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General Discussion and Future Perspectives 

The human intestine plays a major role in digestion and absorption of food 
components. This important intestinal function however, is quite contradictory to its 
protective role to shield the body from exposure to, and uptake of harmful substances 
from the external milieu. The intestinal barrier is formed by a single cell layer 
epithelium that enables fast but highly selective passage of e.g. ions, vitamins and 
nutrients. This epithelium with its vast surface area and close contact with undigested 
and potential antigenic substances in the lumen is the site of action of the digestive 
enzymes, which are involved in the degradation of saccharides, peptides and lipids. Our 
focus was to study the digestive enzymes lactase and sucrase-isomaltase at the level of 
the enterocyte, but also in individual children to establish their expression in different 
segments of the duodenum and possibly find relations between disaccharidase gene 
expression and age or disease. 

Regulation of lactase and sucrase-isomaltase 
There is very little, if any, effect of changes in the consumption of 

disaccharides and levels of their respective digestive enzymes in the small intestine 
in mammals as reviewed in chapter 3. In other words, the intake of e.g. lactose or 
sucrose does not significantly influence the intestinal lactase or sucrase levels, 
respectively. Therefore, the levels of lactase and sucrase-isomaltase are regarded 
genetically imprinted, or 'hard-wired'. In chapter 4 of this thesis we present results of 
lactase and sucrase regulation obtained from examination of the intestinal cell line, 
Caco-2 during the process of cellular differentiation which had earlier been shown to 
adequately mimic normal enterocytic differentiation in vivo (Zweibaum et al, 1983; 
Pinto et al, 1983; Hauri et ai, 1985). We were the first to analyze levels of mRNA, 
enzyme and enzyme activity simultaneously in such a homogenenous population of 
human intestinal cells. The advantage of this cell line method is that no other cell 
types were present in the assays, as is the case in biopsy specimens or primary 
cultures. We realized that the contribution of multiple cell types would severely 
hamper interpretation of quantitative data. Our studies as in chapter 5, have clearly 
shown that the primary control of gene expression is at the level of the mRNA for 
both lactase and sucrase-isomaltase and hence is considered transcriptional. 
However, our results from Caco-2 cell tudies also convincingly showed that lactase 
is a fairly stable enzyme in these cells, which retains enzymatic activity long after its 
biosynthesis, compared to sucrase-isomaltase for which enzyme activity levels more 
closely followed the level of biosynthesis of the enzyme throughout the lifespan of 
the Caco-2 cells. Although our main conclusion that lactase and sucrase-isomaltase 
are transcriptionally regulated in Caco-2 cells during differentiation was drawn 
straightforward, indications were found for some additional regulation. We observed 
a 1-2 day delay in the detection of the biosynthesis of either glycohydrolase 
compared to the detection of their respective mRNAs. Before concluding that these 
differences in mRNA profiles and protein biosynthesis profiles are the result of post-
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transcriptional regulation, we need to address the possibility that our probes used for 
mRNA quantification represent exon sequences, which also detect nuclear pre-
mRNA in addition to spliced mRNA. We argue that this could explain part of the 
delay in protein biosynthesis compared to appearance of mRNA as splicing of pre-
mRNA also takes time. However, Krasinski (Krasinski et al., 1994) have not found a 
significant delay for lactase pre-mRNA splicing in vivo, in rat. By measuring the 
duration of splicing for lactase and sucrase-isomaltase specific mRNAs in Caco-2 
cells it should become clear whether the dynamics of mRNA processing in vitro in 
Caco-2 cells resemble that in vivo in rat intestine and might therefore explain part of 
the discrepancies found in our cell line study. An alternative explanation mentioned 
in chapter 4 to explain the time-lapse between the surge of lactase and sucrase-
isomaltase mRNA and the detection of the respective protein biosynthesis is that the 
former technique detects 'steady-state' mRNA levels at the time of cell harvest and 
the latter technique only detects de novo enzyme biosynthesis during 20 h 
immediately preceding harvest of the cells. It is unlikely that 20 h of continuous 
labelling is enough to label all proteins present in the cells. In spite of the 
methodological disadvantage, of being unable to precisely estimate 'steady state' 
protein levels, our figures indicate such a close correlation between production of 
mRNA and protein biosynthesis justifying our conclusions of transcriptional 
regulation of both lactase and sucrase-isomaltase during differentiation of this 
human intestinal epithelial cell line. 

Insight from studies in children 
The various studies that relate to duodenal enterocytes and their functions 

are described in chapter 5, 6 and 7. We have performed a large prospective study in 
children of various ages. It was our first goal to compare the morphology and the 
lactase and sucrase-isomaltase gene expression in the proximal duodenum to the 
distal duodenum. Although many detailed studies have been published that describe 
observations, e.g. for lactase, in biopsies from the duodenum, thus far no effort had 
been made to investigate possible differences between the proximal and distal 
sections of the duodenum. We assumed a functional difference between the 
proximal and distal duodenum due to the papilla of Vater which is positioned 
halfway the duodenum and which is the site of entry of bile and massive quantities 
of exocrine pancreatic enzymes into the small intestine. The study was designed to 
obtain 4 biopsies from each pediatric patient that visited the gastroenterology unit 
for upper gastro-intestinal endoscopy. Two 'distal duodenal' biopsies were taken in 
the distal duodenum, beyond the papilla of Vater and two 'proximal duodenal' 
biopsies were taken immediately distal of the stomach in the bulbus duodeni. These 
two locations had not been compared before with respect to the expression of 
digestive enzymes. Furthermore, the biopsies that were collected, enabled us to 
investigate lactase, sucrase-isomaltase and carbamoyl phosphate synthase I in 
relation to age and thus intestinal development as early as from newborns up to 18 
years old. Our results in pediatric patients are presented in chapters 5, 6 and 7. In 
chapter 5, we have presented an elaborate comparison between the two duodenal 
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segments. We have used a variety of scores for lactase protein immuno-detection in 
crypt enterocyte brush-border, villus enterocyte brush-border, intracellularly in crypt 
enterocytes, intracellularly in villus enterocytes, and similarly for sucrase-
isomaltase. Furthermore, we have scored mucosal morphology. Much to our 
surprise, the biopsies from both duodenal locations were very similar with respect to 
each criterium in all individuals studied (see chapter 5). This is important 
information for the practice of gastro-intestinal endoscopy and for the clinical 
diagnosis on biopsy sections. In contrast to Newcomer and McGill (Newcomer and 
McGill, 1975), who were the first to investigate lactase enzyme activity profiles 
throughout the entire small intestine, including the duodenum of healthy adult 
volunteers, but also different from Rings et al, who describe lactase gene expression 
along the rat small intestine during development (Rings et al, 1994), we did not find 
a steep decline of lactase expression towards the proximal duodenum. These studies 
have shown a pronounced increase in disaccaridase levels when duodenum is 
compared with jejunum in both human and rat (Newcomer and McGill, 1975; Rings 
et al, 1994). Our explanation is that the positions where we collected the biopsies 
are located both in the same end of the enzyme activity curve as described by 
Newcomer and McGill in human (1975) and by Rings et al in rat (1994). 
Obviously, when biopsies would be collected from sites further apart, e.g. from the 
jejunum, it is likely that the proximal to distal increase in lactase abundance would 
be clearly detected. However, that was not the goal of our investigation. 

Further studies should reveal whether the similarities between the proximal 
and distal duodenum with respect to lactase and sucrase-isomaltase expression can 
be extended to other duodenal genes. Nevertheless, duodenal biopsies alone offers 
significant and sufficient information for diagnosis of intestinal disaccharidase 
deficiencies. We were the first to have carefully examined potential disaccharidase 
'gradients in gene expression levels' along the length of the duodenum and 
concluded that any differences are essentially absent. 

Disaccharidase regulation in the pediatric duodenum 
The important findings described in chapter 5 enabled us to analyse lactase 

and sucrase-isomaltase gene expression with particular emphasis on changes in gene 
expression during childhood. The results are described in chapter 6. We restricted 
our analysis only to biopsies from the distal duodenum. Although we had shown 
before (cf. chapter 5) that proximal and distal duodenum were essentially the same, 
we had a larger number of distal biopsies representing a larger population of 
children. In this analysis we were able to describe the profiles for lactase and 
sucrase-isomaltase mRNA levels and their protein expression measured by 
immunohistochemistry in healthy Caucasian children of various ages during 
childhood. Our main finding was that neither lactase nor sucrase-isomaltase levels 
significantly changed during childhood with respect to their mRNA or protein 
levels. Lack of lactase decline during and after weaning in these children is most 
likely explained by the fact that only Caucasian individuals were analyzed who are 
known to retain high lactase levels throughout live (Van Beers et al, 1995b and 
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chapter 2). In addition to the healthy, Caucasian individuals described in chapters 5, 
6 and 7, we have also collected and analyzed a number of biopsies from 'non-
healthy' Caucasian children and from 14 non-caucasian children. These numbers 
however were too small for statistical analysis and have not been included in any of 
our conclusions. It would greatly add to the interpretation and diagnosis on duodenal 
disease and understanding of the regulation of disaccharidase enzyme expression 
when sufficient data became available from these children to describe these enzymes 
in other races than Caucasian. There is ample evidence to accept that lactase 
regulation in non-caucasians is indeed very different, however it still awaits final 
identification of the proper determinants and molecular mechanisms that cause these 
differences, possibly specific transcription factors (Troelsen et al.,1992, 1994; 
Traber et al.,1997). Further studies should thus aim at identifying and cloning those 
specific transcription factors that are necessary and sufficient to explain the variation 
in lactase enzyme expression seen among individual human adults. 

Duodenal carbamoyl phosphate synthase I, lessons of cell differentiation 
CPSI represents a nuclear-encoded mitochondrial enzyme that catalyzes the 

turnover of ammonia into carbamoyl phosphate as part of the urea cycle. We decided to 
study CPSI since it represents another class of enzymes than the digestive 
disaccharidases, but has in common with the disaccharidases its specific expression in 
enterocytes. We aimed to obtain information of CPSI that would reveal its expression 
in human duodenum. We also studied CPSI because its activity is localized in the 
mitochondrial membrane and therefore not co-localized with the brush-border and thus 
seemed a valuable control in immunohistochemistry for the identification of 
enterocytes. 

Moreover, in contrast to liver, little was known about the function of CPSI in 
intestine. Only a few studies have suggested an important physiological role for 
enterocytic CPSI (e.g. De Jonge et al, 1998; McCauley et al, 1998) but have still not 
firmly established its potential clinical significance. However, it appeared that, although 
intestinal CPSI detection was restricted to enterocytes, not all enterocytes contained 
CPSI. In other words, enterocytes were heterogeneous with respect to CPSI. In addition 
to its physiological relevance to the intestine, also the nature of this heterogeneity is the 
subject of chapter 7. In recent years, various models of intestinal growth, stem cell 
division and tissue renewal, both experimental and mathematical, have explained much 
of the biology of epithelial proliferation and differentiation if the intestine (Bjerkness, 
1997; Loeffler, 1997; Chandrasekaran, 1997; Wong, 1998; Gutierrez, 1995; Lorentz, 
1997). We have compared the existing models with the immunostaming patterns for 
CPSI in the human duodenum and concluded that two models can explain our findings. 
First, the mosaic distribution of CPSI, in this region of the intestine reflects a 
heterogeneous stem cell population. This possibility is supported by mathematical 
models of intestinal growth and cell division (Loeffler, 1997). A way to falsify this 
hypothesis would be to visualize 'whole-mount' intestinal crypt-villus units and identify 
high frequency of discontinuous patches of CPSI-positive enterocytes. Such a finding 
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would indicate that cells derived from the same stem cell can exhibit different CPSI 
phenotypes. We have used a similar strategy as whole mount fixation by computer-
aided reconstruction of a series of up to forty consecutive sections stained for CPSI 
expression. However, inability to align the serial sections to reconstruct the tissue, 
leaves two alternative explanations. Namely, that CPSI expression is a clonal 
characteristic (i.e. a common feature of all enterocytes produced by a single stem cell), 
or CPSI gene regulation is determined during the process of enterocyte cell 
specification and thus essentially stem cell independent. Future experiments should 
rapidly solve this question by performing whole mount immunohistochemistry. If CPSI 
expression status is indeed determined after stem cell division due to some, yet 
unidentified, signal during the migration of the enterocyte along the crypt-villus axis, 
then CPSI mosaic expression would represent an extreme example of an on/off switch 
during cellular differentiation resulting in either high or no CPSI expression. 
Elucidation of the pathways governing this specific gene regulation will greatly 
enhance our understanding of intestinal gene regulation and potentially aid in designing 
transient or permanent gene-therapy in the intestine. 
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