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General Introduction 

Food and digestion 
According to persistent popular belief, food tolerance is proportional to the 

frequency and amount of its intake and can thus be acquired. On the other hand, 
hypersensitivity for dietary substances such as cows' milk protein or gluten are widely 
known and usually caused by exposure to these food-borne antigens sensitising the 
immune system to elicit an 'improper' immune response and therefore referred to as 
allergies (Greco, 1997). The studies described in this thesis focus mainly on the 
digestion of the disacchandes sucrose, maltose and lactose for which tolerance levels 
seem determined predominantly by factors that are unrelated to the diet. Rather, this 
tolerance seems restricted by the capacity of the respective digestive enzymes for which 
the levels seem genetically determined or 'hard-wired'. Lactase is highly abundant 
around birth in almost all mammals when milk is the sole nutrient, but in most 
mammals is not sufficiently expressed after weaning to provide a substantial tolerance 
to lactose. Sucrase-isomaltase activity is low around birth, but significantly increases 
around weaning and is maintained at high levels throughout live to support the changed 
composition of the diet. Both lactase and sucrase-isomaltase are expressed in the brush 
border membrane of small intestinal enterocytes. In addition, we have studied the 
intestinal distribution as well as the cellular distribution of a non brush-border, 
enterocytic-specific enzyme, carbamoyl phosphate synthase I (CPSI). We assumed that 
CPSI, which is expressed at high levels in intestinal enterocytes and more importantly, 
seems to be regulated independently from disaccharidases, could serve as a valuable 
control in our study of enterocytic gene regulation. 

Role of evolution 
In contrast to non-genetic digestive adaptation to the diet during the lifetime of 

an individual, gradual changes in diet composition over the course of millennia could 
explain genetic adaptation to dietary sugars at the population level (Holden, 1997), or 
aquisition of genetically inherited hypersensitivity to e.g. gluten (Greco, 1997). It is 
tempting to believe that the genes encoding mammalian intestinal disaccharidases have 
evolved from ancestral genes with (slightly) different function that have present day 
homologues like those recently indentified in non-mammalian species such as mollusc 
and bird (Freund et al, 1997). 

Probably later in evolution, the regulation of expression of the disaccharidases 
further adapted to the digestive needs of mammals. For almost all mammalian species 
this resulted in high lactase levels at birth with a steep decline in specific activity (as 
units per g of mucosal protein) around weaning when sucklings change into weanlings 
and no longer have access to milk. On the other hand, sucrase-isomaltase gene 
expression appears around weaning when its function becomes crucial for the digestion 
of sucrose and maltose. 
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To understand such adaptation, it is important to note that besides direct intake 
of sucrose and maltose, maltose is also formed as intermediate of starch digestion. This 
means that already before the relatively 'recent' introduction of sucrose as refined suger 
from cane or beet, for most people during the twentieth century (Mintz, 1985), 
digestive maltase activity has long been indispensable. The history of the introduction 
of starch and other polymeric carbohydrates in the human diet with maltose as 
intermediate is estimated to have occurred aproximately between 9000 B.C. and 4000 
B.C. (Greco, 1997). Lactose on the other hand is only present in milk and is not a 
digestive intermediate of any other dietary carbohydrate. Thus, the domestication of 
livestock along with the widespread availability of milk for the first time resulted in the 
requirement for lactase enzyme activity in adults. It is striking that humans, especially 
those in societies adapted to domestic animals, are the only mammals known to express 
high adult lactase levels. Crucial to this 'livestock domestication hypothesis' is that 
domestication antedated the genetic selection for high adult lactase levels for which 
evidence now exists (Holden, 1997). 

Given that lactase persistence during adulthood is determined by genetic 
regulation rather than by dietary factors, most recent investigations have focussed on 
identifying those regulatory sequences, or genes. Although, the mo.st common down-
regulation of lactase activity is a normal and harmless condition, often referred to as 
adult-type hypolactasia, an option to clinically manipulate lactase expression in young 
infants could prove to be benificial. Understanding of the mechanisms of lactase 
regulation will ultimately enable the development of 'therapies' to prevent loss of 
disaccharidase function, or to cause a more rapid normalisation of disaccharidase 
function in gastro-intestinal disease. Intervention to accelerate restoration of intestinal 
function would certainly contribute to a decrease in diarrhea-mediated child mortality 
that is still a leading cause of child mortality, especially in developing countries. 

Regulation of digestive enzymes 
Experimental evidence confirms that regulation of intestinal disaccharidase 

expression levels in rat, pig, humans and thus probably most other mammals are mainly 
genetically determined. However, it remains unclear which genetic information exactly 
directs the correct expression levels and localization for these enzymes. The promoter 
regions for both lactase and sucrase-isomaltase have been analyzed in transgenic mice 
and shown to account for much of the spatial as well as temporal expression patterns 
(Markowitz et al, 1993, Tung et ai, 1997, Krasinski et al, 1997). In the rare cases of 
human congenital lactase or sucrase-isomaltase deficiencies, the corresponding 
structural genes themselves are defective. 

The primary determinants of disaccharidase activity levels in mammalian 
intestine are age, and in the case of lactase race. Although this has been known for a 
while, their mode of regulation has been much harder to describe in genetic terms. 
Several studies aimed at identifying regulatory sequence elements in the promoters of 
the structural lactase or sucrase-isomaltase genes that would explain their 
developmental and tissue specific patterns of expression. Part of the human lactase 
promoter (1 kb) was cloned but awaits functional tests (Boll et al, 1991). 
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Additional information came from experiments using 2053 bp of the rat lactase 
promoter fused to the human growth hormone reporter and analysed in transgenic mice 
(Krasinski et al, 1997). This portion of the rat lactase gene was shown sufficient to 
direct reporter gene expression to the intestinal enterocytes and preclude its expression 
by other cell types. However, sufficient regulatory elements lacked to direct correct 
expression along the longitudinal intestinal axis as well as ensure the developmental 
decline of expression which was observed in rats around weanmg (Büller et al, 1990a; 
Rings et al, 1994a). In humans, studies by Fajardo et al (1994) and by Harvey et al, 
(1995) have found differences among structural lactase alleles that correlated with 
lactase expression in intestinal enterocytes indicating for the first time that lactase 
developmental phenotype may be inherited with the structural gene itself. It is crucial to 
understand that individuals with adult-type hypolactasia alleles express high ('normal') 
lactase levels as sucklings. Thus is seems that although certain lactase alleles seem to 
predict adult-type hypolactasia they are not the causative factors themselves. The 
existence of a lactase regulatory factor was postulated to be encoded by a lactase 
independent locus that would discriminate between high and low adult lactase 
phenotypes. In pigs, an intestine-specific transcription factor LPH1 was identified 
(Troelsen et al, 1992) whose abundance correlated well with lactase enzyme levels. 
Identification of such a factor was anticipated and showed structural homology to SIF2, 
a transcription factor that is involved in sucrase-isomaltase expression. The sucrase-
isomaltase gene promoter has been functionally studied through transgenic mice 
(Markowitz et al, 1993). 

The factors that instruct cells to produce CPSI have not been identified but it 
appears that the CPSI promoter is only functional in hepatocytes and enterocytes. This 
has been shown for at least human, rat and mouse. Studies that analyzed the CPSI 
promoter have significantly increased understanding of the roles of tissue, development 
and hormones for the regulation of CPSI gene expression (Christoffels et al, 1996). 
Further characterization of CPSI expression patterns in human intestine in vivo should 
be extremely useful for instance, to relate authentic CPSI expression to those 
encountered with CPSI-promoter/reporter gene constructs in transgenic animals. 

Despite these studies on the molecular biological level, many important data 
are still missing on the expression of lactase, sucrase-isolmaltase and CPSI, in intestinal 
epithelium, particularly in human. Therefore, relatively simple questions remain 
unanswered. For instance: 1) at what level are the enzyme activities regulated, 2) is the 
regulation in in vitro culture of cell lines comparable with the in vivo situation, 3) how 
do the expression patterns of these enzymes relate to each other when they are studied 
in conjunction, 4) how do the expression levels relate to age, and 5) is CPSI expression 
in vivo related to alterations in the intestinal morphology as occurs in many intestinal 
diseases? 

Expression of genes in the epithelial cells of the small intestine 
The disaccharidases, which catalyze intestinal carbohydrate digestion are 

expressed in the intestinal epithelium (figure 1). This intestinal epithelium consists of 
a continuous single layer of specialized cells that in addition to producing digestive 
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enzymes also performs absorptive and protective functions. The intestinal 
epithelium exhibits two major axis of specialization. First, the axis from crypt to 
villus is lined with cells of increasing differentiation (maturation) and referred to as 
vertical axis, while the longitudinal axis from proximal (mouth), to distal (anus) is 
defined as horizontal axis. The small intestinal boundaries are the pylorus, or 
stomach exit, and the colon or large bowel. From proximal to distal, the small 
intestine consists of the duodenum, the jejunum and the ileum. The epithelium of all 
three small intestinal sections consists of four differentiated cell types: absorptive 
enterocytes; goblet or mucin producing cells; enteroendocrine cells; and Paneth 
cells. Enterocytes are the most abundant throughout the small intestine and express 
CPSI as well as lactase and sucrase-isomaltase. To maintain this epithelium in 
optima forma, a limited number of rapidly dividing stem cells reside in each 
intestinal crypt to generate new epithelial cells that migrate towards the villus tips 
where they die after a lifespan of only 3-5 days (Hall et al., 1994). 

Indicated are the four differentiated cell types: black, goblet cells; cross-
hatched, enteroendocrine cells; granular, Paneth cells; all other cells are enterocytes. 
A crypt contains about 250 cells. The stem cells (less than 16 per crypt) are located 
close to the bottom of the crypt. By cell division (taking about 24 h per cell cycle) 
these stem cells give rise to a class of proliferative cells (about 150 per crypt), which 
undergo several cell cycles (about 4, taking 12 h per cycle) before differentiating 
into one of the 4 above mentioned cell types. Concomitant with the divisions of 
these proliferative cells, virtually all these cells move towards the villus. Only a very 
small number migrates deeper into the crypt, and gives rise to only one cell type: the 
Paneth cell. During the migration of the proliferative cells to the basis of the villi all 
these cells stop dividing and are committed to develop into enterocytes, goblet, or 
enteroendocrine cells, thereby confining all proliferative activity to the crypts. The 
cells produced by each crypt migrate upwards to contribute to several villi. Each 
villus contains about 3500 epithelial cells. The cells from each villus originate from 
about 6-10 different crypts. The migration rate of the epithelial cells on the villus is 
about 1-2 cell positions per hour, resulting in their removal by either extrusion or 
apoptosis at the villus tips at a rate of approximately 1400 cells per day. The arrows 
indicate the migration direction of the cells in the epithelium. 

During its short lifespan, each intestinal epithelial cell has to go through a 
very intricate set of changes at the level of gene expression to be able to exert its 
many and complex tasks (Montgomery et al, 1993). We therefore studied three 
independent genes that are expressed in the small intestinal enterocytes. Each of 
these genes exerts an essential and non-replacable function for the human body, and 
each of these genes needs to be activated in the small intestinal enterocytes at the 
right moment in development and at the right position in the crypt-villus axis. By 
studying these three genes, lactase, sucrase-isomaltase and CPSI, we will improve 
our understanding of the organization of the regulation of these essential enzymes in 
conjunction with each other, with intestinal development, and with the epithelial 
dynamics of the intestine. 
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Figure 1. Schematic representation of small intestinal epithelium (After Potten and 
Loeffler, 1990). 

We anticipated that part of the regulation of these three enzymes would be similar, 
whereas part of the mechanisms of regulation will be fundamantally different. All 
three genes are specifically expressed in the small intestinal epithelium, and 
therefore should have common determinants of their tissue-specific expression. And 
although lactase and sucrase-isomaltase seem very similar, fundamental differences 
exist, as was demonstrated in rat (Rings et al, 1992b, 1994a), in the timing of their 
appearance in the intestine. CPSI on the other hand seems totally unrelated to the 
glycohydrolases both in terms of cellular localization as well as of enzymatic 
functions, yet it seems expressed in the same cell type in the same epithelium as 
both other proteins. Further study of the intestinal digestive enzymes is an 
opportunity to better understand epithelial cell biology and will result in the 
identification of differential pathways and signalling molecules (receptors, kinases, 
transcription factors) that regulate each enterocytic enzyme in its own highly 
specific fashion. 
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