of those premucosal and 
postmucosal factors, the theory of differential urinary excretion of marker probes has been 
introduced(185,200). In this approach, it is common practice to use both a disaccharide and a 
monosaccharide, which are both transported over the epithelium by unmediated diffusion. 
The transport of monosaccharides used for this test occurs either through tight junctions 
between the epithelial cells or through aqueous pores in the cell. For disaccharides, the 
transport occurs through the tight junctions of the crypts(175,185). The ratio of the urinary 
recovery of the 2 sugars provides information about the intestinal barrier function. The 
assumption is that both probes are affected by the premucosal and postmucosal factors to a 
similar extent, and their ratio is not disturbed by those factors(175). In this so-called ‘dual 
sugar test’, most often, lactulose is used as a disaccharide to assess paracellular 
permeability and L-rhamnose or mannitol (a sugar alcohol) is used as a monosaccharide. As 
an example, an increase in the lactulose:L-rhamnose ratio indicates a decrease in the 
intestinal barrier function, whereas a decrease in the lactulose:L-rhamnose ratio indicates an 
improved intestinal barrier function. The use of the dual sugar test in pigs is to our 
knowledge limited to 4 studies. In 2 studies, the effect of parenteral vs. enteral nutrition in 
neonatal piglets(201,202) has been addressed with lactulose and mannitol as marker probes. In 
another study, the effect of an lipopolysaccharide challenge in 20 kg gilts has been 
evaluated with lactulose and L-rhamnose as marker probes(203). In the fourth study, 
enhanced dietary Zn concentrations in the weaner diet decreased the lactulose:mannitol 
ratio in pigs at 2 wk after weaning(204).  

Thus, studies in pigs shortly after weaning with orally dosed marker probes so far have 
been limited to a few that have assessed the absorptive small-intestinal function with D-
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xylose. Up to now, the use of the dual sugar tests to address small-intestinal barrier function 
in pigs shortly after weaning is limited to 1 study. 

Comparison of techniques 

With orally administered marker probes, intestinal barrier function and absorption itself can 
be measured without killing the pig. This enables repeated measurements on the same pig 
over time, which allows correlating permeability and absorption parameters with 
performance and health parameters over time. This is a clear advantage above the Ussing 
chamber technique for which the pigs need to be euthanised. However, Ussing chamber 
measurements enable the assessment of the permeability at a specific intestinal site. Thus 
both techniques are complementary. 

Intestinal barrier function after weaning 

The effects of weaning and weaning conditions on the intestinal barrier function in pigs have 
been assessed in a small number of studies using Ussing chambers. Mannitol and TEER have 
been used to assess the barrier function related to paracellular transport, and horseradish 
peroxidase (HRP) has been used to assess the barrier function related to endocytosis. 
Mannitol is a sugar alcohol with a molecular mass of 182 Da. It is thought to cross the 
mucosa mainly via a paracellular route(185,186), but also transcellular routes cannot be 
excluded(187). Horseradish peroxidase  is a 40 kDa protein with enzymatic activity. The 
enzymatic activity makes it possible to detect low concentrations of HRP. Therefore, HRP is a 
very sensitive marker to measure transport of low amounts of macromolecules over the 
epithelium. The basal flux of intact HRP across the intestinal epithelium occurs mainly 
through transcelluar transport via endocytosis(182,183). A compromised barrier function may 
increase trancellular endocytosis of HRP(182) as well as paracellular transport of HRP through 
large pores in the tight junctions(183). Therefore, HRP is primarily used as a marker of antigen 
uptake through endocytosis(205). 

Transcellular transport (endocytosis) 

In 2 studies with pigs, it has been revealed that in the proximal jejunum, the HRP flux was 
decreased at 2, 5 and 15 d after weaning(19) and at 4 and 7 d after weaning(91) compared 
with pre-weaning levels (Table 2). We suggest that after weaning, the natural maturation 
process, enhanced by weaning may reduce the permeability for macromolecules by a 
reduction in endocytosis rate. This is further supported by a 90% lower HRP flux at 35 d after 
weaning compared with 15 d after weaning, as has been established by Boudry et al.

(19). This 
suggested that the maturation process may be a beneficial mechanism that prevents the 
animal suffering from an antigen overload. Such an antigen overload may result in an 
excessive activation of the immune system when the pigs are subjected to their new 
environment after weaning. In a study of van der Meulen et al.

(15), in the mid- jejunum, the 
HRP flux increased at 4 and 7 d after weaning compared with 1 d after weaning. In that 
study, a pre-weaning measurement was not done (first measurement 1 d after weaning) 
and the pigs were transported and separated from the other pigs and fasted overnight 
before Ussing chamber measurements were performed. The handling stress in this 
experiment the day before measurements can explain the contradiction with the results of 
the 2 studies that measured HRP flux in the proximal jejunum(19,91). Stress has been shown 
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to increase small-intestinal HRP flux in rats(205). The handling stress the day before Ussing 
chamber measurements on top of the effect of weaning may have generated the increased 
HRP flux over time in the experiment of van der Meulen et al.

(15). Unlike in the jejunum, the 
HRP flux in the ileum was not affected after weaning in the study of Boudry et al.

(19). These 
differences of the ileum compared with the jejunum may relate to the fact that the basal 
HRP flux at weaning in the ileum was only 35% of that in the jejunum. This indicates that at 
weaning, antigen sampling is already at a lower level in the ileum, and a further reduction 
(maturation) in this respect may not be beneficial. 

The HRP flux in the proximal jejunum was not affected by feed intake level after 
weaning(91), and in the mid-jejunum, it was not affected by feed intake level before weaning 
and by weaning age (4 vs. 7 wk)(15,91). Boudry et al.

(206) changed the diet of pigs of 25 kg (4–6 
wk after weaning) from a milk replacer to a barley- or wheat-based diet. At 4 d after this 
dietary change, the HRP flux in the proximal jejunum of the barley- and wheat-fed pigs was 
not different from that of control pigs fed the milk replacer. Also, extra Trp in the diet after 
weaning (5 g/kg diet) did not affect HRP flux in the mid-small intestine at 4, 5 or 6 d after 
weaning of pigs at 25 d of age(47). Egberts et al.

(207) found no effect of enterotoxigenic E. coli 
infection on proximal jejunal permeability for HRP (measured in vivo) 48 h after the 
infection in 3-wk-old pigs. In suckling piglets, Boudry et al.

(212) reported that the effect of 
mast cell degranulation (this is a stressor that increases permeability) on ileal permeability 
to HRP decreased with age. This effect of age occurred earlier in piglets of sows fed n-3 fatty 
acids (minimum at 7 d of age) than in piglets of sows fed the control diet (minimum at 28 d 
of age). In line with this, Rådberg et al.

(180) have shown that oral administration of red kidney 
bean lectins in 2-wk-old suckling piglets reduced the small-intestinal permeability for large 
molecules (bovine serum albumin, 67 kDa; ovalbumin, 45 kDa). Thus, dietary treatments 
were not able to affect HRP fluxes after weaning, but specific dietary treatments before 
weaning could reduce small-intestinal permeability for macromolecules. This indicates that 
the level of antigen uptake is higher before weaning than after weaning, creating a window 
that enables dietary treatments to have an effect. This further supports the hypothesis that 
antigen uptake decreases over time after weaning as a result of a maturation process. 

Paracellular transport 

Moeser et al.
(18) have shown that mannitol flux and TEER over the mid-jejunum were not 

different at 1 d after weaning compared with unweaned controls for pigs weaned at 28 d of 
age. However, for pigs weaned at 3 wk of age, Moeser et al.

(14,18) and Boudry et al.
(19) have 

reported that the mannitol flux over the proximal or mid-jejunum was significantly 
increased, and TEER was significantly decreased at 1 and 2 d after weaning compared with 
weaning or compared with unweaned controls (Table 2). This shows that weaning pigs at a 
higher age can prevent the loss of paracellular barrier function after weaning. In addition, 
Moeser et al.

(14,18) have shown that in 3-wk-old pigs, TEER and mannitol flux were not 
affected by the weaning process when stress pathways were blocked with a corticotrophin-
releasing factor receptor antagonists or with a mast cell-stabilising drug. This shows that 
stress is a major factor with respect to the disturbed intestinal barrier function after 
weaning. Moreover, it shows that the immune system through mast cell activation has a 
critical role in the loss of intestinal barrier function after weaning. Several other studies have 
shown that intestinal barrier function was compromised in pigs weaned at an age of 26 
d(26,89,91,188). Verdonk(26) measured the mannitol flux in the mid-jejunum of pigs with a low vs. 
a high intake level of milk replacer after weaning (Table 2). The mannitol flux was not 
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affected in pigs with a high feed intake level at 1, 2 and 4 d after weaning. However, 
mannitol flux was increased for the pigs with low feed intake levels at 2 and 4 d after 
weaning compared with pre-weaning. As an average over d 1, 2 and 4, this resulted in a 
higher mannitol flux for pigs with low feed intake compared with pigs with high feed intake 
(at least 2.5 times energy maintenance). In line with this, a 2 d fast of 23-d-old pigs 
increased transepithelial electrical conductance (the opposite of TEER)(35). Thus, a sufficient 
feed intake after weaning prevents loss of barrier function of the tight junctions after 
weaning. This indicates the importance of a sufficient luminal nutrient supply to maintain 
barrier function. Sufficient feed intake may be especially important for the proximal small 
intestine because this part depends more on luminal nutrient supply than the distal small 
intestine(92). In the study of Verdonk(26), villous height in the proximal small intestine 
decreased after weaning for pigs at the low intake level and was hardly affected after 
weaning in pigs at the high intake level. This illustrates that luminal nutrient supply was 
adequate in the high-intake group and inadequate in the low-intake group. In line with the 
study of Verdonk(26) described earlier,  Spreeuwenberg et al.

(188) have shown that the 
mannitol flux in the mid-jejunum increased at 2 and 4 d after weaning compared with pre-
weaning. Moreover, Verdonk et al.

(26,91) published 2 other experiments in which the 
mannitol flux was measured over the epithelium of the proximal instead of the mid-jejunum 
in pigs after weaning (Table 2). In the first experiment, the mannitol flux was increased at 2 
and 6 d after weaning compared with the pre-weaning flux. However, in the second 
experiment, the mannitol flux at 4 and 7 d after weaning was not different from pre-
weaning fluxes and was not affected by feed intake level after weaning. Thus, the last study, 
in contrast with the first 2 studies of Verdonk(26,91) and the study of Spreeuwenberg et al.

(188), 
has shown no increase in mannitol flux after weaning, although feed intake levels were 
reasonably low. This discrepancy is probably related to handling of the pigs before the start 
of the experiment. In the first 2 studies of Verdonk and in the study of Spreeuwenberg et 

al.
(188) pigs were transported from another location before the start of the experiment. 

However, in the last experiment of Verdonk(26), piglets were weaned and kept at the same 
location at which the experiment was conducted. Thus, in this last experiment, the weaning 
process was probably less stressful because pigs were not transported in a trailer. Because 
stress is an important factor with respect to the intestinal barrier function (see before) this 
may explain the differences between the studies. Lodemann et al.

(208,209) found that at 7 d 
after weaning, the mannitol flux in the mid-jejunum was either significantly or numerically 
lower from before weaning, and TEER was not different than before weaning. In these 
experiments, the timing of permeability measurements may have been too late to detect a 
disturbed barrier function or, again, the stress level around weaning may have been lower 
than in the other experiments. In the ileum, TEER was increased at 5 and 15 d after weaning 
compared with pre-weaning levels in a study of Boudry et al. (19). Carlson et al.

(210) have 
shown similar results in the ileum with pigs weaned at 4 wk of age. In their study, the 
transepithelial electrical conductance (the opposite of TEER) was not different from weaning 
at 1–2 d after weaning and was lower at 5–6 and 14–15 d after weaning compared with 
weaning. Thus, in the ileum, in contrast to the proximal and mid-jejunum, intestinal barrier 
function is not compromised due to the weaning process. Finally, Berkeveld et al.

(197) 
administered pigs an oral mannitol dose before and 0.5, 2, 4 and 7 d after weaning and 
measured plasma mannitol concentrations 1 h after each dose. They observed that the 
plasma mannitol concentrations decreased gradually after weaning, being significantly 
different from pre-weaning concentration at 4 d after weaning. This contradiction between 
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the results of Berkeveld et al.
(197) (orally administered mannitol) with the other studies 

(Ussing chambers) may relate to the different techniques used to determine intestinal 
mannitol transport. The study of Berkeveld et al.

(197) may reflect mannitol permeability in 
the whole small intestine, and in this study, mannitol was measured in blood instead of in 
the urine, which is a complicating factor in evaluating the results (see above).  

In general, dietary treatments after weaning showed only minor effects on paracellular 
intestinal permeability (Table 2). Supplementing different probiotics to the diets of the sow 
and piglets had no effect on mid-jejunal mannitol flux and TEER of piglets after 
weaning(208,209). In 2 studies of Carlson et al.

(210,211), it was revealed that dietary Cu and Zn 
concentrations had no effect on the transepithelial electrical conductance of the jejunum 
and ileum at 5–7 d after weaning. However, in a study of Zhang and Guo(204), urinary 
latulose:mannitol ratios were decreased after feeding enhanced dietary Zn concentrations 
for a periode of 2 wk after weaning. The discrepancy between the studies of Carlson et al. 
and the study of Zhang and Guo may again relate to the stress level during the study. In the 
study of Zhang and Guo, pigs were separated from the other pigs, individually housed and 
fasted overnight before the permeability test. Boudry et al.

(206) changed 25 kg pigs from a 
milk replacer diet to a barley- or wheat-based diet on an equal intake level. The jejunal TEER 
was not different from the milk-fed pigs 4 d after the dietary change. Finally, the 
combination of an increased dietary lactose concentration (41 vs. 24%) and a decreased 
dietary protein concentration (15 vs. 30%) tended to decrease mannitol flux in the mid-small 
intestine(188). Thus, no distinction could be made between a possible (positive) effect of 
lactose and a possible (negative) effect of protein on mannitol flux. In the same study, the 
combination of a decreased dietary lactose concentration (8 vs. 24%) and an increased 
dietary protein concentration (45 vs. 30%) had no effect on mannitol flux. In contrast to the 
studies described earlier, Hamard et al.

(49) weaned pigs at 7 d of age and showed that 
dietary Thr deficiency, for a period of 2 wk after weaning, increased the ileal permeability 
for fluorescein isothiocyanate dextran (4 kDa) and also tended to decrease TEER. The 
aforementioned studies indicate that diet composition in general has not a major effect on 
paracellular permeability. However, when diets deficient in nutrients (e.g. Thr) are fed, 
paracellular permeability deteriorates. In line with this, intestinal barrier function is 
compromised at low feed intake levels, and, in this respect a low feed intake level is similar 
to a diet being deficient in all nutrients. In addition, diet composition may affect paracellular 
permeability when permeability measurements are accompanied with additional stressors 
(i.e. fasting and individual housing). 

Conclusions regarding barrier function 

The current review clarifies that small intestinal barrier function in pigs is affected by the 
process of weaning. In the literature, 4 factors (i.e. weaning age, weaning stress, feed intake 
and diet composition) have been identified that can have a major effect on the barrier 
function after weaning. In addition, barrier function is differently affected after weaning in 
the proximal and mid-jejunum than in the ileum. The relationships between these different 
aspects of intestinal barrier function after weaning are illustrated in Figure 1. The stress that 
is associated with weaning manipulates the immune system, resulting in mast cell activation 
that has a critical role in the loss of the barrier function of the tight junctions in the small 
intestine. In addition, the loss of paracellular barrier function is prevented when feed intake 
after weaning is at an adequate level such that the loss of the villous height is prevented. 
This shows that low feed intake is another factor that seems to have a critical role in the
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Figure 1. Scheme representing the relationship between small-intestinal barrier function, small-intestinal 
location and factors (age, stress, feed intake or diet composition) that affect the barrier function. The thickness 
of the arrows indicates the significance of the relation. Barrier function is less affected at high than at low 
weaning age, which relates probably to intestinal maturation rate. Weaning stress compromises the 
paracellular barrier function indirectly through mast cell activation (immunity). Adequate feed intake levels 
after weaning prevent the loss of the barrier function probably indirectly through preservation of intestinal 
architecture. The direct effect of diet composition on intestinal barrier function seems to be limited unless 
diets are deficient in specific nutrients. Barrier function is most affected in the proximal and mid-small 
intestine and hardly in the distal small intestine. 

compromised barrier function after weaning. In contrast to the proximal and the distal 
jejunum, paracelular barrier function after weaning is not compromised in the ileum. 
Because luminal nutrient supply is most critical in the proximal small intestine, this indicates 
that the loss of the barrier function due to low feed intake is due to a shortage of luminal 
nutrient supply. In line with this, it was shown that barrier function was compromised in 
pigs after feeding a Thr-deficient diet for a period of 2 wk. This effect of nutrient supply on 
barrier function may be a secondary effect as a result of a compromised intestinal 
architecture. The loss of the paracellular barrier function is almost exclusively found in the 
first week after weaning and returns to pre-weaning level at 2 wk after weaning. Pigs are 
less susceptible for a compromised barrier function when weaned at an older age and also 
on the long term have a better barrier function(18,213). This is probably related to the earlier 
stage of maturation of the small intestine when pigs are weaned at a young age. Although 
paracellular barrier function is consistently compromised after weaning, one can argue 
whether this is a direct risk for the health of the pig. Moreover, transcellular barrier function 
for macromolecules through endocytosis improves after weaning. We suggest that this 
maturation process enhanced by weaning may prevent the animal suffering from an antigen 
overload. Such an antigen overload may result in an excessive activation of the immune 
system when pigs are subjected to their new environment after weaning. We hypothesise 
that the increased paracellular permeability also indicates that the intestine is extra 
susceptible for the disturbance of the transcelluar barrier function when several stressors 
occur simultaneously. 

Based on the present review, 3 different approaches can be followed to improve 
intestinal barrier function after weaning by ways of dietary composition: first, the old-
fashioned approach to improve palatability of the diet to increase feed intake after weaning. 
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This has only been partially successful up to now; second, to identify crucial nutrients (e.g. 
protein or specific amino acids) that may be supplied to pigs with low feed intake in a 
concentrated form or through the drinking-water in order to prevent loss of intestinal 
function; third, to add specific biologically active components to the diet to modulate the 
stress response or the subsequent immune response, to prevent the loss of the barrier 
function. With this last approach, it is essential that the diet should be eaten, otherwise the 
active component needs to be supplied through the drinking water. 

Intestinal absorption after weaning 

Small-intestinal transcellular absorption can be divided into active and passive absorption. 
Active absorption takes place in specific transporters that transport nutrients such as 
glucose or amino acids (AA) over the intestinal epithelium, which coincides with Na+ 
transport. This Na+ transport enables us to estimate the active transport over the intestinal 
epithelium in Ussing chambers. In pigs after weaning with this technique, the Na+-
dependent glucose and Gln absorption have been investigated (Table 1). The change in Isc 
after the addition of glucose or Gln to the mucosal site estimates the transport of glucose or 
Gln to the serosal site of the chamber(189). In addition, after weaning, glycylsarcosine (GlySar) 
has been used to assess active transport in Ussing chambers. GlySar is a dipeptide (146 Da, 
Table 1), which is believed to pass through the intestinal epithelium via a H+carrier-mediated 
transcellular route(188). As addressed earlier, active absorption coincides with electrolyte 
transport (i.e. Na+ and H+) over the epithelium. The transport of electrolytes, but also the 
transport of nutrients, coincides with water movement through the tight junctions because 
water follows the osmotic gradient. Thus, active transport of electrolytes is also important 
with respect to fluid absorption. It should be noted that electrolytes are not only absorbed 
by the small intestine but also secreted into the lumen. Carvey et al.

(35) have shown that the 
net Na+ and Cl- movement in fasted pigs was only 25% of the total mucosal to serosal 
movement. In addition, Miller and Skadhauge(214) have shown that weaning reduced Na+ 
absorption but had hardly any effect on Na+ secretion. These studies have shown that in 
addition to a net movement of charge, as measured by Isc, unidirectional electrolyte 
movements occur in the small intestines. 

Sodium-fluorescein isothiocyanate (Na-Flu) and D-xylose have been used to study passive 
absorption in pigs after weaning. Na-Flu is a small (376 Da) fluorescent-labelled molecule 
with a 50:50 lipid–water solubility (Table 1)(15,184). It has been used to study intestinal 
absorption with Ussing chambers. D-xylose has been used to test the absorptive intestinal 
function before and after weaning in vivo in several studies. In these studies, D-xylose was 
orally administered, and plasma D-xylose concentrations were determined after 1 h. D-
xylose is a monosaccharide (150 Da, Table 1), which besides a passive transcellular route is 
also thought to pass through the intestinal mucosa by a carrier-mediated route or by 
paracellular diffusion(175,185,191).  

Active absorption 

In a study of Boudry et al.
(19), pigs were weaned at 21 d of age. In that study, the Na+-

dependent glucose absorption increased in the proximal jejunum at 2 d after weaning and 
decreased at 15 d after weaning compared with pre-weaning absorption (Table 3). 
Moreover, in the same study, ileal glucose absorption decreased at 2, 5 and 15 d after 
weaning. In line with this, Smith(20) has found that the Na+-dependent Ala uptake by 
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enterocytes of the mid-small intestine (measured with a rapid uptake apparatus, using 
radiolabelled tracer AA) decreased considerably at 5 d after weaning at 2 or 3 wk of age. 
Furthermore, in 4-wk-old pigs, Na+-dependent Ala uptake by enterocytes of the mid-small 
intestine was lower for weaned pigs (5 d after weaning, thus weaning at 23 d) than for 
unweaned pigs(21). However, the Ala uptake of 6-wk-old pigs (both weaned and unweaned) 
was similar to the Ala uptake of 4-wk-old weaned pigs(21). This study suggests that weaning 
(before 4 wk of age) and ageing appear to decrease the number of enterocytes that are 
involved in active Ala uptake(21). The aforementioned studies have shown that active small-
intestinal absorption decreases after weaning when pigs are weaned between 14 and 23 d 
of age. However, when weaned after 4 wk of age, active absorption is not affected by the 
weaning process. Miller et al.

(21) have observed that the decreased absorption rates after 
weaning also occur in unweaned pigs but over a much longer time course. This suggests that 
this decrease in active absorption is part of a maturation process that is enhanced by the 
process of weaning. This may relate to a decrease in the relative demand for nutrients when 
pigs get older because weight gain expressed relative to body weight (BW) decreases when 
pigs get older. Several studies have investigated the active absorption of glucose, Gln or 
GlySar in the proximal, mid and distal small intestine for pigs that were weaned at 26 or 28 d 
of age(26,91,188,208-210). In all these studies, active absorption between 1 and 15 d after 
weaning was either similar to or higher than absorption before weaning. This confirms that 
active small-intestinal absorption after weaning is only suppressed when pigs are weaned 
before 4 wk of age. The only contradiction to this is the study of Buddington et al.

(217). They 
measured carrier-mediated Asp, Leu, Lys, Met and Pro absorption (per unit of wet mass) in 
the mid-small intestine for pigs weaned between 32 and 35 d of age. They showed that for 
all AA, active absorption was lower after weaning (42 d of age) than before weaning (at 28 d 
of age). The discrepancies of the study of Buddington et al.

(217) with the others studies may 
relate to the fact that they did not use Ussing chambers or a rapid uptake apparatus. 
In a study of Verdonk(26), energy intake during the first 2 d after weaning was either low 
(close to 0 for pigs on a dry diet) or moderate (0.5 times maintenance for pigs fed a wet 
diet). In this study, the average GlySar absorption at d 2 and 6 was higher for pigs with low 
feed intake than for pigs with moderate feed intake. In rats, starvation increased the 
expression of mRNA of peptide transporter 1, and along with the up-regulation of this 
transporter protein, the activity of GlySar uptake was enhanced(218). This may explain why 
GlySar absorption increased in pigs with low feed intake levels after weaning. In another 
study of Verdonk(26), pigs were fed milk replacers, and the energy intake during the first 2 d 
after weaning was either moderate (0.5 times maintenance) or high (3.0 times 
maintenance). GlySar absorption in the mid-jejunum at 1, 2 and 4 d after weaning was not 
different from pre-weaning for treatments with the moderate energy intake. However, 
GlySar absorption at d 1 was lower compared with pre-weaning in pigs with high energy 
intake. Thus, low feed intake stimulates active absorption. In agreement with this, active 
glucose absorption in the proximal jejunum was stimulated after pigs were fasted for a 
period of 2 d(35). Moreover, Boudry et al.

(19) have shown that active glucose absorption in 
the proximal jejunum increased when pigs were fasted for a period of 2 d after weaning. In 
contrast, in the same study, ileal glucose absorption decreased after weaning. This 
difference in glucose absorption between the proximal and distal small intestine is probably 
because the proximal region depends more on luminal nutrient supply than the distal 
region(92). Boudry et al.

(206) changed pigs of 25 kg (4–6 wk after weaning) from a milk 
replacer to a barley- or wheat-based diet. It was observed that 4 d after this dietary change, 
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the Na+-dependent glucose absorption in the proximal jejunum of the barley- or wheat-fed 
pigs was higher than that of the control pigs fed the milk replacer. This indicates that after 
weaning, the shift from a milk- to a cereal-based diet increases active small-intestinal 
absorption. In conclusion, the short-term increase in active absorption in the proximal small 
intestine after weaning is due to the low feed intake after weaning. The long-term increase 
is related to the shift from a milk- to a cereal-based diet. The addition of fish oil or DHA to 
gestation diets of the sow increased Na+-dependent glucose and Gln absorption in the 
proximal jejunum at 24 h after weaning in 15- to 20-d-old pigs(215,216). Dietary Thr deficiency 
tended to increase ileal Na+-dependent glucose absorption at 14 d after weaning(49). Studies 
with differences in dietary minerals (Cu and Zn), lactose and protein concentration and 
dietary probiotic addition have found no effect on active small-intestinal glucose, Gln or 
GlySar absorption after weaning(188,208-211). Thus, the shift from a milk- to a cereal-based diet 
and dietary fatty acid composition have a significant effect on active small-intestinal 
absorption, whereas some other dietary changes have no effect on absorption. 

Passive absorption 

Results of 3 studies(193,195,197) revealed that D-xylose absorption in piglets before weaning is 
hardly affected over time after 3 wk of age. Results of 5 studies with pigs after weaning 
showed that absorption of D-xylose (23,193-196) decreased gradually to about 50% of the pre-
weaning level at 7 d after weaning. In line with this, the absorption of Na-Flu in the proximal 
jejunum decreased at 4 and 7 d after weaning compared with pre-weaning levels in pigs 
weaned at 26 d of age(26). Berkeveld et al.

(197), however, observed that plasma D-xylose 
concentrations were significantly higher at 2 and 7 d after weaning than pre-weaning and 
were not different between pre-weaning and 0.5 and 4 d after weaning. Apart from the 
results of the study of Berkeveld et al.

(197), passive absorption seems to decrease 
consistently after weaning. This seems to be a permanent effect because even at 14 d after 
weaning D-xylose absorption was only at 65% of the absorption level measured before 
weaning(193). We hypothesise that the reduced passive transcellular absorption after 
weaning is a defence mechanism that prevents uncontrolled transport of potential harmful 
agents to enter the body. This is more or less in line with what was described before with 
respect to transcellular transport of macromolecules after weaning. In all these studies, 
weaning age, varying from 14 to 29 d of age, does not seem to have a major effect on the 
response after weaning. Creep feed intake of piglets before weaning had no effect on D-
xylose absorption from 1 to 14 d after weaning(193,195,196). Moreover, Na-Flu absorption was 
not affected by creep feed intake before weaning or by weaning age (4 or 7 wk of age) at 1, 
4 and 7 d after weaning(15).Kelly et al.

(30) have found no difference in D-xylose absorption at 
5 d after weaning for tube-fed pigs fed at a low (0, 0.25, 0.5, 0.75, 1.0 times energy 
maintenance on d 1–5, respectively) or at a high (1.5, 1.75, 2.0, 2.25, 2.5 times energy 
maintenance on d 1–5, respectively) intake level of the diet. In addition, Pluske et al.

(23) have 
shown that D-xylose absorption after weaning was not affected by the intake level of cows’ 
milk after weaning (1.0, 2.5 or 4.0 times energy maintenance) and was not different for pigs 
fed cows’ milk vs. pigs fed a dry weaner diet. Thus, passive absorption is not affected by 
feed intake level before or after weaning. Finally, the addition of extra Trp (5 g/kg diet) after 
weaning had no effect on Na-Flu flux in the mid-small intestines at 4, 5 or 6 d after weaning 
of pigs weaned at 25 d of age(47). 
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Conclusions regarding absorption 

The present review shows that active and passive absorption are differently affected after 
weaning. Active absorption after weaning is influenced by 3 important factors (weaning age, 
feed intake level and feed composition). However, passive absorption decreases after 
weaning irrespective of these 3 factors. This reduced passive transcellular absorption after 
weaning may be a defence mechanism that prevents uncontrolled transport of potential 
harmful agents to enter the body. This is more or less in line with what was previously 
described with respect to the transcellular transport of macromolecules after weaning. The 
decreased passive absorption may reflect a natural maturation process of the intestines that 
occurs rapidly after weaning, as hypothesised earlier by other authors(20,21). In general, 
active small-intestinal absorption decreases after weaning when pigs are weaned at 3 wk of 
age or at a lower age. In line with the decrease in passive absorption, this decrease in active 
absorption may be part of a maturation process that is enhanced by the process of weaning. 
This may relate to a decrease in the relative demand for nutrients when pigs get older 
because of a decrease in weight gain relative to BW. However, when weaned at an age of 4 
wk or later in life, active absorption is not affected by weaning or stimulated by the weaning 
process. This may indicate that with respect to active absorption, the small intestine is 
mature at 4 wk of age. The shift from a milk- to a cereal-based diet and addition of fish oil or 
DHA to the diet increase active absorption. Thus, diet composition after weaning can have a 
significant effect on active small-intestinal absorption. Moreover, this indicates that the shift 
from a milk- to a cereal based-diet may be responsible for the long-term increase in active 
absorption after weaning. It seems that passive and active absorption after weaning adapt 
accurately to the changed environment after weaning with respect to feeding status when 
weaned after 3 wk of age. Only when weaned at 3 wk of age or earlier, the decrease in 
active absorption indicates an insufficient adaptation to the new environment that may 
result in an insufficient absorptive capacity. A diet that stimulates active absorption, for 
instance DHA, may help to overcome or prevent this sudden decrease in absorption. 
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Abstract 

Intestinal barrier function in pigs after weaning is almost exclusively determined in terminal 
experiments with Ussing chambers. Alternatively, the recovery in urine of orally 
administered lactulose can be used to assess intestinal permeability in living animals. This 
experiment was designed to study the barrier function of the small intestine of pigs over 
time after weaning. The aim was to relate paracellular barrier function (measured by 
lactulose recovery in the urine) with macromolecular transport [measured by horseradish 
peroxidase (HRP) using Ussing chambers] and bacterial translocation to assess whether 
lactulose recovery is related to possible causes of infection and disease. Forty 
gonadectomised male pigs (6.7 ± 0.6 kg) were weaned (d 0) at a mean age of 19 d, fitted 
with urine collection bags, and individually housed. Pigs were dosed by oral gavage with a 
marker solution containing lactulose (disaccharide) and the monosaccharides L-rhamnose, 
3-O-methylglucose, and D-xylose at 2 h and at 4, 8, and 12 d after weaning. The recovery of 
sugars in the urine was determined over 18 h after each oral gavage. The day after each 
permeability test, the intestines of 10 pigs were dissected to determine bacterial 
translocation to the mesenteric lymph nodes (MLN) and jejunal permeability for HRP in 
Ussing chambers. Recovery of L-rhamnose in urine was affected by feed intake and by the 
time after weaning (P ≤ 0.05). Recovery of lactulose from the urine was greater (P ≤ 0.05) at 
4, 8, and 12 d after weaning compared with the first day after weaning and was negatively 
correlated with feed intake (r = –0.63, P ≤ 0.001). The mean translocation of aerobic 
bacteria to the mesenteric lymph nodes was greater at 5 and 13 d after weaning compared 
with d 1 (P ≤ 0.05). Lactulose recovery showed no correlation with permeability for HRP nor 
with bacterial translocation (P > 0.05). Although both lactulose recovery and bacterial 
translocation increased over time after weaning, lactulose recovery did not correlate with 
the permeability for HRP nor bacterial translocation within a pig (P > 0.05). Therefore, we 
conclude that lactulose recovery in the urine of pigs after weaning is not associated with risk 
factors for infections. However, it appears to be possible to measure paracellular barrier 
function with orally administered lactulose in pigs shortly after weaning. Further studies will 
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reveal whether this variable is relevant for the long-term performance or health of pigs after 
weaning. 

Key words: bacterial translocation, horseradish peroxidase, barrier function, lactulose, pig, 
weaning. 

Introduction 

Decreased feed intake after weaning results in atrophy of the villi of the small intestine 
within a few days after weaning(13,23,32). Additionally, weaning increases the paracellular 
permeability of the jejunum(14,19,26). To date, the intestinal permeability in pigs after weaning 
has been measured by terminal experiments with Ussing chambers(219). Orally administered 
marker probes have yet to be used in pigs to assess intestinal permeability. After 
administration, the recovery of the marker probe in urine is used to measure barrier and 
absorption functions of the small intestine. This technique has been successfully used for 
decades in studies with human patients and in medical research with animals. Traditionally, 
monosaccharides and lactulose have been used to assess trancellular absorption and 
paracellular barrier function, respectively(185). Orally administered marker probes in pigs are 
more advantageous than Ussing chambers because multiple measurements can be obtained 
from the same animal over time. This technique also allows one to determine when barrier 
function is least effective and, therefore, determine the time at which each pig is most 
vulnerable. Moreover, a correlation of intestinal function with health and performance 
variables later in life can be determined. We sought to study the changes in small intestine 
barrier function over time as measured with lactulose and to test its relationship with 
putative causes of infection and disease. Lactulose recovery in urine was compared with 
bacterial translocation, as well as with macromolecular transport of horseradish peroxidase 
(HRP) in Ussing chambers. This study aimed to improve our understanding of health 
disorders after weaning and may aid in the development of strategies that prevent or cure 
postweaning disorders. 

Materials and methods 

The study was approved by the Ethical Committee of the Animal Science Group of 
Wageningen University and Research Centre, Lelystad, The Netherlands. 

Animals and Housing 

Forty Piétrain × (Large White × Dutch Landrace) gonadectomised male pigs were selected 
from 18 litters of our institutional herd (Provimi Research Centre ‘De Viersprong’, Velddriel, 
The Netherlands). The pigs were assigned to 4 groups of 10 pigs each with a similar mean 
body weight (BW; 6.7 ± 0.6 kg). Animals had free access to creep feed before weaning from 
4 d of age onwards. The pigs were weaned at a mean age of 19.3 ± 0.5 d and subsequently 
housed individually. All pigs had free access to water through nipple drinkers, but had 
limited access to a standard nursery diet during the first 4 d after weaning (5, 30, 75, and 
115 g/pig for each of the 4 subsequent days, respectively). The feed supply corresponded to 
typical intakes of pen-housed pigs in the same facility on the same diet. After 4 d of dietary 
restriction, pigs had free access to the diet. Feed intake was determined daily, and pigs were 
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weighed (without feed and water restriction) at weaning and subsequently at 4, 8, and 12 d 
after weaning. 

Experimental Procedures 

Permeability of the small intestines of pigs was assessed in vivo at d 0, 4, 8, and 12 after 
weaning (Figure 1). Pigs were initially fasted for 2 h and then each pig was subsequently 
dosed by oral gavage (gastro-duodenal feeding tube, Levin type, Vygon Nederland B.V., 
Valkenswaard, The Netherlands) with a marker solution containing 2.83 g lactulose, 0.19 g L-
rhamnose, 0.04 g 3-O-methylglucose (3OMG), and 0.09 g D-xylose (Sigma, Zwijndrecht, The 
Netherlands) dissolved in deionised water for a total dose of 15 g of sugar mixture per pig. 
The amount of L-rhamnose, 3OMG, and D-xylose was derived from a human study(220) and 
adapted for pigs based on metabolic BW. The dose of lactulose used was similar to the dose 
used in a previous study with neonatal piglets(201). Total voided urine was collected in a 
pouch glued and taped to the belly of each pig. At 2, 8, and 18 h after marker administration, 
urine from the pouch was collected and refrigerated at 6oC in a jar containing 100 μL of a 
thimerosal solution (100 g/L; Sigma) for preservation. For pigs that did not urinate between 
2 and 18 h after marker administration, the urine collection period was prolonged until 
urine was voided, or urine was directly collected from the bladder if pigs were dissected the 
next day (see below). At d 0, 4, 8, and 12 after weaning, 25, 57, 20, and 10% of the pigs were 
subjected to prolonged urine collection, respectively. 

Dissection 

Two hours after marker administration (after 4 h of feed deprivation), access to feed was 
restored. From about 18 through 22 h after marker administration, 10 previously assigned 
pigs were dissected as described below. The experimental design allowed for repeated 
measurements over time of the recovery of permeability markers. However, the number of 
measurements per pig ranged from 1 for the pigs dissected at d 1, to 4 for the pigs dissected 

 
Figure 1. Schematic diagram of the experimental design. 
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at d 13. Pigs were anesthetised with 24 mg sodium pentobarbital/kg BW (Euthasol, 
ASTfarma, Oudewater, The Netherlands). The abdominal cavity was opened under sterile 
conditions, and samples of the mesenteric lymph nodes (MLN) of the proximal and distal 
small intestines and the liver were isolated to determine bacterial counts. Twenty 
centimeter of the small intestine (between 100 and 150 cm distal from the stomach) was 
then removed to measure the permeability to HRP using Ussing chambers. The total urine in 
the bladder was also collected. The urine was used to analyse marker sugars if the pigs did 
not urinate from 2 h after marker administration to dissection. Pigs were subsequently 
euthanised by exsanguination. 

Sample Handling and Analyses 

Aliquots of urine were stored at –20oC before the analyses for marker sugars. For these 
analyses, urine samples were diluted 10-fold using deionised water. Chloride was 
subsequently precipitated by adding silver nitrate. After centrifugation (13000 × g, 10 min at 
21oC) the supernatant was separated on an OnGuard Ba and H column (Dionex, Amsterdam, 
The Netherlands) followed by analysis using high-performance anion-exchange 
chromatography with a pulsed amperometric detector (Dionex, Amsterdam, The 
Netherlands). The method was performed according to the manufacturer’s 
instructions(221,222). The limits of detection for lactulose and the monosaccharides were 100 
μmol/L and 60 μmol/L, respectively. Sugars that were recovered below the limit of 
detection were assumed to be 50% of the detection limit. In those cases, the estimated 
amounts were applied in the statistical analyses. 

Liver and MLN samples for bacterial counts were stored in transport medium [buffered 
peptone water supplemented with 0.5% Cysteine-HCl (Oxoid Ltd., Cambridge, UK)]. Before 
analysis, the samples were homogenised using an UltraTorax in an anaerobic cabinet 
(Bactron X, Shellab, Cornelius, OR). Ten-fold dilutions of the homogenised samples were 
made in reduced peptone physiological salt solution (1 g of peptone and 8.5 g of NaCl per 
liter). One hundred microliters of each solution was plated in duplicate on either brain heart 
infusion agar plates or blood-reinforced clostridial agar plates. The brain heart infusion 
plates were incubated for 24 h at 37oC in normal air to determine total aerobic counts. The 
blood-reinforced clostridial agar plates were incubated for 3 d under anaerobic conditions 
to determine total anaerobic counts. 

The jejunal segment of the intestine was analysed using an Ussing chamber. The tissue 
was placed in Ringer buffer containing 25 mmol/L NaHCO3, 117.5 mmol/L NaCl, 2.5 mmol/L 
CaCl2, 5.7 mmol/L KCl, 1.2 mmol/L NaH2PO4, 1.2 mmol/L MgSO4, and 27.8 mmol/L D-glucose 
at room temperature that had previously been oxygenated with 95% O2/5% CO2. Smooth 
muscle layers were stripped off and 3 adjacent sections per segment, which were free of 
Peyer’s patches, were mounted in Ussing chambers (TNO, Zeist, The Netherlands). Tissues 
were bathed on their serosal and mucosal sides with 1.5 ml Ringer’s solution, oxygenated, 
and maintained at 37°C. After equilibration for 30 min the permeability was assessed by 
placing 10-5 mol/L HRP (Sigma) on the mucosal side of the Ussing chamber. Serosal samples 
(20 μL) were taken at 30, 60, 90, and 120 min and replaced with 20 μL fresh Ringer’s 
solution to keep the volume constant. Enzymatic activity of HRP was analysed using 3,3,5,5-
tetramethylbenzydine substrate (Pierce, Rockford, IL) and 10% H2SO4 for the stop reagent as 
published by Gallati and Pracht(223). The reaction was assessed by measuring optical density 
at 450nm.  
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Table 1. Best fit covariance structure for each variable and corresponding P-value and degrees of freedom for the 

different variance sources 

   Variance source 

  BW d 0 Group1 Day Group1 × Day 

Variable Covariance structure P P df P df P df 

Repeated measurements over days        

Lactulose (L) Compound symmetry 0.41 0.05 27 <0.001 49 0.29 49 

L-rhamnose (R) Unstructured2 0.80 0.74 24.5 0.03 13.4 0.03 13.4 

L:R ratio Unstructured2 0.14 0.02 20.4 <0.001 18.3 <0.01 18.4 

3OMG3 Compound symmetry 0.40 0.36 27 0.90 49 0.10 49 

D-xylose Compound symmetry 0.30 0.45 27 0.85 49 0.91 49 

Body weight (BW) 1st order autoregressive <0.001 <0.001 27 <0.001 54 <0.001 54 

No repeated measurements4       

HRP – 0.99 – – 0.73 19 – – 

Aerobic liver – 0.04 – – 0.13 35 – – 

Aerobic prox. MLN5 – 0.32 – – 0.03 34 – – 

Aerobic dist. MLN5 – 0.05 – – 0.02 34 – – 

Anaerobic liver – 0.55 – – 0.15 35 – – 

Anaerobic prox. MLN5 – 0.41 – – 0.10 35 – – 

Anaerobic dist. MLN5 – 0.19 – – 0.15 34 – – 
1Group = eater (pigs that had eaten at least 30 g/d during 1 of the first 5 d after weaning) or noneater (all other pigs). 
2Degrees of freedom were estimated with the Kenward-Roger method with an unstructured covariance structure. 
33OMG = 3-O-methylglucose. 
4HRP = horseradish peroxidase; MLN = mesenteric lymph nodes (of the small intestine); prox. = proximal; dist. = distal. 

Statistical Analyses 

Feed intake after weaning has been shown to affect intestinal barrier function(26). To 
account for substantial differences in level of feed intake, the animals were classified as 
eaters or noneaters. Pigs were defined as eaters if they had eaten at least 30 g/d during 1 of 
the first 5 d after weaning. Marker recovery, the lactulose: L-rhamnose ratio (L:R ratio), and 
BW were analysed using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC) to allow for 
correlations between repeated observations over time using pig as the experimental unit. 
Mixed linear models were fitted with fixed effects for group (eaters or noneaters), day, and 
their interaction, and BW at weaning as the covariate. Different correlation structures were 
compared for the repeated measurements over days, applying a compound symmetric, first-
order autoregressive, and an unstructured covariance structure(224), and then subsequently 
selecting the model with the least Akaike’s information criterion (Table 1). Horseradish 
peroxidase flux and bacterial counts (in the proximal and distal MLN and in the liver) were 
analysed using day as the only factor and BW as a covariate in the model. In addition, HRP 
flux and bacterial counts were analysed using group (eaters or noneaters) and group × day 
interactions in the model, but without the inclusion of data obtained from d 1 (grouping was 
not yet possible as these pigs were dissected at d 1). Due to difficulties in marker 
administration for 2 pigs on d 0 and 4, and for 1 pig on d 8, these were considered outliers 
and were omitted from the analysis of intestinal permeability for that day. Moreover, the 
data for 3 samples of bacterial counts were also omitted from statistical analyses due to 
incorrect sample handling. Residuals were plotted to evaluate normality of distribution and 
homogeneity of variance. Based on these data, some variables were log-transformed 
(lactulose recovery, L:R ratio and HRP flux using loge and by convention, bacterial counts 
using log10) and monosaccharide recoveries were square root-transformed before the final 
statistical analyses. All results were presented as least square means, and if transformed, 
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Figure 2. Average daily feed intake of eaters (■) and 
noneaters (∆ ). The number of pigs for eaters was 19, 
19, 13, and 7 on d 0, 4, 8, and 12, respectively, and 
for non-eaters was 11, 11, 7, and 3, respectively. 
Error bars represent SE of the mean. 

Figure 3. Body weight of eaters (■) and noneaters (∆). 
Different letters indicate differences between days (P 
≤ 0.05) and * indicates differences within days 
between groups (P ≤ 0.05). The number of pigs for 
eaters was 19, 19, 13, and 7 on d 0, 4, 8, and 12, 
respectively, and for noneaters was 11, 11, 7, and 3, 
respectively. Error bars represent SE of the least 
square mean. 

the means of the data before transformation were also presented (with the exception of 
bacterial counts). Differences between day × group combinations or only differences 
between days were analysed for significance (P ≤ 0.05) using the Tukey procedure to 
account for multiple comparisons. Pearson correlation coefficients were calculated between 
HRP flux, bacterial counts, marker recoveries, L:R, and level of feed intake the day before 
dissection using the CORR procedure of SAS. Partial correlations were calculated between 
the residuals of the variables after correction of the variables for the day by ANOVA using 
the GLM procedure of SAS. 

Results 

The noneaters ate almost nothing for the first 5 d after weaning and ate only minor 
amounts thereafter (Figure 2). The mean BW decreased gradually after weaning for the 
noneaters but increased (P < 0.001) for the eaters (Figure 3). The noneaters and eaters were 
evenly distributed over the day of sample collection. 

Lactulose recovery in the urine was greater at d 4, 8, and 12 after weaning compared 
with the first day after weaning (Figure 4; P ≤ 0.05). Moreover, lactulose recovery after 
weaning was greater for the noneaters than for the eaters (Table 1; P ≤ 0.05). Although no 
significant association between the group and day was found (P = 0.29), the overall 
difference between the groups seemed to be due to the difference at d 4 and 8 (Table 1 and 
Figure 4). For L-rhamnose recovery in the urine, the feed intake group was associated with 
the test day (Table 1; P = 0.03). This association was the consequence of a constant L-
rhamnose recovery over time for the noneaters and a decrease in recovery over time for the 
eaters (Figure 4). Recovery of 3OMG and D-xylose in the urine did not differ over time 
(Figure 5; P = 0.90 and P = 0.85, respectively). Feed intake differences between groups 
(eaters or noneaters) had no effect on small intestinal HRP flux (P = 0.80). Therefore, the 
HRP flux was not presented separately for eaters and noneaters (Figure 6). In addition, the 
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Figure 4. Recovery of lactulose and L-rhamnose from urine and lactulose: L-rhamnose ratio (L:R ratio) of eaters 
(■) and noneaters (∆). Panel A to C represent untransformed data, and panel D to F represent loge (lactulose 
and L:R ratio) or square root (L-rhamnose) transformed data. a-cDifferent letters indicate differences between 
days (P ≤ 0.05) and * indicates differences within days between groups (P ≤ 0.05). The number of pigs for 
eaters was 17, 17, 12, and 7 on d 0, 4, 8, and 12, respectively, and for noneaters was 11, 11, 7, and 3, 
respectively. Error bars represent SE of the mean (panel A to C) or of the least square mean (panel D to F). 

 HRP flux was not affected over time (Figure 6; P = 0.73). Feed intake differences between 
groups (eaters or noneaters) had no effect on the bacterial counts in the liver or in the 
proximal and distal MLN (P ≥ 0.24). Therefore, the bacterial counts from the 3 sample 
locations were not separately presented for eaters and noneaters (Figure 7). The anaerobic 
bacteria counts were not different over time for any of the sample locations (Figure 7; P ≥ 
0.10). The aerobic bacteria counts in the proximal MLN at d 5 and in the proximal and distal 
MLN at d 13 were increased compared with the counts at d 1 after weaning (P = 0.04, P = 
0.04, and P = 0.03, respectively). 

The lactulose recovery in the urine was negatively correlated with feed intake (Table 2; r 
= –0.63, P ≤ 0.001). In contrast, bacterial translocation to the MLN and liver and HRP flux in 
the small intestine were not correlated with feed intake (Table 2; P ≥ 0.31). Moreover, 
lactulose recovery was not correlated with HRP flux or with bacterial translocation (P ≥ 
0.05). Lactulose recovery was negatively correlated with the translocation of aerobic 
bacteria to the MLN of the distal small intestine (P = 0.04). 

Discussion 

Animals were divided into groups of eaters and noneaters, because feed intake after 
weaning has been shown to be related to intestinal barrier function (26). The non-eaters ate 
almost nothing for the first 5 d after weaning and ate only minor amounts thereafter. This 
as also reflected in the change in BW, which decreased gradually after weaning for the
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Figure 5. 3-O-methylglucose (3OMG ) and D-xylose recovery in the urine of eaters (■) and noneaters (∆). Panel 
A and B represent untransformed data, and panel C and D represent square root-transformed data. The 
number of pigs for eaters was 17, 17, 12, and 7 on d 0, 4, 8, and 12, respectively, and for noneaters was 11, 11, 
7, and 3, respectively. Error bars represent SE of the mean (panel A and B) or of the least square mean (panel C 
and D). 

noneaters but increased for the eaters. The noneaters and eaters were evenly distributed  
over the day of sample collection. The total number of noneaters (11 out of 30) was large. It 
has been reported that about 90% of pigs start eating during the first 48 h after weaning 
(16).The large number of noneaters observed in the present study may be related to the 
individual housing of the pigs, as well as to the experimental protocol that was used. In 
other experiments in this facility, we have also observed a large number of noneaters, 
although this is highly variable among experiments. The stresses that were associated with 
the intensive handling of the pigs during this study (oral gavage, connection of the pouch, 

 
Figure 6. Horseradish peroxidase flux of the proximal small intestine measured in Ussing chambers over a 
period of 90 min. Panel A represents untransformed data, and panel B represents loge transformed data. All 
data points represent the data of 6 pigs. Error bars represent SE of the mean (panel A) or of the least square 
mean (panel B). 
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Figure 7. Mean results of aerobic bacteria counts of the liver (panels A and D) and the mesenteric lymph nodes 
(MLN) of the proximal (panels B and E) and distal (panels C and F) small intestine. a,bDifferent letters indicate 
significant differences between days (P ≤ 0.05). All days represent the data of 10 pigs, with the exception of d 5 
(distal MLN, n = 9 pigs) and d 9 (proximal MLN, n = 9 pigs). Error bars represent SE of the least squares mean. 

and urine collection) may also have been contributing factors that increased the number of 
noneaters. It is not likely that the oral marker probes themselves were the cause of the high 
number of noneaters because the total sugar dose per oral gavage was relatively small 
(about 3 g) compared with the normal levels of feed intake of pigs. 

In this discussion section, we distinguish between the paracellular barrier function and 
absorption function of the small intestine. The paracellular barrier function was measured 
by lactulose recovery in the urine, and the absorption function was measured by 
monosaccharide recovery in the urine. 

Paracellular Barrier Function 

Lactulose is a marker that can be used as an orally administered probe to assess paracellular 
barrier function of the small intestine by measuring the recovery of lactulose in the urine(185). 
However, the test results with this technique can be influenced by many premucosal (e.g. 
bacterial degradation) and postmucosal (e.g. completeness of urine collection) factors(185). 
To reduce the effects of those premucosal and postmucosal factors, the dual sugar test was 
introduced by Menzies(192). The principle of the test is based in the fact that orally 
administered disaccharides (e.g. lactulose) will pass the intestinal epithelium through the 
paracellular route when the barrier function is compromised. In addition, a monosaccharide, 
such as L-rhamnose, is also administered, which passes the intestinal epithelium by 
unmediated diffusion either through paracellular or transcellular routes, and therefore 
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Table 2. Pearson correlation coefficients between variables of intestinal permeability, intestinal absorption, and feed 
intake1 

       Aerobic bacteria5  Anaerobic bacteria5 
 

Lactulose rhamnose L:R2 3OMG3 D-xylose HRP4 Liver 
Prox. 
MLN5 

Dist. 
MLN 

 
Liver 

Prox. 
MLN 

Dist. 
MLN 

Feed intake –0.63 ns6 –0.44 –0.38 ns ns ns ns ns  ns ns ns 
 ***  * *          
Lactulose  0.37 0.80 0.38 ns ns ns ns –0.34  ns ns ns 
  * *** *     *     
L-rhamnose   ns 0.84 0.64 ns ns ns ns  ns ns ns 
    *** ***         
L:R    ns ns ns ns ns ns  ns ns ns 
              
3OMG     0.77 ns ns ns ns  ns ns ns 
     ***         
D-xylose      ns ns ns ns  ns ns ns 
              
HRP       ns ns ns  ns ns ns 
1Pearson correlations were calculated for the residuals from ANOVA analyses with only the day in the model. Correlations 
were calculated between the dissection variables and the marker recoveries in the urine and feed intake of the pigs the day 
before the dissection. 
2L:R = L-rhamnose:lactulose ratio; 33OMG = 3-O-methylglucose; 4HRP = horseradish peroxidase. 
5MLN = mesenteric lymph nodes; Prox. = proximal; Dist. = distal; 6ns = non significant; *P < 0.05; ***P < 0.001. 

 provides a measure of the absorptive surface. After absorption, the sugars are not 
metabolised and the majority of the absorbed sugar is excreted in the urine. The 
assumption of this test is that both probes are affected by the premucosal and postmucosal 
factors to a similar degree, and therefore their ratio is not disturbed by those factors(175). 
The ratio between the lactulose and L-rhamnose excreted in the urine provides information 
regarding the intestinal barrier function(185). For example, an increase in the L:R ratio 
indicates a decrease of the intestinal paracellular barrier function, whereas a decrease in the 
L:R ratio indicates improved intestinal paracellular barrier function. 

In the current study, L-rhamnose recovery decreased after weaning in the eaters group 
and was not affected over time in the noneaters group. This unexpected result makes it 
difficult to interpret the L:R ratio for evaluating intestinal barrier function after weaning 
because an increase in the ratio may reflect a decreased L-rhamnose recovery, as well as an 
increased lactulose recovery. Therefore, in the present study with pigs, it was better to 
assess paracellular barrier function solely based on lactulose instead of the L:R. Lactulose 
recovery in the urine was greater at d 4, 8, and 12 after weaning compared with the first day 
after weaning. Moreover, lactulose recovery after weaning was greater for the noneaters 
than the eaters. It cannot be excluded that the differences in lactulose recovery in the urine 
over time or between eater groups were influenced by differences in bacterial degradation. 
However, this possibility was not likely for 2 reasons. First, the total number of bacteria per 
gram of digesta in the lumen of the small intestine has been shown to decrease during the 
first 2 d after weaning and were similar or increased during the second week after weaning 
compared with the numbers before weaning(89,225). Therefore, if lactulose recovery over 
time was markedly influenced by bacterial degradation in the current study, we would 
expect a decrease in recovery over time instead of an increase, which was not observed. 
Second, the recovery of L-rhamnose, D-xylose, and 3OMG in the urine was either constant or 
decreased over time in the current experiment, which is opposite to the recovery of 
lactulose over time. Therefore, if the monosaccharides and lactulose were markedly 
influenced by bacterial degradation over time, we would expect a similar change over time 
for all saccharides. We cannot exclude the possibility that changes in specific bacterial 
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species over time or between eaters and noneaters influenced the recovery of individual 
sugars in the urine differently. However, this would contradict the assumption that all 
sugars are influenced by premucosal and postmucosal factors to a similar degree(175). In the 
literature, mannitol, which is a sugar alcohol, has also been used to assess paracellular 
permeability of the pig intestine after weaning in Ussing chambers. Although mannitol has a 
similar molecular size as monosaccharides, and therefore is one-half the size of lactulose, it 
is believed to pass the intestinal epithelium predominantly through a paracellular route 
when barrier function is compromised, similar to lactulose(185). In agreement with our 
results using lactulose, the Ussing chamber studies revealed that jejunal mannitol fluxes 
between 1 and 6 d after weaning increase compared to preweaning fluxes(14,18,26,188). 
Moreover, Verdonk et al.(26) showed that mannitol fluxes at 2 and 4 d after weaning 
compared with preweaning were not affected in pigs with greater feed intake, whereas flux 
was increased when compared with preweaning for pigs with decreased feed intake. In 
agreement with our study, Verdonk et al.(26) showed that feed intake after weaning is 
important for intestinal barrier function. Therefore, the lactulose data in the current study 
are in agreement with the Ussing chamber data using mannitol in pigs with respect to the 
effects after weaning and the relationship to feed intake. Finally, another study has shown 
that the L:R in the urine of dogs increased after weaning in gluten-sensitive dogs but was 
not affected over time in healthy dogs(226). Therefore, the increase in recovery of lactulose in 
urine over time after weaning in the current study is in agreement with the previous study 
using gluten-sensitive dogs. 

Absorption Function 

Recovery of L-rhamnose in the urine was constant over time for the noneaters and 
decreased over time for the eaters. To our knowledge, no other study has described the 
intestinal absorption of L-rhamnose in pigs over time after weaning. However, Verdonk et 

al.(91) measured Na-fluorescein isothiocyanate absorption in pigs after weaning in Ussing 
chambers. Similar to L-rhamnose, Na-fluorescein isothiocyanate is absorbed through a 
trancellular passive process(184,185). Verdonk et al.(91) showed that Na-fluorescein 
isothiocyanate absorption decreased after weaning, which is in agreement with the eaters 
group in our study. However, in contrast to our study, Verdonk et al.(91) found no 
relationship between feed intake after weaning and passive transcellular absorption. This 
difference may be related to the fact that the feed intake differences were more 
pronounced in our study than in the study by Verdonk et al.(91). Recovery of 3OMG, which is 
a glucose analogue that is absorbed through an active process, was not affected over time in 
the current study. We previously concluded that active absorption decreases after weaning 
when pigs are weaned at 3 wk of age(219). Reduced feed intake stimulates active 
absorption(26). Therefore, the discrepancy between our study and the literature with regards 
to active absorption may relate to the large number of noneaters in our current study. 
Recovery of D-xylose in the urine did not differ over time in the present study. However, in 
contrast to this finding, several other studies have shown that at 1 h after oral 
administration, the serum D-xylose concentrations were less during the first week after 
weaning compared to preweaning(23,193-196). In our study, the D-xylose recovery was 
measured in quantitatively collected urine, whereas in all other studies, the D-xylose 
concentration was measured in blood serum. The discrepancy of our study with other 
studies may relate to this difference in technique. Moreover, the largest decrease in D-
xylose absorption was shown to occur during the first day after weaning(193). Because we did 
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not measure D-xylose absorption before weaning, this may also explain why we did not find 
differences in D-xylose absorption over time. In agreement with our study, Kelly et al.(30) 
found no difference in D-xylose absorption at 5 d after weaning in pigs at an increased or 
decreased feed intake. Therefore, D-xylose absorption after weaning seems to be less 
sensitive to differences in feed intake after weaning than L-rhamnose and 3OMG absorption. 

HRP Flux and Bacterial Translocation  

In the current study, the HRP flux was not affected by time. In contrast, the HRP flux in the 
proximal jejunum significantly decreased at different days between 2 and 15 d after 
weaning compared with preweaning stage(19,91). We did not measure the HRP flux before 
weaning in the current study, which may be why a decrease over time was not observed. 
Horseradish peroxidase is used as a marker of antigen uptake through endocytosis(205). 
Therefore, a reduced HRP flux is an indication of improved intestinal barrier function. 
However, it is generally believed that the intestinal barrier function is disturbed after 
weaning. This is supported by the greater susceptibility of pigs to infections and oedema 
disease after weaning than before weaning(13,27). Moreover, it has been shown that the 
transepithelial electrical resistance (TEER) of the proximal jejunum decreased after weaning, 
which indicates a disturbed barrier function(19). In that study, the TEER responded in the 
same direction as HRP flux after weaning, whereas these variables are supposed to respond 
in an opposite manner. One possible explanation for this observation is that in general, only 
the paracellular barrier function, which is represented by TEER, is compromised after 
weaning. The barrier function for HRP is mainly related to endocytosis and represents 
transcellular barrier function(182,183). This may only be compromised after the occurrence of 
additional stressors, such as transport stress or a bacterial challenge, as we have previously 
hypothesised(219). 

In the current experiment, the aerobic bacteria counts in the proximal MLN at d 5 and in 
the proximal and distal MLN at d 13 were increased compared to d 1 after weaning. To our 
knowledge, there is no comparable study that has reported changes over time of bacterial 
translocation shortly after weaning in pigs. One study has assessed bacterial translocation 6 
d after weaning in pigs that were weaned at 23 d of age(227). However, in contrast to the 
current study, the pigs in that study did not have access to creep feed before weaning, were 
housed in groups in fully slatted pig units, and received a weaner diet that had a relatively 
large fishmeal concentration (12.5%) compared with our study (3%). The average bacterial 
count in the distal MLN at 5, 9, and 13 d after weaning for aerobes (3.6 log10 cfu/g) and 
anaerobes (2.9 log10 cfu/g) in our study was also less than that reported by Broom et al.(227). 
At 6 d after weaning, they found an average of 4.8 log10 cfu/g for aerobes and 5.5 log10 cfu/g 
for anaerobes. It has been shown that weaning deteriorates the paracellular barrier function 
of the small intestine(14,18,26,91,188). We previously hypothesised that the deteriorated 
paracellular barrier function may be an indication for an increased risk of bacterial 
translocation(219). Therefore, the increase over time of aerobic bacteria counts in the MLN 
after weaning is in agreement with this hypothesis. 

Partial Correlations Between Variables 

In the present study, lactulose recovery in the urine was negatively correlated with feed 
intake. This is in agreement with the previous observation that lactulose recovery is greater 
in noneaters than in eaters and shows that the intestinal permeability for lactulose is 
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associated with feed intake at the day of the permeability test. In contrast, bacterial 
translocation to the MLN and liver, as well as HRP flux in the small intestine, did not 
correlate with feed intake in the current study. Moreover, in the current study, lactulose 
recovery did not positively correlate with HRP flux or with bacterial translocation. In 
agreement with these findings, Verdonk(26) found no correlation between small intestinal 
HRP flux and mannitol flux in Ussing chambers for pigs at 4 and 7 d after weaning. In the 
present study, lactulose recovery was even negatively correlated with bacterial 
translocation to the MLN of the distal small intestine. In addition to the intestinal barrier 
function, the bacterial concentration in the intestinal lumen is also an important factor with 
respect to bacterial translocation(174). We hypothesise that greater bacterial concentrations 
in the intestinal lumen of specific pigs may have increased bacterial translocation. In 
addition, we hypothesise that in the same pigs, the greater bacterial concentration may 
have increased the intestinal fermentation of lactulose, which consequently may have 
decreased the recovery of lactulose in the urine. This may explain the negative correlation 
between lactulose recovery and bacterial translocation to the MLN of the distal small 
intestine. In previous studies with rats, an increased intestinal permeability for lactulose was 
associated with increased bacterial translocation(228,229). In agreement with these findings, 
we found that the mean translocation of aerobic bacteria to the MLN and the recovery of 
lactulose in the urine showed a similar increase over time after weaning. However, we 
hypothesise that the Pearson’s correlation test in the current study may not have shown a 
relationship between the recovery of lactulose in the urine and translocation of aerobic 
bacteria to the MLN because of the variation in concentration of bacteria in the lumen 
between individual pigs. 

Conclusions 

Recovery of lactulose in the urine of pigs increased after weaning and was higher in 
noneaters than in eaters. These findings indicate that based on lactulose, the weaning 
process disturbs paracellular barrier function of the small intestine, which is more 
prominent in pigs with reduced feed intake. In contrast, HRP flux was not different between 
days after weaning or between eaters and noneaters, and showed no correlation with 
lactulose recovery. Bacterial translocation of aerobic bacteria to the different tissues was 
higher at 5, 8 and 13 d after weaning than at 1 d after weaning, which was in agreement 
with the lactulose data. However, bacterial translocation to the different tissues was not 
different for eaters and noneaters, and showed no relationship with lactulose recovery in a 
Pearson correlation test. Although both lactulose recovery and bacterial translocation 
increased over time after weaning, lactulose recovery did not correlate with permeability 
for HRP nor bacterial translocation. We conclude that lactulose recovery in the urine of pigs 
after weaning is not associated with risk factors for infections. However, it appears to be 
possible to measure paracellular barrier function with orally administered lactulose in pigs 
shortly after weaning. Further studies will reveal whether this variable is relevant for the 
long-term performance or health of pigs after weaning. 
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Chapter 6 
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Abstract 

Low feed intake in pigs after weaning has been associated with villous atrophy and with loss 
of small-intestinal barrier function. It is assumed that the effects of low feed intake on small-
intestinal integrity are due to the low energy intake of the pigs. However, there are no 
studies that distinguish between the effects of non-protein energy and protein on small-
intestinal architecture and barrier function. In this study, the effects of feed deprivation (FD) 
for 4 d after weaning were compared with feeding either starch and dextrose (StD) or 
protein and dextrose (PrD) with 18 barrows per treatment. Both diets were fed as liquids 
with dextrose (44 g/kg) and either pregelatinised rice starch (StD, 112 g/kg) or hydrolysed 
wheat protein (PrD, 103 g/kg). Small-intestinal mucosal weight was determined at 4 d after 
weaning and small-intestinal barrier function was measured by urinary lactulose recovery 
after an intragastrical dose at 3 d after weaning. Mucosa weights were higher for the PrD 
pigs compared to the FD pigs (P < 0.05), while mucosal weight of the StD pigs was between 
the mucosal weights of the PrD and FD pigs. Lactulose recovery was lower (P < 0.05) for the 
StD pigs than for the FD pigs and was not significantly different (P = 0.11) between PrD and 
FD pigs. Thus, dietary protein with dextrose stimulates an increase in mucosa weight. 
However, protein does not have a substantial effect on small-intestinal barrier function, 
whereas dietary starch improves small-intestinal barrier function. These findings suggest 
that at low feed intake, dietary protein concentrations after weaning are of minor 
importance for small-intestinal barrier function. 

Keywords: barrier function, pig, protein, small intestine, starch, weaning.  

Introduction 

After weaning, feed intake of pigs, in general, is very low. Ten percent of pigs do not take in 
any feed during the first 48 h after weaning(16). This low feed intake is consistently 
associated with villous atrophy in the small intestine(13,23,32), which results in a variety of 
health problems. From previous studies, it has been concluded that a low energy intake is 
the cause of the observed reduction in gut integrity. Carbohydrates and protein are the 
main energy sources(230-232), and amino acids (AA) are the main building blocks for the small 
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intestine. Therefore, one can hypothesise that the specific shortage of dietary protein may 
be the major cause of the reduced mucosal integrity of the small intestine and not energy. 
In line with this, others have hypothesised that a sufficient dietary protein supply is 
important for maintaining gut integrity immediately after weaning(40,89). Hence, maintaining 
a sufficient protein intake may maintain gut function and integrity, and one can hypothesise 
that it will also prevent gut permeability problems that are often seen after weaning(14,188). 
Data regarding possible differences between non-protein energy and protein in relation to 
gut integrity is currently lacking. On the contrary, several recent studies have focused on a 
reduction of dietary protein in diets of weaned pigs for reducing the amount of protein 
available for pathogenic bacteria(97,233,234). These studies showed that low protein diets 
improve the faecal score of the pigs without any compromise on weight gain. However, 
none of these studies focused on the effects of low protein diets on gut development or gut 
integrity in the first week after weaning. Therefore, the possible detrimental effects of low 
protein diets on the integrity of the intestinal wall may have been overlooked. The present 
study aimed to investigate the effect of the type of dietary energy used (starch or protein) 
during the first 4 d after weaning on small-intestinal mucosal mass and barrier function. 

Materials and Methods 

Animals and housing 

Fifty-eight Piétrain × (Large White × Dutch Landrace) barrows were selected from 20 litters 
of our own farm herd (Provimi Research Centre ‘De Viersprong’, Velddriel, The Netherlands). 
Based on weight and ancestry, the pigs were assigned to 3 treatment groups of 18 barrows 
each and 1 group of 4 pigs to be used for dissection at weaning. The mean body weight (BW) 
was similar for all groups. Pigs had no access to creep feed diets before weaning. The pigs 
were weaned at 20.4 ± 0.9 d and had a BW of 6.4 ± 0.9 kg (± SD for age and BW). The pigs 
from the group of 4 barrows were euthanised and dissected immediately at weaning. The 
remaining 54 pigs were housed individually (0.5 m2/pen) in either 1 room with 36 pens or 1 
room with 18 pens. The ambient temperature was maintained at 29oC throughout the 
experiment. Lights were on 24 h per day. The Ethical Committee of the Animal Science 
Group of the Wageningen University and Research centre (Lelystad, The Netherlands) 
approved the experiment. 

Feeds, feeding, and experimental design 

The 3 groups were subjected to 3 different treatments at the time of weaning. The pigs 
were either given restricted access to a liquid ‘diet’ containing only minerals (feed-deprived 
treatment, FD), a liquid diet containing minerals, starch, and dextrose (starch and dextrose 
treatment, StD), or a liquid diet containing minerals, protein, and dextrose (protein and 
dextrose treatment, PrD). The daily supply and the exact composition of these liquid diets 
are given in Table 1. The mineral composition of the liquid diets was a typical mineral 
composition for electrolyte mixes commonly used in practice. The liquid diets were given 3 
times per day (0800, 1600, and 2300 h) during the first 2 d after weaning and were fed 2 
times per day (0800 and 1800 h) during the remainder of the experiment. The daily portion 
was equally divided over the different feeding times and was freshly prepared before each 
feeding. Four days after weaning, 6 pigs from each treatment group were euthanised and 
dissected.
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Table 1. Composition of liquid test diets of the feed-deprived (FD), starch with dextrose (StD) and protein with 
dextrose (PrD) fed pigs 

  Diet  

 Item FD StD PrD1 

Ingredients Allowed intake, g·pig
-1

·d
-1

 

  Dextrose  26.3 26.3 

  Pregelatinised rice starch2  66.8  

  Hydrolysed wheat protein3   61.1 

  L-Lysine-HCl (80%)   2.38 

  L-Threonine   0.73 

  L-Valine   0.21 

  L-Tryptophan   0.12 

  Sodium chloride 1.90 1.90 1.13 

  Potassium chloride 0.23 0.23 0.08 

  Sodium bicarbonate 1.41 1.41 2.23 

  Sweetener4 0.03 0.03 0.03 

  Water 500 500 500 

  Total 504 597 594 

Nutrients    

  Carbohydrates – 86.7 30.5 

  Crude protein – 0.6 50.0 

  Crude fat – 0.1 0.7 

  Ash 3.5 4.2 3.9 

  Sodium 1.15 1.15 1.15 

  Potassium 0.11 0.11 0.11 

  Chloride 1.25 1.25 1.25 

Metabolisable energy , kJ·pig
-1

·d
-1 – 1410 1410 

1Based on supplier information of the wheat protein and an assumed 99% digestibility of the crystalline amino 
acids this diet supplied the following ileal digestible amino acids (g·pig-1·d-1): Lys, 2.59; Met, 0.92; Cys, 1.02; 
Thr, 1.91; Trp, 0.48; Val, 1.99; Ile, 1.63; His, 0.85; Leu, 3.14; Phe, 2.70; Tyr, 1.60; Arg, 1.58; Glu, 17.24; Aln, 1.16; 
Asp, 1.40; Gly, 1.40; Pro, 5.65; Ser, 2.51. 
2Remyline AX-FG-P, Beneo-Remy NV, Leuven-Wijgmaal, Belgium. Containing 9 g/kg crude protein and 940 g/kg 
carbohydrates on an as-fed basis. 
3Solpro 508, Syral, Aalst, Belgium. Containing 768 g/kg crude protein and 108 g/kg carbohydrates on an as-fed 
basis. 
4Containing 950 g/kg sodium saccharin and 50 g/kg neohesperidin dihydrochalcone on an as-fed basis. 

Growth and feed intake 

All pigs were weighed at weaning and at 4 d after weaning. Feed intake was determined 
daily. 

Permeability measurements 

For the permeability test, marker probes with different characteristics were intragastrically 
dosed in order to measure different absorption and permeability functions of the intestine. 
At 3 d after weaning, the pigs were deprived of the liquid feed from 0800 to 1200 h. In order 
to avoid suppression of urine production they were given access to 100 mL of water from a 
bowl during this time of feed deprivation. At 1000 h, all pigs were intragastrically dosed with 
a marker solution containing 2.83 g of lactulose, 0.19 g L-rhamnose, 0.04 g 3-O-methyl 
glucose (3OMG), and 0.09 g D-xylose (all obtained from Sigma, Zwijndrecht, The Netherlands) 
and 0.6 g Co-EDTA (prepared according to Udén et al.(235)). The markers (3.16 g in total) 
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were dissolved in 11.84 g deionised water to obtain a solution of 15 g per pig. The L-
rhamnose, 3OMG, and D-xylose doses were derived from a study with humans(220) and 
adapted to pigs based on metabolic BW (BW0.75). L-rhamnose is a marker for transcellular 
(aqueous pores) or paracellular absorption(185), 3OMG is a marker for active absorption, and 
D-xylose is a marker for passive transcellular, paracellular(191), or carrier-mediated 
transcellular absorption(185). The lactulose dose was in line with the dose used in a previous 
study with neonatal piglets(201). The dose of Co-EDTA was based on previous work (Wijtten 
et al., unpublished). Lactulose is a marker for paracellular barrier function of the small 
intestine(190). Co-EDTA is a molecule with a similar size as lactulose and is also transported 
over the intestinal epithelium by paracellular transport. However, in contrast to lactulose, it 
is not degraded by bacterial fermentation and therefore it is a marker for both small-
intestinal and large-intestinal (colon) permeability(185). Urine was quantitatively collected in 
a pouch glued and taped to the belly of the pig until 1400 h the next day. At 2, 7, 12, 22, and 
28 h after marker administration, the urine from the pouch was collected and stored in a 
refrigerator (6oC) in a separate jar for each pig containing 100 μL of a thimerosal (Sigma, 
Zwijndrecht, The Netherlands) solution (100 g thimerosal/L) for preservation of the urine. At 
d 4 (1 d after marker administration), 6 pigs per treatment were euthanised and dissected 
(see below). The urine collected from the bladder of these pigs was stored in the same jar as 
which was used for collection of other urine samples from the same pig the day before the 
dissection. 

Dissection 

On the day of weaning 4 pigs were dissected immediately after weaning. At 4 d after 
weaning, 6 pigs per treatment were dissected (18 pigs in total). Pigs were anesthetised with 
24 mg Na-pentobarbital per kg BW (Euthasol, ASTfarma, Oudewater, The Netherlands) and 
euthanised by bleeding. The abdominal cavity was opened and the urine in the bladder was 
collected quantitatively for marker analyses (see above). The small intestine was separated 
from the mesentery, measured, and then divided into 4 segments with equal length (0–25, 
25–50, 50–75, and 75–100% segment). Each segment was opened lengthwise with scissors, 
rinsed with ice-cold saline (154 mmol NaCl/L), blotted dry with tissue paper, and weighed 
again. The mucosa was removed with a glass microscope slide from the middle 50 cm of 
each segment and the weight of the mucosa and remaining muscularis was determined. 
From the mucosa:muscularis ratio of this middle 50 cm and the total weight of each 
segment, the weight of mucosa and muscularis of the total intestinal segment was 
estimated. Relative mucosa and muscularis weights were calculated as mg/g BW.  

Sample handling and analyses 

After collection, small aliquots of the urine were stored at –20oC until needed for further 
analyses. All urine samples were analysed for marker sugars. The urine samples were diluted 
10-fold using deionised water. Subsequently, Cl was precipitated by adding AgNO3. After 
centrifugation (13000 × g, 10 min at 21oC), the supernatant was separated on an OnGuard 
Ba and H column followed by analysis using high-performance anion-exchange 
chromatography with a pulsed amperometric detector (Dionex Corporation, Salt Lake City, 
UT). The method was performed according to the manufacturer’s instructions(221,222). The 
detection limit for lactulose was 100 μmol/L and for the mono-sugars 60 μmol/L. Before 
determining the Co-EDTA content by Co analysis, 10 g of urine was incubated for 2 h at 95oC 
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with 20 mL HCl (12 mol/L) and 4 mL HNO3 (16 mol/L). After cooling, deionised water was 
added to 50 g and the sample was analysed the next day with inductive coupled plasma-
atomic emission spectrometry (ICP-AES, Thermo Iris Intrepid II XSP DUO) at wavelengths of 
229 and 231nm. The detection limit for Co was 1 mg/kg. The recovery of sugars below the 
detection limit was assumed to be 50% of the detection limit. In those cases (13% of the 
samples), the estimated recovery was applied in the statistical analyses. The Co content of 
all of the urine samples was above the detection limit. 

Statistical analyses 

All data were analysed using Proc MIXED of SAS (version 9.1, SAS Inst. Inc., Cary, NC) using 
pig as the experimental unit. Energy intake was analysed to allow for correlations between 
repeated observations over time. Fixed effects of treatment, day, and their interaction were 
included in the model. To compare the effects of relative mucosa and muscularis weight of 
the FD pigs over time, fixed effects of day, intestinal segment (0–25, 25–50, 50–75, 75–100%, 
repeated over space), and their interaction were included in the model. Because of 
differences in daily energy intake between the StD and PrD treatments, energy intake was 
included in the model as a covariate in all analyses below, which allowed for different slopes 
for the StD and PrD treatments. If no effects (P > 0.1) of energy intake could be found, 
energy intake was excluded from the model and final analyses were done as described 
below. For analysing treatment effects on relative mucosa and muscularis weights within 
days, fixed effects of treatment, intestinal segment (repeated over space), and their 
interaction were included in the model. For all analyses above, different correlation 
structures were compared for the repeated measurements over days or over intestinal 
segments, applying a compound symmetric, first-order autoregressive and an unstructured 
covariance structure(224). The model with the lowest Akaike’s information criterion was 
selected. For urinary recovery of intestinal permeability and absorption markers and BW at 
d 4, mixed linear models were fitted with fixed effects for treatment, BW at weaning as 
covariate, and mother of the pigs and room as random effects. Degrees of freedom were 
estimated with the Kenward-Roger method for all analyses. Residuals were plotted to 
evaluate normality of distribution and homogeneity of variance. Based on this, lactulose and 
Co-EDTA recovery were loge transformed and mono sugar recoveries were square root 
transformed before the final statistical analyses. All results are presented as least square 
means (LS-means). In case of data transformation, the LS-means were back-transformed  

Table 2. Metabolisable energy (ME) intake, crude protein (CP) intake and body weight (BW) of feed-deprived 
(FD) barrows or of barrows fed a starch with dextrose (StD) or protein with dextrose (PrD) diet during the first 

4 d after weaning1
 

Treatment ME intake CP intake d 4 BW2 
kJ/d g/d kg n

FD – – 6.04 ± 0.05c 18
StD 1120 ± 73a – 6.21 ± 0.05b 18
PrD 715 ± 72b 25.8 ± 2.7 6.45 ± 0.07a 17
P-values 

Treatment < 0.0001 – < 0.0001 
Treatment × Energy3 – – 0.14 
1Data are LS-means ± SE. Means in columns without a common letter differ, P < 0.05. 
2Estimated LS-means and treatment probabilities for an energy intake of 1120 kJ/d for the StD and PrD 
treatments and 0 kJ/d for the FD treatment. 
3Probability for testing H0 that slopes for the StD and PrD treatment are not different. 
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after analysis. In case of an energy intake effect, estimated LS-means for a daily energy 
intake of 1120 kJ/d for the StD and PrD treatment and 0 kJ/D for the FD treatment are 
presented. The 1120 kJ/d was the intake level of the StD treatment.  Differences between 
treatments or differences between days were analysed for significance (P < 0.05) using the 
Bonferroni procedure to account for multiple comparisons. 

Because of difficulties with the marker administration for 1 pig and incomplete urine 
collection of another pig, these were omitted from the statistics for permeability and 
absorption parameters. Moreover, 1 pig of the PrD treatment, dissected at d 4, consumed 
only 11% of the allowed intake of the liquid diet. This pig was also omitted from the 
statistics for all data. 

Table 3. Small-intestinal (SI) muscle and mucosa weights of feed-deprived (FD) barrows or of barrows fed a 
starch with dextrose (StD) or protein with dextrose (PrD) diet during the first 4 d after weaning 1,2 

Item SI muscle SI mucosa 

FD mg/g BW n mg/g BW n 

 d 0 1.93 ± 0.11b 4 5.82 ± 0.36a 4 

 d 4 2.25 ± 0.05a 6 3.98 ± 0.22b 6 

 P-value 0.019  < 0.0001  

d 4     

 FD 2.42 ± 0.07a 6 3.59 ± 0.19b 6 
 StD 2.14 ± 0.07b 6 4.17 ± 0.19ab 6 
 PrD 2.13 ± 0.07b 5 4.68 ± 0.21a 5 
 P-value     

 Treatment 0.007  0.009  

 Treatment × Energy3
 0.99  0.25  

1Data are LS-means ± SE, means in columns without a common letter differ, P < 0.05. 
2The SI segment and day or treatment did not interact for muscle and mucosa weight, therefore mean weights 
of the 4 segments are provided. Thus, the presented means represent one-fourth of the total SI muscle and 
mucosa weight. 
3Probability for testing H0 that slopes for the StD and PrD treatment are not different. 

Results 

Performance 

Pigs in the StD and PrD treatment were allowed to eat a maximum of 1410 kJ of 
metabolisable energy (ME) per day for 4 d after weaning. Mean energy intake was higher (P 
< 0.001) for the StD (80% of allowed intake) than for the PrD pigs (51% of allowed intake, 
Table 2). The BW at 4 d after weaning was higher for StD and PrD pigs than for FD pigs and 
was higher for PrD than for StD pigs (P < 0.05, Table 2). 

Intestinal mass 

For both the relative small-intestinal mucosa weight and the small-intestinal muscularis 
weight, treatment or day effects did not interact (P > 0.1) with the small-intestinal segment. 
Therefore, the average results of the 4 small-intestinal segments are presented in Table 3. 
The relative small-intestinal mucosa weights of the FD pigs were lower and the muscularis 
weights were higher at 4 d after weaning compared to the day of weaning (P < 0.05, Table 3). 
The mucosa weight at d 4 was higher for the PrD pigs compared to the FD pigs (P < 0.05). 
The muscularis weight at d 4 was lower for the StD and PrD pigs than the FD pigs (P < 0.05). 
Both mucosa weights and muscularis weights at d 4 were not affected by variations in 
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energy intake levels within the StD and PrD treatments (P > 0.1). Consequently, mucosa and 
muscularis data were not corrected for differences in energy intake levels between the StD 
and the PrD treatment. 

Intestinal permeability and absorption 

Urinary Co-EDTA, L-rhamnose, D-xylose, and 3OMG recovery were similar for all treatment 
groups (P > 0.05, Table 4). Urinary lactulose recovery was lower (P < 0.05) for the StD pigs 
than for the FD pigs. The effect of energy intake level on lactulose recovery was different for 
the PrD treatment compared to the StD treatment group (P < 0.05, Table 4). For the StD 
treatment group, per unit increase in energy intake lactulose recovery decreased by 0.0022 
with 95% confidence limits between 0.0006 and 0.0039, whereas for the PrD treatment the 
decrease was less: 0.0003 with 95% confidence limits between –0.0009 and 0.0015. 

Table 4. Twenty-eight hour urinary recovery of intestinal permeability and absorption markers after an 
intragastrical marker dose of feed-deprived (FD) barrows or of barrows fed a starch with dextrose (StD) or 

protein with dextrose (PrD) diet during the first 4 d after weaning 1 

Treatment 
Co-EDTA2 Lactulose2 L-rhamnose2 D-xylose 3-O-

methylglucose 
      %     
FD 8.9 (7.4-10.7) 1.5a (1.0-2.3) 16.1 (10.3-23.3) 44.4 (38.4-50.7) 72.8 (61.3-85.2) 
StD 8.7 (7.1-10.5) 0.7b (0.4-1.0) 17.8 (11.5-25.4) 40.6 (34.9-46.6) 69.7 (58.5-81.9) 
PrD 7.4 (5.5-10.2) 1.2ab (0.6-2.2) 8.4   ( 2.8-16.9) 45.4 (39.4-51.8) 68.9 (57.8-81.0) 
P-values           
Treatment 0.62 0.002 0.09 0.51 0.88 
Treatment × Energy3 0.09 0.049 0.41 0.78 0.46 
1Data are LS-means with 95% confidence limits between parentheses, n = 17. Means in columns without a 
common letter differ, P < 0.05. 
2Estimated LS-means for an energy intake of 1120 kJ/d for the StD and PrD treatments and 0 kJ/d for the FD 
treatment. 
3Probability for testing H0 that slopes for the StD and PrD treatment are not different. 

Discussion 

The feed deprivation for 4 d in the FD pigs from the current study mimicked the extreme 
situation of starvation, which is a condition experienced after weaning by some pigs under 
current practices. The objective of this study was to determine the effect of luminal protein 
and dextrose or starch and dextrose supplementation compared to feed deprivation on 
intestinal function and mucosal weight after weaning. In order to minimise positive effects 
of systemic energy status on intestinal function, the ME intake of the StD and PrD treatment 
groups, during the first 4 d after weaning was limited to 75% of the maintenance 
requirements for a pig weighing 6.5 kg (1410 kJ·pig-1·d-1)(236). Research with pigs and heifers 
suggests that at least 25% of maintenance energy is required to maintain basal intestinal 
functions(237,238). For the PrD treatment group, crude protein (CP) intake was limited to 50 
g·pig-1

·d-1 during the first 4 d of the experiment, which is a level similar to the CP intake from 
sow milk just before weaning(239,240). Protein requirements for maintenance is 4 g·pig-1

·d-1 
(236) for a pig weighing 6.5 kg. However, more protein may be required for a fully active 
intestine. Actual energy intake for the first 4 d after weaning was 38% of the maintenance 
requirements for the PrD pigs and 60% of maintenance for the StD pigs. For the PrD 
treatment group, CP intake during the first 4 d after weaning was 26 g·pig-1

·d-1. Thus, both 
protein and energy intake for the PrD treatment group were higher than the amounts 
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hypothesised to be needed to maintain intestinal function and architecture. Rice starch was 
chosen as the main energy source in the StD treatment group because it is highly digestible 
in pigs after weaning and does not cause diarrhoea problems(241-245). Hydrolysed wheat 
protein was chosen as the protein source because of its high digestibility and its high 
glutamine content, which can be used as energy by the intestine(232). The wheat protein was 
supplemented with crystalline AA to yield a level sufficient for protein maintenance and was 
sufficient to provide 36 g of protein accretion per day(246). The crystalline AA was 
supplemented in order to prevent an AA imbalance and the subsequent negative effects on 
intake. Body weight at 4 d after weaning was higher for the StD pigs than for the FD pigs, 
because the FD pigs had to release their entire energy requirement from their body reserves. 
In addition, when energy intake was corrected to the same level for the StD and the PrD pigs, 
the BW of the PrD pigs was higher than of the StD pigs. This probably relates to the fact that 
the PrD treatment enabled some protein deposition. 

During the last few decades, several authors have shown that the weaning of pigs is 
associated with mucosal atrophy, which is most pronounced at low feed intake levels(23,31,32). 
In agreement with these findings, the relative mucosa weights of the FD pigs at 4 d after 
weaning was reduced by 40% compared to the weight at time of weaning. With the StD 
treatment, the relative mucosa weight at 4 d after weaning was 30% lower than at the time 
of weaning, but was not significantly different from the FD treatment group. The PrD diet 
caused a 21% lower mucosa weight at 4 d after weaning than at the time of weaning. In 
agreement with our hypothesis, although not significant, the loss of mucosal weight after 
weaning was 10% less when protein was included in the diet instead of starch, regardless of 
the lower energy intake levels in the PrD treatment group. However, energy intake did not 
show a significant relationship with mucosa weights within treatment groups. These findings 
are in contrast with the literature. For example, Berkeveld et al. showed a positive 
correlation between villous height at 2 d after weaning and feed intake level after the time 
of weaning(247). In that study, the feed intake levels of pigs after weaning varied roughly 
between 30 and 300% of energy maintenance requirements. In the present study, energy 
intake was restricted to a maximum of 75% of energy maintenance. In the study of 
Berkeveld et al.(247), the correlation between villous height and feed intake seemed to be 
most pronounced at high feed intake levels. Hence, the relationship between villous height 
and feed intake may not hold at low feed intake levels. This may explain the discrepancy 
between the present study and the literature. One can hypothesise that at feed intake levels 
below maintenance requirements, villous growth has a lower priority than other biological 
processes, and therefore is not stimulated by energy supply. In mice, muscularis weights 
were lower with parenteral nutrition compared with enteral nutrition(248). In the current 
experiment, the muscularis weights at d 4 were lower for the StD and PrD pigs than for the 
FD pigs. Based on the literature, the opposite was expected, and there is no explanation for 
this discrepancy. 

Previous studies with Ussing chambers showed that intestinal barrier function is 
compromised in pigs after weaning(14,19,188). Moreover, Verdonk(26) showed that intestinal 
barrier function is more effective at higher feed intake levels after weaning. However, in 
another study, Verdonk et al.

(91) found no effect of the feed intake level on intestinal barrier 
function. It was shown previously that the in vivo permeability for lactulose (a disaccharide 
crossing the epithelial barrier by paracellular transport) is increased after weaning(249). In 
addition, the permeability for lactulose was negatively correlated with the feed intake 
level(249). In humans and rats, lactulose is considered a marker for small-intestinal 
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permeability because it is fermented in the large intestine(185). In pigs, it may be mainly a 
marker for the permeability of the proximal small intestine, because at the distal small 
intestine, 78% of the ingested lactulose has already been fermented(250). The present study 
showed that urinary lactulose recovery at 3 d after weaning was lower for the StD than for 
the FD pigs. This shows that energy from starch and some dextrose improves intestinal 
barrier function compared with FD pigs. In contrast to our hypothesis, lactulose recovery of 
the PrD pigs was not different from that of the FD pigs. Thus, the administration of protein 
with some dextrose did not improve intestinal barrier function, even though lactulose 
recovery of the PrD treatment group was corrected to the same energy intake level as the 
StD treatment group. Lactulose recovery was more effectively reduced by dietary starch 
intake than by dietary protein intake, as is suggested by the energy intake × treatment 
interaction for the StD and PrD treatment groups. This may relate to the finding that dietary 
carbohydrates are more effective stimulators of small-intestinal blood flow than protein(251). 
Such an increased blood flow improves nutrient supply, but it especially improves oxygen 
supply to the small intestine, which may have been an important factor in the improved 
barrier function with the StD diets. Co-EDTA is a molecule with a similar size as lactulose and 
is also transported over the intestinal epithelium by paracellular transport. In contrast to 
lactulose, it is not degraded by bacterial fermentation, and therefore it is a marker for both 
small-intestinal and large-intestinal (colon) permeability(185). In contrast to lactulose 
recovery, Co-EDTA recovery was not affected by the StD or PrD treatments. This suggests 
that dietary carbohydrate or protein supply at the tested levels has little effect on hind gut 
barrier function. L-Rhamnose absorption was also not affected by the StD or PrD treatments 
after weaning. In agreement with this, it was previously concluded that passive absorption is 
not affected by feed intake level after weaning(219). The absorption of D-xylose was not 
different between treatments. In line with this, 2 other studies that assessed D-xylose 
absorption in pigs showed that it was not affected by feed intake level after weaning(23,30). In 
the present study, 3OMG absorption (a glucose analogue) was not affected by the different 
treatments. This indicates that active absorption was not affected by feed intake level after 
weaning. Another study has shown that active glycylsarcosine (a dipeptide) absorption 
increases at low feed intake levels after weaning(26). The discrepancy between the results of 
our study and the previous study with respect to active absorption may relate to the fact 
that electrolytes were supplied through the liquid ‘diets’ for all treatment groups. Thus, StD 
and PrD have no effect on active absorption after weaning, but electrolyte intake may be 
important in this respect. 

This study showed that the combination of dietary protein and dextrose significantly 
stimulates an increase in small-intestinal mucosal weight 4 d after weaning, but this was not 
found with dietary starch in combination with dextrose. On the other hand, dietary protein 
has no substantial effect on small-intestinal barrier function, whereas dietary starch 
improves small-intestinal barrier function. Neither protein nor starch had a substantial 
effect on active absorption of a glucose analogue. These findings suggest that at low feed 
intake, dietary protein concentrations after weaning are of minor importance for small-
intestinal barrier function. 
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General Discussion 

Introduction 

Meat type pigs and chickens (broilers) are used to produce meat at low costs. Nutrient 
requirement studies conducted on these animals have largely overlooked the very young 
animal (i.e. the first weeks after hatch or after weaning). This is most likely due to the fact 
that the feed costs during this phase of animal growth are relatively low compared to the 
total feed costs from hatch/weaning to slaughter. It is therefore logical that there are still 
gaps in our knowledge of the nutrition of these animals during this particular stage of life. 
Therefore, it is likely that performance of these meat type animals at a very young age can 
be further improved. Moreover, during this phase in the animal’s life, the physiological, 
nutritional, and environmental changes are associated with stress, which makes the animal 
vulnerable to diseases. The physiological changes include changes in small-intestinal 
architecture, weight, and function. The fundamental functions of the small intestine are to 
ensure nutrient absorption, to provide a barrier function against potential harmful bacteria 
and toxins, and to contribute to overall health as the biggest immunological organ in the 
body(24,52). As such, many health problems can occur and may originate during this phase of 
life when the small-intestinal function is still developing. Therefore, nutrient requirement 
studies during these phases in broilers and pigs should not only focus on the aspects of 
efficient production, but should also pay attention to the development of the different 
organs and their functionality. 

The feed intake of pigs shortly after weaning is highly variable and rather unpredictable. 
It has been reported that 10% of pigs do not take in any feed during the first 48 h after 
weaning(16). The optimal nutrient composition of the diet depends very much on the feed 
intake level of the animals, due to differences in optimal dietary nutrient composition for 
maintenance and for gain. Feed for gain requires much higher protein concentrations and a 
different amino acid (AA) profile than feed for maintenance. Thus, after weaning, the 
dietary composition for pigs with a low feed intake level should mainly support the 
maintenance processes, whereas for pigs with high intake levels, this should also support 
protein accretion. Therefore, during this phase of life, the stimulation of feed intake is more 
important with respect to performance and uniformity of the animals rather than the 
precise nutritional composition of the diet. Under both maintenance and high production 
conditions, the small intestine is one of the most important organs in the body. At high 
production levels, the small intestine has to facilitate sufficient nutrient transport to the 
body, and under maintenance conditions, it is the most demanding organ with respect to AA 
and energy consumption for integrity support. Consequently, the research conducted as 
part of this thesis focused on the most important nutrients for pigs at a low feed intake level 
to particularly support the physiological functions of the small intestine. 

In the experiments described in this thesis, the effect of protein nutrition and feed 
intake level on performance, intestinal development, intestinal (dys)function, and health 
were investigated in both piglets after weaning and in young broilers. In this General 
Discussion, the conclusions from previous Chapters will be aligned and discussed in the 
context of optimal early life nutrition. At the end of this Chapter, practical implications and 
suggestions for further research are presented based on the studies reported in this thesis. 
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Figure 1. Results of enhanced dietary ideal protein (IP) concentrations in starter and grower diets on BW gain 
of male Ross 308 broilers from Chapter 2 and 3 are presented in the graph. 

Nutrition and performance of broilers 

Nutrition is 1 of the major factors that drive the production level of farm animals. For 
several decades, scientists and nutritionists have conducted studies to determine the most 
economic concentration of several nutrients in the diet. Energy and AA are the 2 most 
important components with respect to the costs of the diet. Amino acids are special 
nutrients because of their important and diverse functions in the animal. First, they are the 
main building blocks for cells and functional proteins (e.g. hormones, signal molecules) for 
all types of processes in the body. Second, they are used as an energy source for metabolic 
processes in the body. In the latter function, AA are the major energy source for 
enterocytes(230). Third, AA are precursors for the de novo synthesis of special molecules (e.g. 
nucleotides, creatine, and some vitamins). Today, the requirements for AA by pigs and 
poultry are studied according to the ideal protein (IP) concept. With this concept, AA 
requirements are often expressed as a ratio to lysine, which leads to an ideal AA profile 
where all indispensable AA are equally limiting. This approach was first implemented in 
pigs(103,104). In general, protein gain, but also BW gain and gain to feed ratio (G:F), are the 
main decision parameters for nutritionists to estimate the optimum profile or the optimal 
dietary IP concentration. In this thesis (Chapter 2), the AA requirements to maximise BW 
gain and G:F in broilers were studied. Instead of varying AA in the diet, an optimum IP 
concentration in the diet was established. This was done by increasing all AA containing 
ingredients at the expense of an iso-caloric protein free mixture. Consequently, the ratios 
among all AA were similar in all diets, and dietary protein concentrations were increased to 
the same extent as the concentrations of indispensable AA. From the results in Chapter 2, it 
can be concluded that the effects of enhanced IP concentrations in the starter phase are 
more pronounced than the effects of enhanced IP concentrations in the grower and finisher 
phase (Figure 1). In addition, enhanced IP concentrations during the starter phase increased 
BW gain not only during the starter phase, but also during the consecutive grower phase 
(Chapter 2 and Chapter 3). This positive carry-over effect on BW gain found here is not 
always found in the literature. Some data from previous studies have shown that the
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Figure 2. Differences in BW gain and gain to feed ratio (G:F) responses to 120 IP grower diets between male 
and female broilers in the grower phase are given in panel A (Exp. 1B of Chapter 2). The difference in BW gain 
response to enhanced ideal protein (IP) concentrations in the starter diet (average of 130 IP and OPT IP 
treatment, Chapter 3) between Ross 308 and Cobb 500 male broilers in the starter phase is given in Panel B. 
BW gain and G:F responses to enhanced IP concentrations in the starter phase are similar for male and female 
broilers (Exp. 1A Chapter 2). 

positive effects on BW gain in the starter phase fades in the grower phase(163), indicating 
that the circumstances (e.g. ambient temperature or bacterial challenge) during the grower 
phase itself may determine whether the effects on BW gain persist or fade during the 
grower phase. Nevertheless, high IP concentrations in the diet of broilers during the starter 
phase can be attractive due to the small share of the starter diet in the total feed costs of a 
broiler up to slaughter weight. Responses to enhanced dietary IP concentrations in the 
starter diet and the carry-over effects during the grower phase in male and female broilers 
were nearly identical. However, G:F and BW gain responses to enhanced dietary IP 
concentrations in the grower diet of females are less marked than of males (Figure 2). Thus, 
the results of the experiments reported in Chapter 2 showed that IP concentrations in 
starter diets are of particular interest for both males and females from a performance and 
economic point of view, and need to be evaluated in more detail. Based on these findings, 
the experiment reported in Chapter 3 was designed. Chapter 3 describes a study in which 
feed intake, BW gain, and G:F in the starter phase were monitored over short intervals in 2 
different breeds (Ross 308 and Cobb 500). In addition, for 1 treatment group during the 
starter phase, the dietary AA composition was adjusted daily using calculated AA 
requirements. The results showed that the birds hardly responded in terms of BW gain to 
dietary IP during the first 3 d after hatch. However, over the next 3 consecutive days, BW 
gain improved substantially with enhanced dietary IP concentrations. In addition, increasing 
dietary IP concentrations by 30% improved G:F during the first 3 d after hatch by only 8%, 
whereas over the next 3 consecutive days, G:F improved by 20% with this treatment. Thus, 
the results of the experiment reported in Chapter 3 showed that with respect to the fine 
tuning of the diet, one may consider the first 3 d after hatch as a separate period in order to 
maximise performance and nutrient efficiency. This may relate to 1) the fact that the yolk-
sac is still being utilised during this period, 2) the relative feed intake level during the first 3 
d after hatch is lower than in the subsequent 3 d, and 3) birds are still partly poikilotherm(252) 
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right after hatch, and therefore their physiological state is different than later in life. The 
protein supply from the yolk-sac during the first 3 d after hatch can be estimated from the 
weight development of the yolk-sac after hatch in the preliminary study reported in Chapter 

3 and the composition of the yolk-sac at hatch described by Yadgary et al.
(253)

. These 
calculations determined that during these 3 d, a total of 0.8 g protein was supplied by the 
yolk-sac. This is about 11% of the total dietary protein intake of the control treatment 
(average of Ross 308 and Cobb 500 birds) during these first 3 d of the trial. Similarly, the 
total energy supply from the yolk-sac during these 3 d was calculated to be 10% of the 
dietary energy intake. Thus, the protein to energy ratio in the yolk and in the diet is similar 
during this time, which indicates that the protein release from the yolk-sac is probably not a 
large influence with respect to the lower BW gain and G:F responses to enhanced dietary 
protein concentrations for d 0–3 vs. d 3–6 after hatch. Sakamuro et al.

(254) estimated that 
the maintenance energy requirement of broilers was 532 kJ metabolisable energy/kg0.75. 
From d 0–3 after hatch, energy intake from the diet plus energy utilised from the yolk sac 
was 2.3 times maintenance, and from d 3–6 the energy intake increased to 2.7 times 
maintenance. The lower energy intake from d 0–3 compared to d 3–6 must have limited the 
availability of energy for protein deposition. This may be why the broilers did not improve 
BW gain with enhanced dietary protein concentration. In addition, the lower response for d 
0–3 may relate to a different metabolism of the birds right after hatch. For instance, in the 
first few days after hatch, birds are still in the process of changing from a partly 
poikilothermic to a homeothermic metabolism. Moreover, it has been shown that the 
mechanism for protein degradation is different between fish (poikilothermic) and 
homeothermic mammals(255). Fish have a low protein turnover (high efficiency of protein 
deposition), but at the same time have a high rate of protein catabolism, because protein is 
used to meet their energy requirements(256). Similarly, it can be hypothesised that shortly 
after hatch, protein deposition of partly poikilothermic broilers may be more efficient than 
later in life, and excess dietary protein will be catabolised. Consequently, enhanced dietary 
protein concentrations show only minor effects on BW gain and G:F shortly after hatch. 
With an extremely high relative BW gain (12% higher than the control group), the basis for 
the improved performance with enhanced dietary IP concentrations, is established during 
3–6 d of age (Figure 1, Chapter 3). However, the experiment reported in Chapter 3 also 
showed that higher IP concentrations have to be continued until at least 14 d of age in order 
to achieve the maximum performance improvement. This was illustrated with the optimised 
IP treatment, in which the dietary AA concentrations were gradually decreased after 3 d of 
feeding. The effect on BW gain was clearly less pronounced at the end of the starter phase 
with this optimised treatment than when enhanced IP concentrations were continued until 
the end of the starter phase with the 130 IP treatment. In agreement with these findings, 
Lemme et al.(163) showed that 14 d of enhanced dietary protein concentrations clearly 
improved BW gain. This effect was much less pronounced when feed with increased protein 
concentrations was only fed until 8 d of age(163). Finally, Chapter 3 showed that Cobb 500 
broilers responded differently to enhanced IP concentrations than Ross 308 broilers with 
regard to feed intake, BW gain, and G:F. Thus, this thesis showed that in the starter phase, 
male and female chicks respond similar to dietary IP concentrations, but there are 
differences in responses between breeds, which advocates for breed specific 
recommendations in the starter phase. 
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Figure 3. Effects of enhanced dietary ideal protein (IP) concentrations in the starter diet (average of 130 IP and 
OPT IP treatment, Chapter 3) on relative small-intestinal weights of Cobb 500 and Ross 308 broilers at different 
days after hatch (Panel A). Effects of feed-deprived (FD) vs. starch with dextrose (StD) or protein with dextrose 
(PrD) fed weaner pigs on the loss of small-intestinal mucosa weight at 4 d after weaning compared with 
weaning (Panel B). 

Nutrition and the small intestine 

In Chapter 1, it was shown that the small-intestinal architecture changes considerably after 
hatch in broilers and around the time of weaning in piglets. In broilers, both the relative 
small-intestinal weight and villous height increase rapidly during the first week after 
hatch(38,61,67-71,75,76). After this week, the relative weight decreases gradually, but the villous 
height continues to increase(38,61,63,67-71,74). At 4 d after weaning, villous height in pigs 
decreases to about 60% of the pre-weaning height(26,31,86,89,90). Two weeks after weaning, 
villous height recovers to similar values as in unweaned control animals independent of the 
weaning age (Chapter 1). 

In Chapter 3, the data showed that enhanced IP concentrations in broiler starter diets 
(130 IP and OPT IP) increased the relative small-intestinal weight at 6, 9, and 14 d of age 
(Figure 3A). These effects were more pronounced at 6 and 9 d of age than at 14 d of age. 
Moreover, these effects were more pronounced in the duodenum than in the jejunum and 
ileum. These results are in line with the review of the literature (Chapter 1), which showed 
that the small intestine is sensitive to changes in dietary protein concentrations, especially 
in young broilers. The increased small intestine weights in the birds treated with enhanced 
dietary IP concentrations coincided with an increased BW. In a Pearson correlation test, 
empty BW of individual birds at d 6 correlated with relative small-intestinal weight (r = 0.49, 
P < 0.001). However, at 9, 14, and 36 d of age, empty BW showed no significant correlation 
with relative small intestine weight. This discrepancy between d 6 and the other days may 
relate to the fact that at d 6, the birds are in a developmental stage at which the relative 
small intestine weight is still increasing. Above 6 d of age, the birds are at a developmental 
stage where the relative small intestine weight is at the maximum level or is gradually 
decreasing. Therefore, it can be hypothesised that at d 9, 14, and 36 the heaviest birds are 
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in a more advanced stage of development compared to the lighter birds at the same age, 
which coincides with a lower relative small intestine weight. In agreement with these 
findings, relative small intestine weight correlated with the empty BW at 3 d of age (r = 0.66, 
P < 0.001) in the pilot experiment reported in Chapter 3, and did not correlate with empty 
BW at the other days of dissection. These data underscore the importance of the 
development of the small intestine in young broilers for maximising BW gain. However, it is 
not possible to conclude whether the enhanced dietary IP concentrations that were used 
(Chapter 3) stimulated small-intestinal development with a subsequent effect on BW gain, 
or whether BW gain has stimulated the small-intestinal development. The experiment 
described in Chapter 3 lacked parameters that measured small-intestinal function. Further 
studies should measure the digestibility of the diet and the expression of nutrient 
transporters after a starter phase with enhanced dietary IP concentrations. These 
parameters should show whether an enhancement in small intestine weight coincides with 
improved small intestine digestive function, and will also clarify the role of the small 
intestine in the improvements in BW gain seen with enhanced dietary IP concentrations. 

In Chapter 6, studies were conducted in pigs that were either deprived of feed for the 
first 4 d after weaning or were fed a restricted starch-dextrose (StD) or protein-dextrose 
(PdD) diet. In the deprived pigs, mucosal weight at 4 d after weaning was reduced by 40% 
compared to day of weaning, whereas the reduction was less for the StD and PrD fed pigs 
(30 and 21%, respectively; Figure 3B). These results are in line with previous studies in the 
literature (Chapter 1) that have shown that protein is the most important nutrient for to 
development of small-intestinal weight and villous height. In the experiment described in 
Chapter 6, mucosal weight was measured instead of villous height. The limitation of this 
approach is that a higher mucosal weight cannot explicitly be viewed as a positive effect, 
because aside from increased villous heights, inflammatory responses can also increase the 
weight of the small-intestinal mucosa. However, in general a decrease in mucosa weight 
before and shortly after weaning is associated with decreased villous height as well(31,88,89). 
The experiment in Chapter 6 showed that only half of the mucosal loss was prevented by 
PrD intake, whereas the protein intake was assumed to be sufficient for the prevention of 
the loss of the entire mucosa. The energy and protein intake of the pigs that received the 
PrD treatment in Chapter 6 were only 15% and 40% of a normal pre-weaning intake(239), 
respectively. This indicates that in addition to luminal nutrient supply the systemic nutrient 
status is also important for the recovery or prevention of mucosal atrophy. In line with this, 
it was previously shown that the net protein retention in the portally-drained viscera during 
6 h after a single meal was increased in pigs when maltodextrin was fed in addition to a 
purified protein diet, which resulted in a 4-fold increase in total energy intake(257). Thus, at a 
constant protein supply but with a higher (systemic) energy supply in animals, the protein 
accretion in the small intestine is increased. In a study with laying hens, feed deprivation 
and parenteral nutrition reduced duodenal villous height to the same extent(258). This 
indicates that systemic nutrient status has no effect on mucosal atrophy. However, in 3 wk 
old pigs, both feed deprivation and parenteral feeding reduced portal blood flow by about 
40% compared to enteral feeding(259), and in addition, parenteral nutrition resulted in 
mucosal atrophy(201,259). These authors suggested that the parenteral nutrition indirectly 
induced mucosal atrophy due to the decreased systemic nutrient and oxygen supply to the 
small intestine as a result of the decreased blood flow(259). This hypothesis is supported by 
the finding that during feed deprivation the mucosal microcirculation of blood is reduced(251), 
indicating that luminal nutrients not only have a direct stimulating effect on small-intestinal 
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development by luminal nutrient supply, but also an indirect effect through the stimulation 
of systemic nutrient and oxygen supply to the small intestine. According to De Aguilar-
Nascimento, dietary lipids and sugars are effective stimulators of blood flow to the small 
intestine, whereas most protein and peptides only have a mild stimulating effect on 
intestinal blood flow(251). Therefore, the PrD treatment in the experiment reported in 
Chapter 6 may have been less effective in stimulating intestinal blood flow than the StD 
treatment. 

In conclusion, based on the experiment detailed in Chapter 6, the luminal supply of 
protein with dextrose seems to only prevent 50% of the total mucosal atrophy that occurs 
due to feed deprivation after weaning. A luminal supply of carbohydrates only prevented 25% 
of the mucosal atrophy. This effect of carbohydrates may be mainly related to the 
stimulating effect that luminal carbohydrates have on intestinal blood flow, and the 
subsequent systemic nutrient and oxygen supply to the small intestine. Both protein and 
carbohydrates (or energy) are most likely required in sufficient quantities to fully prevent 
mucosal atrophy after weaning. The results reported in Chapter 3 further indicate that 
small-intestinal weight is important for BW gain. However, this study could not clarify 
whether an increase in small-intestinal weight could also improve the digestive capacity of 
the small intestine. 

Nutrition, small-intestinal (dys)function and health 

The growth rate of broilers has increased considerably over the last few decades. As a side 
effect, high producing broilers have become more susceptible to metabolic disorders than in 
the past(5-7). It has been suggested that early embryonic(9) or post-hatch(10) organ 
development is important for growth and for organ functioning. In Chapter 3, it was 
hypothesised that this development of organs early in life may be related to metabolic 
disorders later in life. In this regard the development of the small intestine may be the most 
critical aspect, because the relative weight of this organ increases from 2 to 8% of the BW 
from 0–8 d of age(22).The increase in small-intestinal weight is much higher than of any other 
organ during this phase of life. It was hypothesised that small-intestinal development would 
be important for broiler survival. However, the experiment shown in Chapter 3 indicated 
that there was no relationship between small-intestinal weight development early in life 
and mortality in broilers. In Chapter 3, it was shown that feed intake restriction early in life 
reduced the mortality due to leg problems later in life (Figure 4). In addition, enhanced 
dietary IP concentrations decreased mortality due to leg problems in Ross broilers but not in 
Cobb broilers (Figure 4). In the literature, it has been stressed that the growth reduction of 
broilers early in life, in particular, is very effective for reducing metabolic disorders(8). 
However, in Ross broilers shown in Chapter 3, BW gain was increased in the enhanced IP 
treatments, whereas the mortality due to leg problems decreased. This suggests that the 
decrease in BW gain does not directly prevent metabolic disorders; however, it may be a 
physiological side effect of the reduced BW gain or the feed intake restriction that causes 
the reduction in metabolic disorders. An interesting observation of the study discussed in 
Chapter 3 (data not shown) was that feed intake restriction reduced the relative spleen 
weight at 14 d of age compared to the control treatment (2.1 g/kg BW0.75 vs. 1.5 g/kg BW0.75 ; 
P < 0.05). The spleen is an immunologically active organ. The reduced spleen weight with 
feed intake restriction suggests that feed intake restriction suppresses immune reactivity. In 
agreement with this, others have shown that feed intake restriction modifies immune 
parameters in broilers(260-264). In the human nutrition field, it has been shown that the
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Figure 4. A scheme illustrating the effects of nutrition in Chapters 3, 5, and 6 on small-intestinal paracellular 
barrier function in pigs after weaning and on leg problems of broilers. The effects represent either positive 
health effects (+/+), negative health effects (-/-), or no health effects (+/-). In addition, in Chapter 5 it was 
shown that paracellular barrier function is affected by feed intake level after weaning, but this does not 
correlate with transcellular barrier function. 

immune system and inflammatory responses have an important role in metabolic diseases, 
such as type 2 diabetes and atherosclerosis(265). Similarly, it can be hypothesised that in 
broilers, metabolic disorders, such as ascites and lameness, are related to the negative side 
effects of inflammatory responses. Thus, the effect of feed restriction on the immune 
system may be a crucial factor that suppresses mortality due to ascites and leg problems. In 
addition, metabolites from AA catabolism in mammals have functional properties to control 
the immune system(266). This may explain why enhanced dietary IP concentrations, which 
certainly resulted in higher protein catabolism, were associated with less mortality due to 
leg problems in Ross broilers (Chapter 3). The weak aspect in this suggestion is that the 
enhanced dietary IP concentrations in Chapter 3 showed no reduction in the incidence of 
leg problems in Cobb broilers. Thus, high dietary protein concentrations may be beneficial 
for leg development. However, further studies with more sophisticated measurements are 
required to assess whether this can be reproduced and should clarify the role of the 
immune system in this process. 

The results of the experiment reported in Chapter 5 showed that the paracellular barrier 
function of the small intestine deteriorates when pigs are weaned at 3 wk of age. These 
findings are in agreement with the review reported in Chapter 4

(14,19,267). However, an 
adequate feed intake level after weaning prevents the loss of intestinal barrier function(26). 
Amino acids, particularly glutamine, are the major energy sources of enterocyte(231,232). 
From these studies it can be deduced that the luminal AA supply is especially important for 
the maintenance of small-intestinal barrier function after weaning. Therefore, it was studied 
whether luminal protein can prevent the loss of small-intestinal barrier function after 
weaning (Chapter 6). The paracellular barrier function of the small intestine at 3 d after 
weaning (Figure 4) was similar for both feed deprived and PrD fed pigs. Thus, a luminal 
supply of protein with dextrose does not protect against the loss of barrier function after 
weaning. In contrast, StD intake improved paracellular barrier function of the small intestine 
at 3 d after weaning compared to feed deprived pigs (Figure 4). This indicates that dietary 
starch improves small-intestinal barrier function after weaning, and that protein has no 
substantial effect on small-intestinal barrier function. In the previous section it was 
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mentioned that luminal carbohydrates are a much more potent stimulator of intestinal 
blood flow than most AA(251). Moreover, it has been suggested that sufficient intestinal 
blood flow is essential for mucosal barrier function(251). Hence, the possible stimulating 
effect of carbohydrates on intestinal blood flow may be the reason why starch and not 
protein improved mucosal barrier function after weaning compared to feed deprived pigs in 
the experiment in Chapter 6. Therefore, the level of feed intake after weaning and the type 
of dietary nutrients are important for maintaining small-intestinal barrier function after 
weaning. In addition, the review presented in Chapter 4 showed that weaning stress is a 
critical factor that is related to the compromised paracellular barrier function after weaning. 
Moeser et al.(18) showed that the detrimental effect of weaning stress on intestinal 
paracellular barrier function disappeared when mast cells were blocked. This indicates that 
the loss of intestinal barrier function after weaning is related to detrimental side effects of 
the immune system. The research reported in this thesis did not specifically focus on 
immune parameters. However, based on currently available data from the literature and the 
studies reported here, it can be hypothesised that the negative inflammatory effects of an 
‘uncontrolled’ immune system may be an important factor, which is related to metabolic 
diseases in broilers and intestinal disorders in pigs. Finally, previous studies discussed in 
Chapter 4 indicated that transcellular transport of macromolecules and passive transcellular 
absorption decreases after weaning, and this effect is not clearly age dependent. This may 
reflect a natural intestinal maturation process that is enhanced by the weaning process, and 
may protect the pig from antigen overload. When pigs are weaned at 4 wk of age, the 
paracellular barrier function and active transcellular absorption are clearly less affected by 
weaning compared to weaning at 3 wk of age, which indicates a more mature small 
intestine. This also suggests that these parameters are especially important when studying 
the effect of weaning on small-intestinal function. 

Performance and health in a broader perspective 

It is evident from the research reported in this thesis that broiler performance can be 
improved by increasing dietary AA concentrations to higher concentrations than those 
currently used in practical starter diets. However, this does not hold true for the first 3 d 
after hatch. This phase requires more detailed studies to fully understand why optimal 
dietary AA concentrations seem to be lower in those 3 d than afterward. If this has a 
physiological mechanism, it is likely that the optimal concentrations of other nutrients (e.g. 
fat, minerals, and vitamins) would also be affected. This should be studied in more detail 
during the first days after hatch in order to optimise the performance of broilers. During the 
last decade, several researchers have investigated the potential for improving broiler 
performance by early feeding. With early feeding, the chicks are provided access to feed in 
the hatchery within a few hours after hatch. In addition, a technique for feeding the chick 
while still in the egg (‘in ovo feeding’) has been developed. Both early feeding and in ovo 
feeding have shown an improvement in BW by 5-10% at market age(268). Recently, brooding 
systems have been developed that enable the feeding of broilers immediately or within a 
very short time after hatch. In addition, the broilers can stay in those systems for several 
days after hatch. Thus, the development of these systems that advance feeding of broilers 
at an earlier age is another way to improve overall broiler performance, in addition to diet 
composition. Moreover, it is important to explore the nutritional requirements of the very 
young broiler in order to fully utilise the possibilities of these systems. 
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In general, an increase in BW at 1 or 2 wk of age can be expected to remain stable or 
even multiply by market age. However, it has been shown that an improvement in BW at 
the end of the starter phase sometimes fades by market age when these birds are 
maintained under identical circumstances as control birds after the starter phase. 
Understanding why an improvement in BW at the end of the starter phase remains or even 
increases by market age in some cases, but decreases entirely in other cases, would be a 
tremendous step forward in the improvement of overall broiler performance. In this regard, 
knowledge can be gained from analysing the factors in the realimentation period that 
influence compensatory growth after a period of feed or nutrient restriction. Male birds 
have a more pronounced ability for compensatory growth than female birds, and slow 
growing birds have a greater ability for compensatory growth after a period of growth 
restriction than fast growing birds(134). In addition, the study reported in Chapter 2 showed 
that the response of birds to enhanced dietary protein concentrations in the grower phase 
was more pronounced when birds had been fed low dietary protein concentrations in the 
preceding starter phase. In agreement with this, AA requirements are increased after feed 
intake restriction(161). These 2 findings indicate that compensatory growth after a period of 
feed restriction or less optimal dietary protein concentrations is more pronounced when 
this phase is followed by a high protein diet. Other factors that may influence the effect of 
early life performance improvements on overall performance are the health status, climate 
(ventilation and temperature), and feed texture. However, there are numerous other 
factors that could be involved, and factors such as hatching conditions or broiler breeder 
flock status (age, nutritional status a.o.), for instance, cannot be excluded as variables that 
may have long-term effects. Future studies should aim to identify the most important 
factors and subsequently study and optimise them. 

The work presented in Chapter 3 of this thesis and in the literature shows that feed 
intake restriction early in life is a very effective way of reducing mortality that is related to 
metabolic disorders in broilers(6,8,269). Birds have the potential to compensate for the 
reduction in BW gain, which is mediated by feed intake restriction occurring earlier in life. 
However, compensatory growth is unpredictable, and birds frequently do not fully recover 
the ‘lost weight gain’ by market age(134). In addition to the potential loss in market weight, 
from a management point of view, it is difficult to accurately control the feed intake in 
broiler houses in practice. Thus, metabolic disorders in broilers should ideally be prevented 
by measures other than feed intake restriction. The data in this thesis show that enhanced 
dietary protein concentrations in Ross broilers reduce leg problems (Chapter 3). In this 
Chapter, it was previously suggested that this may be related to the possible manipulation 
of the immune system by metabolites from protein catabolism. Thus, the modulation of the 
immune system may be a way to prevent metabolic disorders in broilers. Other researchers 
have shown that the incubation temperature of the eggs influences the incidence of ascites 
in broilers later in life(270). In addition, in ovo feeding or early feeding systems may 
potentially reduce long-term mortality and morbidity(268). However, specific measures used 
to prevent metabolic disorders may be undone over the long term by changing the genetics 
of the birds, which can cause slight modifications to the genetic defects that are related to 
the disorders. Ideally, these metabolic disorders should be prevented by eliminating the 
genetic defects all together, and other measures should only be used until geneticists can 
solve these problems. 

In pigs after weaning, the initial performance level (predominantly feed intake) and 
health are closely related. The transition from sow milk to solid feed as well as other stress 
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factors results in low feed intake levels (below maintenance) for the first day after weaning 
for nearly all pigs(271). Thus, after weaning, it is important for both performance and health 
to stimulate feed intake and to give pigs the best possible nutritional support. From a 
nutritional point of view, pigs with no or a low feed intake can only be supported by 
supplementing the water with nutrients. The work reported here has shown that protein is 
relatively unimportant with respect to supporting the barrier function of the small intestine 
(Chapter 6). In contrast, it seems that sufficient energy intake, specifically through highly 
digestible carbohydrates, can at least partially prevent the loss of intestinal barrier function. 
Further studies should define minimum intake levels for this supportive function and should 
also assess the effects of other nutrients (e.g. minerals, specific AA, or specific bioactive 
substances). Measures taken around the time of weaning should attempt to smooth the 
transition from sow milk to solid feed in order to stimulate feed intake after weaning. In 
addition to the composition and physical form (mash, crumble, micrum, pellet, gruel) of 
feed, several management factors have a major influence on feed intake after weaning, 
including weaning age, climate, water supply, housing, light schedule. Weaning at 4 wk 
instead of 3 wk of age does not only improve small-intestinal barrier function, absorptive 
function, and architecture after weaning (Chapters 1 and 4), but also increases feed intake 
after weaning. This is nicely illustrated by the data of Brooks et al.

(16) who showed that 
piglets weaned at 3 wk of age consumed hardly any feed before weaning, whereas piglets 
weaned at 4 wk of age consumed in excess of 100 g/d during the last days before weaning. 
However, increasing the weaning age limits the number of litters that can be produced per 
year. Combining an older weaning age with intermittent suckling can ensure that pigs have 
feed intake levels above maintenance immediately after weaning (5 wk of age). In addition, 
this prevents small-intestinal atrophy after weaning(247). With intermittent suckling, the sow 
is separated from the piglets for 10 h/d for a period starting at least 1 wk before weaning. 
After a week, this procedure induces ovulation in the sow, which consequently reduces the 
numbers of days lost between farrowings. However, in practice this is a very labour 
intensive system. Therefore, the current procedure of weaning at 4 wk of age with high 
quality diets seems to be the most realistic and practical solution. Combining this approach 
with nutritional support in the drinking water for pigs with a low feed intake may be the 
best solution to alleviate potential weaning problems. This is the best compromise for a 
smooth weaning process and an economical method of farming. Weaning pigs at an older 
age than 4 wk is currently not realistic from an economic point of view, but may be enforced 
in the future. 

Suggestions for further study 

Based on the findings of this thesis, 3 areas are suggested for further study. First, it is 
important to improve our understanding of the physiological nutrient needs in broilers 
during the first 6 d immediately after hatch. These needs seem to change markedly over a 
short time frame, and few studies have explored this area. Second, the role of the 
detrimental effects of an over or incorrectly stimulated immune system on animal health 
should be investigated in both young broilers and pigs after weaning. Third, the impact of 
optimal nutritional support through drinking water to pigs after weaning with no or a low 
feed intake should be investigated in more detail. With this respect, in this thesis research 
was initiated to explore the role of carbohydrate and protein. 
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Conclusions  

The objective of this thesis was to improve small-intestinal development and performance 
of pigs after weaning and young broilers by optimising the nutrient composition of the diet.  
 
The first aim was to gain more insight into the anatomical and functional changes of the 

small intestine after hatch in broilers and after weaning in pigs.  

The literature review presented in Chapter 1 showed that villous heights increase with 
age in broilers and decrease with age in pigs, indicating a more efficient nutrient absorption 
over time in broilers. In broilers during the first week after hatch, high duodenum weights 
coincide with a high BW gain (Chapter 3), indicating that the small-intestinal development 
facilitates a high BW gain. However, from the results in the current thesis, it cannot be 
concluded whether higher duodenum weights cause higher BW or are the result of a higher 
BW. Paracellular barrier function deteriorates in pigs after weaning (Chapter 4 and Chapter 

5). In line with this, bacterial translocation also increased over time after weaning (Chapter 

5). However, paracellular barrier function after weaning did not correlate with transcellular 
barrier function for macromolecules and with bacterial translocation (Chapter 5). 
Transcellular barrier function improves and passive transcellular absorption of the small 
intestine decreases in pigs after weaning. This suggests that weaning enhances the 
maturation process of the small intestine (Chapter 4). Therefore, in general the disturbance 
of the barrier function after weaning is restricted to tight junctions, and transcellular barrier 
function may even be improved after weaning. This thesis provides insight into both the 
anatomical and functional changes of the small intestine after weaning in pigs. However, 
this thesis does not provide clear insight into the functional changes of the small intestine 
after hatch in broilers. 
 

The second aim was to investigate the effect of the level of feed intake and the effect of 

protein nutrition on performance, small-intestinal development, and health in broilers after 

hatch and pigs after weaning. 

It was shown that the effects of enhanced IP concentrations in the starter diet on BW 
gain of broilers are more prominent than the effects of enhanced IP concentrations in the 
grower and finisher diets (Chapter 2). Moreover, a more detailed study of the starter phase 
showed that G:F and BW gain responses to enhanced dietary IP concentrations during the 
first 3 d after hatch were substantially lower than in the consecutive 3 d (Chapter 3). This 
highlights the importance of studying the physiological requirements during these first 3 d 
after hatch in more detail in future studies (Chapter 3). Mortality in relation to leg problems 
was markedly decreased due to feed intake restriction early in life (Chapter 3). This has 
been previously shown in the literature, and other researchers have assumed that the 
reduced mortality relates to a reduction in metabolic rate early in life. However, as shown in 
the data in Chapter 3, enhanced dietary IP concentrations fed to Ross 308 broilers increased 
BW gain early in life, and thus increased the metabolic rate of the broilers while 
concomitantly decreasing mortality due to leg problems. This suggested that a physiological 
mechanism other than metabolic rate is involved in the reduced observed reduction in 
mortality. The research reported in this thesis shows that dietary protein is a potent 
stimulator for growth of the proximal small intestine in broilers and of the intestinal mucosa 
in pigs (Chapter 3 and Chapter 6). Adequate feed intake levels after weaning prevent the 
loss of paracellular barrier function of the small intestine (Chapter 4). Although mucosal 
mass of the small intestine in pigs was enhanced by dietary protein, it did not support the 
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maintenance of paracellular barrier function of the small intestine after weaning (Chapter 6). 
This shows that mucosal mass and luminal protein is of minor importance for intestinal 
barrier function in pigs after weaning (Chapter 6). In contrast, luminal carbohydrate supply 
or energy level is important for maintaining small-intestinal barrier function (Chapter 6). 
Thus, this thesis provides substantial insight into the nutritional requirements needed to 
optimise performance, small-intestinal function, and health in broilers after hatch and in 
pigs after weaning. In addition, this thesis has identified areas that will require more 
detailed study with respect to the nutrition of pigs after weaning and broilers after hatch. 
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Summary 

The second half of the 20th century saw a tremendous increase in the performance level of 
meat-type animals, such as broilers and pigs, especially due to genetic improvements. For 
broilers, the time from hatch to a body weight (BW) of about 1.8 kg decreased from 100 d in 
the 1950s to 30 d in the 2000s. Similarly, but to a lesser extent, the average daily gain in pigs 
nearly doubled between the years 1900 and 2000, with the major gains being achieved after 
1950. Consequently, for pigs, the time from birth to a BW of 120 kg decreased from about 
340 d in the 1900s to 170 d in the 2000s. These data show that the relative importance of 
the first weeks of life has tripled for broilers over a period of about 50 years and has 
doubled for pigs over a period of 100 years. As such, the relative importance of animal 
husbandry and nutrition during the first weeks after weaning and after hatch, with respect 
to total life time performance, has increased considerably over the past 50 years. This 
process is likely to continue over the next several decades. In parallel with the improved 
performance, broilers have also become more susceptible to ascites and leg problems. For 
pigs, the weaning age has decreased from about 8 wk in the 1950s to 3 to 4 wk today. 
Weaning pigs at such a young age is associated with abrupt social, environmental and 
dietary changes, which results in high levels of stress. About ten percent of pigs do not 
ingest any feed during the first 48 h after weaning, and most others have a low feed intake. 
As a result, pigs are highly susceptible to enteric diseases and infections after weaning. 

Many physiological, nutritional, and environmental changes occur early in life of broilers 
and pigs. These changes are most marked in the small-intestinal architecture, weight, and 
function. Previous research that was discussed in Chapter 1 showed that in broilers, the 
relative small-intestinal weight and villous height increase rapidly during the first week after 
hatch. After this first week, the relative weight decreases gradually, but the villous height 
continues to increase. At 4 d after weaning, villous height in pigs decreases to about 60% of 
the pre-weaning height. Two weeks after weaning, the height recovers to similar values as 
in unweaned control animals independent of the weaning age. Small-intestinal development 
after weaning and after hatch consistently deteriorates at low feed intake levels. In addition, 
small-intestinal weights and villous height are stimulated by dietary protein. This is more 
pronounced during the first 2 wk after hatch or weaning than it is later in life. The 
fundamental functions of the small intestine are to ensure nutrient absorption, to provide a 
barrier against potential harmful bacteria and toxins, and to contribute to overall health as 
the biggest immunological organ in the body. As such, many health problems can occur or 
may have their origin early in the life of these animals when the small-intestinal function is 
still developing. This stresses the importance to applying an optimal nutritional strategy in 
these phases of life to achieve optimal small-intestinal development. 

Nutrient requirement studies conducted on these animals have largely overlooked the 
very young animal (first weeks after hatch or after weaning). It is therefore logical that there 
are still gaps in our knowledge of the nutrition of these animals during this particular stage 
of life. This makes it likely that the performance of these meat type animals can be further 
improved at a very young age by optimising the nutrition. However, in consideration of the 
many health problems in these animals and the large changes in small-intestinal 
architecture and function, nutrient requirement studies in these phases in broilers and pigs 
should not only focus on the aspects of efficient production, but should also pay attention 
to health and organ function. The objective of this thesis is to improve intestinal 
development and performance of pigs after weaning and young broilers by optimising the 
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nutrient composition of the diet. The first aim is to gain more insight into the anatomical 
and functional changes of the small intestine after hatch in broilers and after weaning in 
pigs. The second aim is to investigate the effect of the level of feed intake and the effect of 
protein nutrition on performance, small-intestinal development, and health in broilers after 
hatch and pigs after weaning. For broilers, the studies reported in this thesis concentrate on 
the further improvement of performance and suppression of metabolic disorders in high 
performing birds. For pigs after weaning, the focus is on the optimal nutritional support for 
intestinal barrier and absorption functions of pigs at low levels of feed intake. 

In the experiments reported in Chapter 2, the amino acid (AA) requirements to maximise 
BW gain and gain to feed ratio (G:F) in broilers were studied. To evaluate this, an ideal 
protein (IP) dose response in the starter phase and factorial arrangements combining 
adequate or high IP concentrations in starter and grower diets with low, adequate, or high 
IP concentrations in finisher diets were carried out with male and female broilers. Enhanced 
dietary IP concentrations in the starter diet increased BW gain in the starter phase and in 
the consecutive grower phase. Moreover, it was shown that the effects of enhanced IP 
concentrations in the starter diet on BW gain of broilers were more marked than the effects 
of enhanced IP concentrations in the grower and finisher diets. 

An experiment was subsequently designed to study the effects of enhanced dietary IP 
concentrations in the starter phase and feed intake restriction early in life in more detail 
(Chapter 3). A control treatment (100% IP) was compared with a treatment with 30% extra 
IP, a treatment with a daily adjustment of the dietary AA concentration and profile, and a 
feed restriction treatment. The protein treatments were applied from 0–14 d of age. The 
feed restriction was applied from 4–21 d of age. The restriction was 15% from d 4–14 of age 
and diminished with equal daily steps thereafter to 5% at 21 d of age. The birds were 
weighed and dissected for evaluation of the small intestine weights at 6, 9, 14, and 36 d of 
age. In agreement with the studies in Chapter 2, BW gain in the starter phase and in the 
consecutive grower phase was substantially improved by enhanced IP concentrations in the 
starter diet. Moreover, the results showed that the birds hardly responded in terms of BW 
gain to dietary IP increment during the first 3 d after hatch. However, in the next 
consecutive 3 d, BW gain improved substantially with enhanced dietary IP concentrations. In 
addition, increasing the dietary IP concentrations by 30% improved G:F during the first 3 d 
after hatch by only 8%, whereas in the next 3 consecutive days, G:F was improved by 20% 
with this treatment. These results showed that with respect to the fine tuning of the diet, 
the first 3 d after hatch can be considered as a separate time period in order to maximise 
performance and nutrient efficiency. This highlights the importance of studying the 
physiological requirements during these first 3 d after hatch in more detail in future studies. 
A 30% increase in dietary IP increased the duodenum weight between 6 and 9 d of age. This 
was not further increased by the daily optimisation of the dietary AA concentration and 
profile. The increased duodenum weights coincided with an improved BW gain. This 
indicates that duodenum weight may be important in facilitating BW gain in young broilers. 
However, it is not possible to conclude whether the enhanced dietary IP concentrations 
stimulated small-intestinal development with a subsequent effect on BW gain, or whether 
the enhanced BW gain has stimulated the small-intestinal development.  

Mortality in relation to leg problems was markedly decreased due to feed intake 
restriction early in life (Chapter 3). In addition, enhanced dietary IP concentrations 
decreased mortality due to leg problems in Ross broilers, but not in Cobb broilers. In the 
literature, it has been assumed that growth reduction of broilers early in life is particularly 
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effective in reducing metabolic disorders. However, as shown in Chapter 3, BW gain 
increased with the enhanced IP treatments for Ross broilers, whereas mortality due to leg 
problems decreased. This suggests that the decrease in BW gain does not directly prevent 
metabolic disorders in broilers given restricted feed. However, it may be a physiological side 
effect of the reduced BW gain or of the feed intake restriction that causes the reduction in 
metabolic disorders. The feed intake restriction reduced the relative spleen weight, and the 
spleen is an immunological active organ. Therefore, this finding suggests that feed intake 
restriction suppresses immune reactivity. In the human nutrition field, the immune system 
and inflammatory responses have been shown to have an important role in metabolic 
diseases, such as type 2 diabetes and atherosclerosis. Similarly, it can be hypothesised that 
metabolic disorders, such as ascites and lameness, are related to the negative side effects of 
inflammatory responses in broilers.  

In Chapter 4, data from the literature with respect to the small-intestinal barrier and 
absorptive function of pigs after weaning were discussed. Paracellular barrier function 
(barrier function of the tight junctions) and active absorption decrease when pigs are 
weaned at 3 wk of age or earlier. However, when weaned at 4 wk of age or later, the barrier 
function is less affected, and active absorption is not affected or is increased, indicating a 
more mature small intestine. The transcellular transport of macromolecules as well as 
passive transcellular absorption decreases after weaning. This may reflect a natural 
intestinal maturation process that is enhanced by the weaning process, which prevents the 
pig from an antigen overload. Therefore, in general the disturbance of the barrier function 
after weaning is restricted to the tight junctions, and transcellular barrier function may even 
be improved after weaning. In addition, other studies have shown that the detrimental 
effect of weaning stress on intestinal paracellular barrier function disappeared when mast 
cells were blocked. This suggests that the immune-system has a negative effect on small-
intestinal barrier function after weaning. Moreover, the review presented in Chapter 4 
showed that adequate feed intake levels after weaning prevent the loss of the small-
intestinal barrier function. 

The experiment described in Chapter 5 was designed to study the barrier function of the 
small intestine of pigs over time after weaning. The aim was to relate paracellular barrier 
function (measured by lactulose recovery in the urine) with macromolecular transport 
[measured by horseradish peroxidase (HRP) using Ussing chambers] and bacterial 
translocation to assess whether lactulose recovery is related to possible causes of infection 
and disease. Forty barrows were weaned (d 0) at a mean age of 19 d, fitted with urine 
collection bags, and individually housed. Pigs were dosed by oral gavage with a marker 
solution containing lactulose (disaccharide) and the monosaccharides L-rhamnose, 3-O-
methylglucose, and D-xylose at 2 h and at 4, 8, and 12 d after weaning. The day after each 
permeability test, the intestines of 10 pigs were dissected to determine bacterial 
translocation to the mesenteric lymph nodes and jejunal permeability for HRP in Ussing 
chambers. Recovery of lactulose in the urine was greater at 4, 8, and 12 d after weaning 
compared with the first day after weaning, and was negatively correlated with feed intake. 
The mean translocation of aerobic bacteria to the mesenteric lymph nodes was greater at 5 
and 13 d after weaning compared with d 1. Although both lactulose recovery and bacterial 
translocation increased over time after weaning, lactulose recovery did not correlate with 
the permeability for HRP or bacterial translocation within a pig. Therefore, it was concluded 
that lactulose recovery in the urine of pigs after weaning is not associated with risk factors 
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for infection. However, it does appear to be possible to measure paracellular barrier 
function with orally administered lactulose in pigs shortly after weaning. 

The results of the study reported in Chapter 5 and other studies in the literature have 
shown that low feed intake in pigs after weaning is associated with villous atrophy and with 
the loss of small-intestinal barrier function. It is assumed that these effects of low feed 
intake on small-intestinal integrity are due to the low energy intake of the pigs. However, 
there are no studies that have distinguished between the effects of non-protein energy and 
protein on the small-intestinal architecture and barrier function. In the study presented in 
Chapter 6, the effects of feed deprivation (FD) for 4 d after weaning was compared with 
feeding either starch and dextrose (StD) or protein and dextrose (PrD). Small-intestinal 
mucosal weight was determined at 4 d after weaning, and small-intestinal barrier function 
was measured by urinary lactulose recovery after an intragastrical dose at 3 d after weaning. 
Mucosa weights were greater for the PrD pigs compared to the FD pigs, while the mucosal 
weight of the StD pigs was intermediate. Lactulose recovery was lower for the StD pigs than 
for the FD pigs and was not significantly different between PrD and FD pigs. Thus, dietary 
protein with dextrose stimulates an increase in mucosal weight. However, protein does not 
have a substantial effect on small-intestinal barrier function, whereas dietary starch 
improves small-intestinal barrier function. This suggests that at low feed intake, dietary 
protein concentrations after weaning are of minor importance for small-intestinal barrier 
function. 

In conclusion, the research reported in this thesis shows that enhancing dietary IP 
concentrations in broiler starter diets are highly effective in stimulating overall broiler 
performance. Moreover, dietary protein is a potent stimulator for growth of the proximal 
small intestine in broilers and of the small-intestinal mucosa in pigs. In young broilers, a 
greater relative small-intestinal weight is associated with a greater BW gain. However, this 
thesis does not provide clear insight into the functional changes of the small intestine in 
broilers after hatch. Although mucosal mass of the small intestine in pigs was enhanced by 
dietary protein, this did not support the maintenance of barrier function of the tight 
junctions of the small intestine after weaning. This shows that mucosal mass and luminal 
protein are of minor importance for small-intestinal barrier function in pigs after weaning. In 
contrast, luminal carbohydrate supply or energy level is highly important for maintaining 
small-intestinal barrier function. 

Based on the findings of this thesis, 3 areas are suggested for further study. First, it is 
important to improve our understanding of the physiological nutrient needs in broilers 
during the first 6 d immediately after hatch. These needs seem to change markedly over a 
short time frame, and few studies have explored this area. Second, the role of the 
detrimental effects of an over or incorrectly stimulated immune system on animal health 
should be investigated in both young broilers and pigs after weaning. Third, the impact of 
optimal nutritional support through drinking water to pigs after weaning with no or a low 
feed intake should be investigated in more detail. With this respect, in this thesis research 
was initiated to explore the role of carbohydrate and protein. 
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Samenvatting  

Tijdens de tweede helft van de 20e eeuw is het prestatieniveau van vleeskuikens en varkens 
enorm toegenomen. Deze verbeterde dierprestaties zijn vooral gerelateerd aan genetische 
veranderingen. Voor vleeskuikens is de tijd tussen de uitkomst van het ei en het bereiken 
van een lichaamsgewicht van ongeveer 1,8 kg afgenomen van 100 dagen in de jaren-50 tot 
30 dagen in 2000. Idem, maar in mindere mate, is de gemiddelde daggroei bij varkens bijna 
verdubbeld tussen het begin en het einde van de vorige eeuw, waarbij het merendeel van 
de verbeterde groei is gerealiseerd in de tweede helft van de eeuw. Als gevolg hiervan is 
voor varkens de tijd vanaf de geboorte tot een lichaamsgewicht van 120 kg gedaald van 
ongeveer 340 dagen in het jaar 1900 tot ongeveer 170 dagen in 2000. Deze gegevens tonen 
aan dat het relatieve belang van de eerste weken van het leven (uitgedrukt als percentage 
van de totale levensduur) voor vleeskuikens is verdrievoudigd over een periode van 
ongeveer 50 jaar en dat voor varkens dit belang is verdubbeld over een periode van 
ongeveer 100 jaar. Hierdoor is het belang van de verzorging en voeding van deze dieren 
tijdens de eerste weken na het spenen (het verwijderen van de zeug van de biggen) en na 
de uitkomst, m.b.t. de prestaties tijdens de totale levensduur, in de afgelopen 50 jaar sterk 
toegenomen. Dit proces zal zich waarschijnlijk voortzetten in de komende decennia. De 
verbeterde dierprestaties van vleeskuikens is echter samengegaan met een hogere 
gevoeligheid voor buikwaterzucht en pootproblemen. Voor varkens is de speenleeftijd 
gedaald van ongeveer 8 weken in de jaren-50, tot 3 à 4 weken op dit moment. Het spenen 
van varkens op een dergelijk jonge leeftijd valt samen met abrupte sociale-, milieu- en 
voerveranderingen, wat resulteert in een hoge mate van stress. Ongeveer tien procent van 
de varkens vreet niet gedurende de eerste 48 uur na het spenen en de meeste andere 
varkens hebben een lage voeropname. Als gevolg hiervan zijn varkens na het spenen zeer 
gevoelig voor darmziekten en infecties. 

Bij jonge vleeskuikens en varkens vinden vele fysiologische-, voedings- en 
milieuveranderingen plaats. Deze veranderingen zijn het opvallendst in de vlokken, het 
gewicht en de functie van de dunne darm. Uit een literatuurstudie, die is beschreven in 
hoofdstuk 1, bleek dat bij vleeskuikens het relatieve gewicht van de dunne darm (als 
percentage van het totale lichaamsgewicht) en de hoogte van de darmvlokken snel stijgt 
tijdens de eerste week na de uitkomst. Na deze eerste week neemt het relatieve gewicht 
van de dunne darm geleidelijk af, maar blijft de hoogte van de darmvlokken toenemen. Vier 
dagen na het spenen is bij varkens de hoogte van de darmvlokken afgenomen tot ongeveer 
60% van de hoogte vlak voor het spenen. Twee weken na het spenen is de hoogte van de 
darmvlokken weer hersteld naar een niveau gelijk aan dat van niet-gespeende 
controledieren. Dit herstel t.o.v. niet-gespeende controledieren is onafhankelijk van de 
speenleeftijd van de biggetjes. Bij lage voeropnameniveaus na het spenen of na de uitkomst 
blijft de ontwikkeling van de dunne darm achter bij de ontwikkeling van de dunne darm van 
goed vretende dieren. Het relatieve gewicht van de dunne darm en de hoogte van de 
darmvlokken worden gestimuleerd door verhoging van het eiwitniveau in het voer. Deze 
effecten van eiwit en voeropname niveau zijn duidelijker tijdens de eerste 2 weken na de 
uitkomst of na het spenen dan later in het leven. De dunne darm heeft 3 belangrijke 
functies; (1) het absorberen van voedingsstoffen; (2) voorkomen dat potentiële schadelijke 
bacteriën en gifstoffen het lichaam binnendringen; (3) als het grootste immunologische 
orgaan in het lichaam, zorg dragen voor de algemene gezondheid van het dier. Hieruit volgt 
dat vele gezondheidsproblemen optreden of hun oorsprong vinden in het vroege leven van 
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kuikens en biggetjes, als de dunne darm nog in ontwikkeling is. Dit benadrukt het belang van 
een optimale voedingsstrategie in deze levensfasen voor het behalen van de best mogelijke 
ontwikkeling van de dunne darm.  

Studies voor het bepalen van de behoefte aan voedingstoffen bij deze dieren zijn 
grotendeels voorbijgegaan aan de zeer jonge dieren (de eerste weken na de uitkomst of na 
het spenen). Het is dus logisch dat er nog steeds leemten zijn in onze kennis over de voeding 
van kuikens en biggen in deze levensfase. Dit maakt het waarschijnlijk dat de prestaties van 
jonge vleeskuikens en biggen nog verder kan worden verbeterd door het optimaliseren van 
de voeding. Men zou echter rekening moeten houden met de vele gezondheidsproblemen 
bij deze dieren en de grote veranderingen in de darmvlokken en de functie van de dunne 
darm. Daarom zouden studies naar de behoefte van voedingsstoffen in deze levensfase bij 
kuikens en biggen zich niet uitsluitend moeten richten op efficiënte productie, maar ook op 
de gezondheid van de dieren en de functionaliteit van de organen. Dit proefschrift beoogde 
om de ontwikkeling van de dunne darm en de prestaties van biggen na het spenen en van 
jonge vleeskuikens na de uitkomst te verbeteren door het optimaliseren van het aanbod van 
voedingstoffen. Het eerste doel was om meer inzicht te krijgen in de veranderingen van de 
structuur en het functioneren van de dunne darm in deze levensfasen. Het tweede doel was 
om het effect van voeropnameniveau en het effect van eiwitvoeding op dierprestaties, 
ontwikkeling van de dunne darm en diergezondheid te onderzoeken in deze dieren. Bij 
vleeskuikens concentreerden de studies in dit proefschrift zich op verdere verbetering van 
de prestaties en het onderdrukken van stofwisselingsstoornissen bij kuikens op een hoog 
prestatieniveau. Voor varkens na het spenen lag de nadruk op het met de juiste 
voedingsstoffen ondersteunen van de barrièrefunctie (tegenhouden van schadelijke stoffen 
en bacteriën) en de absorptiefunctie van de dunne darm bij varkens met een laag 
voeropname niveau.  

In de experimenten die beschreven zijn in hoofdstuk 2 zijn de aminozuurbehoeften bij 
kuikens onderzocht om groei en voerefficiëntie (gram groei per gram voer) te maximaliseren. 
Hierbij zijn oplopende gehalten van een uitgebalanceerd eiwit profiel (optimale aminozuur 
profiel voor de groei van de kuikens) in het voer in de startfase (0–2 weken leeftijd) getest. 
Daarnaast is een factoriële opzet getest met een standaard of hoog gehalte van een 
uitgebalanceerd eiwit profiel (voor vereenvoudiging zal hieronder dit worden aangegeven 
met “eiwit”) in het startvoer en groeivoer (2–4 weken leeftijd) en een laag, standaard, of 
hoog eiwit gehalte in het afmestvoer (4–5 weken leeftijd) bij zowel mannelijke als 
vrouwelijke vleeskuikens. Het verhogen van het eiwit gehalte in het startvoer verbeterde de 
groei van de kuikens in de startfase en in de opvolgende groeifase. Bovendien werd 
aangetoond dat de effecten op groei van een hoog eiwit gehalte in het startvoer meer 
uitgesproken zijn dan de effecten van een hoog eiwit gehalte in het groeivoer en afmestvoer. 

Vervolgens is een experiment opgezet waarbij de effecten van een verhoging van het 
gehalte van het uitgebalanceerde eiwit profiel (wederom aangegeven als “eiwit”) in het 
startvoer en het effect van voeropname beperking bij jonge kuikens in meer detail is 
bestudeerd (hoofdstuk 3). Een controle behandeling (standaard eiwit gehalte) werd 
vergeleken met een behandeling met 30% extra eiwit, een behandeling met dagelijkse 
aanpassing van de aminozuurgehalten en het aminozuurprofiel in het voer en een 
behandeling met beperking van de dagelijkse voergift. De voeropname beperking werd 
toegepast van 4–21 dagen leeftijd. De beperking was 15% van 4–14 dagen leeftijd en werd 
verminderd met gelijke dagelijkse stappen naar 5% op 21 dagen leeftijd. Deze 
behandelingen werden zowel bij Ross als bij Cobb kuikens toegepast omdat deze rassen 
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verschillen in de gevoeligheid voor pootproblemen. Op 6, 9, 14 en 36 dagen leeftijd werden 
de kuikens gewogen en werden de gewichten van de dunne darm bepaald. In lijn met de 
proeven in hoofdstuk 2 werd de groei in de startfase en de groei in de opvolgende groeifase 
aanzienlijk verbeterd door het verhoogde eiwit gehalte in het startvoer. De kuikens bleken 
in de eerste 3 dagen van de startfase nauwelijks harder te groeien op het voer met het 
verhoogde eiwitgehalte t.o.v. het controlevoer. Echter, in de opvolgende 3 dagen 
verbeterde de groei aanzienlijk met een hoger eiwitgehalte in het voer. Bovendien 
resulteerde het met 30% verhogen van het eiwitgehalte in het voer tot een 8% betere 
voerefficiëntie in de eerste 3 dagen van de startfase, terwijl dit in de eerst volgende 3 dagen 
een verbetering van maar liefst 20% gaf. Dit toonde aan dat voor het optimaliseren van het 
voer om de efficiëntie en de dierprestaties te maximaliseren, men de eerste 3 dagen na de 
uitkomst moet zien als een aparte periode. Dit benadrukt het belang om de behoeften aan 
voedingsstoffen gedurende deze eerste 3 dagen na de uitkomst in meer detail te 
onderzoeken. Dertig procent extra eiwit in het voer verhoogde het dunne darm gewicht op 
6 en 9 dagen leeftijd. Het toegenomen dunne darm gewicht ging samen met een verhoging 
van het lichaamsgewicht. Dit is een indicatie dat het dunne darm gewicht van belang kan 
zijn voor het tot stand komen van deze hogere lichaamsgewichten. Het is echter niet 
mogelijk te concluderen of het verhoogde eiwitgehalte in het voer de dunne darm 
ontwikkeling heeft gestimuleerd met als gevolg een hoger lichaamsgewicht, of dat juist het 
hogere lichaamsgewicht de ontwikkeling van de dunne darm heeft gestimuleerd. 

De aan pootproblemen gerelateerde sterfte was sterk gedaald als gevolg van 
voeropname beperking bij vleeskuikens (hoofdstuk 3). Bovendien daalde de sterfte ten 
gevolge van pootproblemen in Ross vleeskuikens, maar niet in Cobb vleeskuikens als gevolg 
van een hoger eiwit gehalte in het voer. In de literatuur werd tot op heden aangenomen dat 
voornamelijk de verminderde groei van vleeskuikens tijdens het vroege leven zeer effectief 
is in het verminderen van stofwisselingsstoornissen. In hoofdstuk 3 bleek echter dat voor 
Ross vleeskuikens de groei toenam als het eiwitgehalte in het voer werd verhoogd, terwijl 
de sterfte ten gevolge van pootproblemen afnam door deze behandeling. Dit suggereert dat 
het niet direct de lagere groei is die zorgt voor een vermindering van 
stofwisselingsproblemen bij de kuikens met voeropname beperking. Het kan een 
fysiologisch neveneffect zijn van de lagere groei of de lagere voeropname die zorgt voor 
minder stofwisselingsproblemen. De voeropname beperking verminderde het relatieve 
gewicht van de milt en de milt is een immunologisch actief orgaan. Dit suggereert dus dat de 
voeropname beperking de activiteit van het immuunsysteem onderdrukt. In de literatuur is 
aangetoond dat het immuunsysteem en ontstekingsreacties een belangrijke rol spelen bij 
stofwisselingsziekten zoals aderverkalking en suikerziekte. Zo kan ook worden verondersteld 
dat bij vleeskuikens stofwisselingsaandoeningen, zoals buikwaterzucht en pootproblemen 
mogelijk gerelateerd zijn aan de negatieve neveneffecten van ontstekingsreacties. 

In hoofdstuk 4 is de beschikbare literatuur besproken die betrekking heeft op de 
barrière- en absorptiefunctie van de dunne darm van varkens na het spenen. De 
barrièrefunctie tussen de cellen van het darmepitheel (laatste laag cellen die de scheiding 
vormt tussen de darminhoud en de rest van het lichaam) en de actieve absorptie van 
voedingsstoffen (opname van voedingsstoffen die gereguleerd wordt door specifieke 
transportsystemen in de epitheelcellen) nemen af wanneer varkens worden gespeend op 
een leeftijd van 3 weken of jonger. De barrièrefunctie wordt echter in mindere mate 
aangetast door het speenproces als de varkens gespeend worden op een leeftijd van 4 
weken of ouder. Daarnaast wordt op deze hogere speenleeftijd de actieve absorptie van 
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voedingsstoffen na het spenen niet beïnvloed of gaat zelfs omhoog na het spenen. Deze 
waarnemingen wijzen erop dat de dunne darm bij 4 weken oude biggen meer gerijpt is dan 
bij 3 weken oude biggen. Na het spenen daalt meestal de opnamen van grote moleculen 
door het membraam van de epitheelcellen en daalt de passieve absorptie (opname van 
voedingstoffen door de epitheelcellen door willekeurige beweging van de voedingsstoffen). 
Dit kan wijzen op een natuurlijk darmrijpingsproces dat wordt versterkt door het 
speenproces en voorkomt dat het varken wordt overbelast met antigenen (moleculen die 
een afweerreactie kunnen opwekken). Dus meestal lijkt de verstoring van de barrièrefunctie 
van de darm zich te beperken tot de tussen-cel barrièrefunctie. De barrièrefunctie van de 
membraam van de epitheelcellen lijkt zelfs te verbeteren na het spenen. Uit de literatuur 
bleek ook dat het schadelijke effect van speenstress op de tussen-cel barrièrefunctie 
verdween als de werking van mestcellen (specifieke immuuncellen) chemisch werd 
geblokkeerd. Dit suggereert een negatieve rol van het immuunsysteem met betrekking tot 
de verstoorde barrièrefunctie van de dunne darm na het spenen. Bovendien bleek uit de 
literatuur dat de barrièrefunctie van de dunne darm na het spenen niet wordt aangetast als 
de voeropname voldoende hoog is. 

De proef die is beschreven in hoofdstuk 5 was ontworpen om de barrièrefunctie van de 
dunne darm in de tijd na het spenen te onderzoeken. Het doel van de proef was om te 
kijken of de doorlaatbaarheid van de dunne darm voor lactulose (een dubbelsuiker) 
gerelateerd is aan mogelijke oorzaken van infecties en ziekten. Daarom is de 
doorlaatbaarheid voor lactulose vergeleken met de doorlaatbaarheid van de darm voor een 
een peroxidase-enzym uit mierikswortel (een groot molecuul) en met de aanwezigheid van 
bacteriën in de lymfeklieren van de dunne darm en in de lever. De varkens kregen op 2 uur 
en op 4, 8 en 12 dagen na het spenen via een sonde een oplossing met lactulose toegediend. 
Vervolgens werd de urine over een periode van een dag verzameld om te kijken hoeveel van 
de toegediende lactulose in de urine terecht was gekomen. De hoeveelheid lactulose in de 
urine is een maat voor de doorlaatbaarheid van de darm voor lactulose. De dag na elke 
lactulose-test werden 10 varkens gedood om de aanwezigheid van bacteriën in de 
lymfeklieren en in de lever te bepalen en om in het laboratorium de doorlaatbaarheid van 
een stukje van de dunne darm voor het het peroxidase-enzym te bepalen. Op 4, 8 en 12 
dagen na het spenen zat er meer lactulose in de urine dan op de eerste dag na het spenen. 
De hoeveelheid lactulose in de urine bleek hoger te zijn bij dieren met een lage voeropname 
dan bij dieren met een hoge voeropname. Het aantal zuurstofbehoevende bacteriën in de 
lymfklieren was groter op 5 en 13 dagen na het spenen dan op de eerste dag na het spenen. 
De hoeveelheid lactulose in de urine bleek geen relatie te vertonen met de 
doorlaatbaarheid van de dunne darm voor het peroxidase-enzym en ook niet met de 
hoeveelheid bacteriën in de lymfeklieren en in de lever. Hoewel zowel de hoeveelheid 
lactulose in de urine als het aantal bacteriën in de lymfeklieren na het spenen toenemen, 
vertoonde de hoeveelheid lactulose in de urine binnen de biggen geen relatie met de 
hoeveelheid bacteriën in de lymfeklieren en de lever en met de doorlaatbaarheid van de 
darm voor het peroxidase-enzym. Daarom werd geconcludeerd dat de doorlaatbaarheid van 
de darm voor lactulose na het spenen niet direct gerelateerd is aan risicofactoren voor 
infecties. 

Uit de resultaten van de proef die is beschreven in hoofdstuk 5 en uit gegevens in de 
literatuur is gebleken dat een lage voeropname bij varkens na het spenen samengaat met 
de afbraak van darmvlokken en met een verslechtering van de barrièrefunctie van de dunne 
darm. Verondersteld wordt dat deze negatieve effecten van lage voeropname op de 



 

 Samenvatting 127 

kwaliteit van de dunne darm zijn te wijten aan de lage energieopname van de varkens. Er is 
echter geen literatuur die onderscheid maakt tussen de effecten van niet-eiwit energie en 
eiwit op de vlokken en op de barrièrefunctie van de dunne darm. In de proef die is 
beschreven in hoofdstuk 6 zijn de effecten van voeronthouding voor een periode van 4 
dagen na het spenen vergeleken met het voeren van zetmeel met dextrose of eiwit met 
dextrose. Het gewicht van het slijmvlies van de dunne darm werd bepaald op 4 dagen na het 
spenen. De barrièrefunctie van de dunne darm werd gemeten door het toedienen van 
lactulose via de bek op 3 dagen na spenen en door vervolgens te meten hoeveel van die 
lactulose uiteindelijk in de urine van de big is terecht gekomen. Het slijmvlies van de varkens 
die eiwit met dextrose kregen verstrekt was zwaarder dan het slijmvlies van de varkens 
zonder voer, terwijl het gewicht van het slijmvlies van de varkens op het zetmeel met 
dextrose voer hier tussenin zat. De hoeveelheid lactulose in de urine van de biggetjes op het 
zetmeel met dextrose voer was lager dan voor de gevaste varkens en was niet wezenlijk 
verschillend tussen de eiwit met dextrose gevoerde en de gevaste varkens. Dus voeding met 
eiwit en dextrose stimuleert het gewicht van het slijmvlies van de dunne darm. Echter, eiwit 
heeft geen wezenlijke invloed op de barrièrefunctie van de dunne darm, terwijl het zetmeel 
in het voer de barrièrefunctie duidelijk verbetert t.o.v. gevaste varkens. Dit suggereert dat 
bij een lage voeropname na het spenen het eiwitgehalte in het voer van ondergeschikt 
belang is voor de barrièrefunctie van de dunne darm.  

Het onderzoek zoals beschreven in dit proefschrift laat zien dat het verhogen van het 
eiwit in het startvoer van vleeskuikens zeer effectief is in het verbeteren van de prestaties 
van de kuikens. Bovendien is eiwit in het voer een krachtige stimulator voor de groei van het 
begin van de dunne darm bij vleeskuikens en van het darmslijmvlies bij varkens. Bij jonge 
vleeskuikens blijkt een hoger relatief dunne darm gewicht samen te gaan met een hogere 
groei van de kuikens. Dit proefschrift geeft echter geen duidelijk inzicht in de functionele 
veranderingen van de dunne darm van vleeskuikens na de uitkomst van het ei. Hoewel het 
gewicht van het slijmvlies van de dunne darm bij varkens werd verhoogd door het eiwit in 
het voer, bleek dit eiwit geen ondersteuning te geven aan de barrièrefunctie tussen de 
epitheelcellen van de dunne darm. Dit toont aan dat het gewicht van het slijmvlies en het 
eiwitgehalte in het voer van ondergeschikt belang zijn voor de barrièrefunctie van de dunne 
darm bij varkens na het spenen. Daarentegen bleken koolhydraten in het voer of een 
voldoende hoge energieopname wel belangrijk te zijn voor het behouden van de 
barrièrefunctie van de dunne darm na het spenen. 

Op basis van dit proefschrift, worden drie onderwerpen voor verder onderzoek 
voorgesteld. In de eerste plaats is het belangrijk om voor vleeskuikens onze kennis te 
verbeteren van de behoeften aan voedingsstoffen gedurende de eerste 6 dagen na de 
uitkomst. Deze behoeften lijken over deze korte periode sterk te veranderen en dit is tot op 
heden nog nauwelijks onderzocht. Ten tweede, zou zowel voor jonge vleeskuikens als voor 
varkens na het spenen, de mogelijk schadelijke gevolgen op de gezondheid van een 
overmatig of verkeerd geactiveerd immuunsysteem moeten worden onderzocht. Ten derde 
zou bij varkens met een lage voeropname na het spenen het effect van ondersteuning met 
voedingstoffen via het drinkwater meer gedetailleerd moeten worden onderzocht. 
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