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PREFACE

Polyamines have been implicated in various aspects of the immune system. Whereas
intracellular polyamines are essential for cell activation and proliferation, exogenous
polyamines have been implicated to exert immunosuppressive effects.

Moreover, polyamines are involved in the metabolic route of the potent
inflammatory mediator nitric oxide (NO). Both polyamines and NO are metabolized
from the amino acid, L-arginine. L-arginine can be converted by NO synthase into NO
and citrulline or by arginase into ornithine, the precursor of polyamine biosynthesis.
Polyamines and NO are derived from the same precursor and both exert effects on the
intestine. Whereas enhanced NO production is thought to be implicated in the
intestinal damage observed during an inflammatory response in this organ, polyamines
are required for intestinal repair. Intestinal inflammation as observed during an
allergic reaction to food antigens or during systemic inflammation such as sepsis
present an important clinical problem.

Therefore, in this thesis various aspects of polyamines and NO in relation with
intestinal inflammation have been investigated.
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CHAPTER 1

GENERAL INTRODUCTION AND OUTLINE OF THE THESIS



Chapter ]

POLYAMINES
Ovrigins and functions

Polyamines are ubiquitous low-molecular-weight polycationic nonprotein nitrogenous
bases that are present in virtually all cells (for reviews see refs 1-7). The four most
common polyamines are cadaverine, putrescine, spermidine and spermine (Figure 1).

Spermine was the first polyamine to be discovered in 1678 by Antonie van
Leeuwenhoek (8), however scientific research on these compounds was not conducted
until 300 years later, after Herbst and Snell in 1949 observed that the polyamines
spermidine and spermine were essential for the growth of certain microorganisms (9).
The names of the polyamines spermidine and spermine, containing three and four
amine groups respectively, refer to seminal fluid, from which these compounds were
first isolated.

Figure 1. The four most common polyamines

NH,(CH,)NH,
cadaverine

NH,(CH,),NH,
putrescine

NH,(CH,),;NH(CH,),NH,
spermidine

NHz(CHz)QNH(CHz):sNH(CH“z)aNHz
spermine

Cadaverine (1,5-diaminopentane) and putrescine (diaminobutane), which contain only
two amine groups, were first isolated from decomposing animal material and were
thought to be toxins. Their names originate from their smell, characteristic of
putrefaction. In the literature the term polyamines usually also includes these
diamines. In accordance, throughout this thesis the term polyamines includes the four
amines described above (cadaverine, putrescine, spermidine and spermine), unless
indicated otherwise.

Whereas prokaryotes mainly produce cadaverine, putrescine and spermidine,
eukaryotes synthesize putrescine, spermidine and spermine (2). Polyamines are
flexible polycations, since under physiological conditions they exhibit two, three or
four positive charges and are able to rotate around the C-C or C-N bonds. They have a
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Introduction and outline of the thesis

wide array of functions in cellular metabolism and are involved in DNA, RNA and
protein synthesis (1-7). Because of their positive charge and flexibility polyamines
bind tightly to nucleic acids, thereby neutralizing the negatively charged phosphate
groups present in DNA and RNA which usually repel each other. Consequently,
polyamines stabilize the secondary structure of the double helix of DNA, and protect
the nucleic acids against thermal denaturation and enzymatic degradation (5-6, 10).
Further, polyamines are able to bind covalently to proteins, thereby modifying
proteins post-translationally (11).

Polyamine biosynthesis

Polyamine biosynthesis occurs in the cytoplasm of mammalian cells and is controlled
by ornithine decarboxylase (ODC) activity (1-6, 12-13). ODC is the rate limiting key-
enzyme in polyamine biosynthesis and forms putrescine from the amino acid ornithine
{Figure 2). Ornithine is present in the plasma (14) and can also be produced within the
cell by the action of arginase which forms omithine from L-arginine (4). ODC is a
highly regulated enzyme with control points at the level of transcription, translation
and protein degradation (15). Spermidine is formed from putrescine by the addition of
an aminopropyl group donated by decarboxylated S-adenosylmethionine, a reaction
catalyzed by the aminopropyltransferase spermidine synthase. Addition of a second
aminopropyl group to spermidine, catalyzed by spermine synthase, also an
aminopropyltransferase, yields spermine (16). The source of the aminopropyl groups
is S-adenosylmethionine which is decarboxylated by S-adenosylmethionine decar-
boxylase. The synthesis of spermidine and spermine is dependent on the availability of
the aminopropyl donor. Therefore, next to ODC activity, S-adenosylmethionine
decarboxylation may also be a rate-limiting step in polyamine biosynthesis (2).

In mammalian cells spermine and spermidine can be converted back to putrescine
(Figure 2) (2, 17). The first step is the acetylation of an aminopropyl group of
spermine or spermidine, catalyzed by the enzyme spermine/spermidine N'-
acetyltransferase, giving N'-acetyl spermine or spermidine. These compounds are in
turn degraded by by intracellular polyamine oxidase (PAQ) with the formation of
spermidine or putrescine and an aldehyde (3-acetamidopropanal), respectively.
Aldehyde dehydrogenase will transform the aldehyde into B-alanine. Putrescine can
then be recycled and used again for the formation of spermidine and spermine (2, 17).
Degradation of spermine and spermidine to putrescine possibly represents a
physiological mechanism to prevent spermine accumulation in cells. A third enzyme
involved in the regulation of polyamine biosynthesis is diamine oxidase (DAO) (17,
18). DAO degrades putrescine and thereby controls the amount of putrescine available
for polyamine synthesis. Furthermore, polyamines exert an efficient negative feedback
control on their own synthesis (13).
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Chapter 1

Figure 2. A simplified figure of the role of intracellular PAQ (A) and serum PAO (B) in the
polyamine biosynthesis and conversion pathways (B). The numbers correspond to the enzymes
involved: I=arginase, 2=ornithine decarboxylase, 3=spermidine synthase, 4=spermine
synthase, 5=spermine/spermidine N'-acetyliransferase, 6=intracellular polyamine oxidase,
7=qldehyde dehydrogenase, 8=diamine oxidase, 9=serum polyamine oxidase, 10=f-
elamination; spontaneous reaction.

Intraceliular : Extracellular
L-arginine E
1 amincbutyraldehyde .
ornithine H aminobulyraldehyde
B-zlanine :
2 8 : ‘BT
/7% .
putrescine + 3J-acetamidopropanal J putrescine + acrolain
8
3 N'-acetyispsrmidine 10
/////?;’ #-alanine E spermidineatdehyde
7 : o
sparmidine + 3-acetamidopropanal . spermidine + acrolein
88 10
4 M- acetylspermine ' sperminealdehyde
7 )
sperming H sperming

The concentration of polyamines present in the cell depends on the metabolic
condition of the cell, i.e. the higher the metabolic activity of the cell the higher the
amount of polyamines. Increases in DNA, RNA and protein synthesis are preceded by
increases in ODC activity and consequently enhanced polyamine biosynthesis (1-7).
In vitro studies with difluoromethylornithine (DFMOQ), an inhibitor of polyamine
biosynthesis that irreversibly inhibits ODC activity, revealed that depletion of
intracellular polyamine levels results in a decrease in protein and DNA synthesis and
consequently in a reduction of cellular proliferation (19, 20). These findings indeed
confirmed that polyamines are essential for normal, physiological cell functioning,

Polyamine uptake

It was previously believed that cellular polyamine biosynthesis was the only pathway
to make polyamines available for cellular processes (21). However, since exogenous
addition of polyamines to cells cultured in the presence of DFMO has been shown to
abrogate the negative effects of DFMO on cell growth, it is clear that mammalian cells
regulate their polyamine content by two different pathways. The first pathway
involves cellular synthesis and interconversion, and the second pathway involves
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transmembrane uptake from the extracellular compartment (4, 22). The mechanisms
by which cells can take up and use extracellular polyamines are not completely
understood. Nevertheless, the presence of specific polyamine transport systems has
been described for a wide range of mammalian cells (21). The physiological
significance of the transport system is obvious from the finding that cellular uptake of
polyamines is upregulated during inhibition of endogenous polyamine biosynthesis
(23) and during the exponential phase of cell growth (24). In line with this, cancer
research has revealed that tumor cells utilize the polyamine uptake system as a rescue
mechanism to bypass polyamine deficiency induced by polyamine biosynthesis
inhibitors (25, 26).

High levels of polyamines are found in the intestinal lumen (27). Either the diet,
gut bacteria or extruded enterocytes can be the source of intra-luminal polyamines.
Using isolated rat enterocytes and enterocyte cell line cultures on permeable filters, it
was shown that enterocytes are able to transport polyamines from the apical side to the
basolateral side (28, 29). These studies are supported by in vivo studies using orally
administered "“C-labelled polyamines, which revealed that the uptake of polyamines
by the small intestine was linearly dependent on the total input (30). One hour after
gastric administration only 11-15% of the labeled putrescine could be detected as the
original polyamine. Taking conversion of putrescine to higher polyamines inio
account, 29-39% of the labeled putrescine was recovered. A small part was found in
small intestinal tissue and the main part was taken up systemically. These data indicate
that putrescine is largely metabolized, probably by DAO which is abundantly present
in the intestinal tissue (31, 32). In contrast to putrescine, spermidine and spermidine
were better conserved, i.e. about 80% of labeled spermidine and about 73% of
spermine were detected in their original form. Taking conversion to other polyamines
into account, 87-96% of spermidine and 85-93% of spermine was recovered (30).
Further, these studies revealed that the radioactively labeled polyamines were
absorbed from the intestinal lumen, released into the . systemic circulation and
distributed to various tissues according to their metabolic activity, i.e. the higher the
tissue metabolic activity, the higher polyamine uptake (27, 30, 33). Polyamines
absorbed from the gastrointestinal tract seem to play an essential role in the
maintenance of an adequate polyamine pool in the body (34). The importance of this
polyamine pool for intestinal development, intestinal function and the (mucosal)
immune system will be discussed below.

INTESTINAL DEVELOPMENT
Development of the intestinal mucosa

The general pattern of intestinal development is similar in all mammals (35). Many
brush border properties are different in neonatal animals as compared to adults. For
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example, in most mammalian neonates macromolecules such as immunoglobulin can
be transported across the intestinal epithelium into the circulation. The physiological
function is probably associated with the transfer of passive immunity (35, 36).
Intestinal maturation is characterized by a decline in intestinal permeability for these
macromolecules (35, 36). In rodents most maturation changes occur during the third
week of life, which corresponds to the weaning period. In general, the properties of
the postweaning intestine are similar to those of the adult intestine. At weaning, the
gastrointestinal tract undergoes substantial modifications which affect its structural
and functional characteristics.

Between birth and day 16, crypt cell division occurs at a low rate in rats and mice.
The enterocytes contain large supranuclear vacuoles (37) and exhibit high lactase
activity, which is essential for the digestion of milk lactose (35, 38). During the third
and fourth week after birth, crypt cell proliferation increases in the small intestinal
epithelium and is even more rapid than in the adult (39). In parallel, with the increase
in cell proliferation the large supra-nuclear vacuoles in the immature enterocytes
disappear (37) and the mucosal brushborder enzyme activity adapts to the weaning
diet by a decrease in lactase activity and an increase in maltase and sucrase activity,
essential for the digestion of solid food carbohydrates (35, 38).

Although intestinal maturation in neonates has been the subject of intensive study,
the triggers for the major biochemical and morphological changes during maturation
are still poorly understood (40, 41). Intestinal maturation seems to be partly regulated
by internal triggers and partly by external triggers such the change in food intake from
milk to solid food (40, 42-44). As an example of the former, the time point of
postnatal increase in sucrase activity has been shown to be independent of prolonged
suckling. Further, the sucrase activity of an intestinal graft under the skin of a host
younger than the donor will increase at the postnatal age of 18 days of the donor tissue
independent of the age of the host (45). Similarly, in bypassed intestinal loops sucrase
activity increases the 18th postnatal day. Likewise, removal of the pituitary, adrenal or
thyroid gland in rats does not influence the timepoint of increase in sucrase activity.
Together these observations suggest that the timepoint of increase in sucrase activity is
regulated by an "internal clock" and is not influenced by both food antigens or
hormones (40, 46). However, the level of sucrase activity reached in the fourth
postnatal week is dependent on the change in diet. This is illustrated by the fact that
sucrase activity in unweaned animals is upregulated to only 50% of the level observed
in weaned animals (47). Similarly, several studies have indicated that, in contrast to
the increase in sucrase activity, the time point of the decrease in lactase activity is
dependent on dietary changes at the time of weaning (40, 43). For example, prolonged
suckling delays the decrease in lactase activity (48). Likewise, lactase activity in
intestinal grafts placed under the skin of a younger host will only decline after
weaning of the host (45).
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Polyamines and mucosal maturation

An increase in intestinal ODC activity and consequently of polyamine concentrations
is another striking characteristic of intestinal maturation during weaning. The
importance of ODC activity and polyamine biosynthesis for intestinal development
has been underscored by studies of various investigators. Luk er al. (41) and Alarcon
et al. (49) revealed that inhibition of intestinal ODC activity by DFMO treatment,
prevents the normal increase of polyamine concentrations in the intestinal mucosa at
weaning. In parallel, the development of maturation characteristics such as the
increase in brush border maltase activity was prevented by DFMO, indeed suggesting
a relation between polyamine biosynthesis and intestinal maturation (41, 49). In
addition, delayed postnatal intestinal maturation is observed in the relatively ODC-
deficient sparse-fur mouse (50). Interestingly, exogenous administration of insulin (18,
51) or epidermal growth factor EGF (52-54) induces an increase intestinal ODC
activity which is paralleled by precocious intestinal maturation of the intestine,
suggesting that increased intestinal polyamine synthesis might be invalved in insulin-
or EGF-mediated intestinal maturation. A relation between polyamines and intestinal
maturation is supported by the observation that oral administration of the polyamines
spermidine and spermine to neonatal rodents triggers precocious biochemical,
morphological and functional maturation of the small intestine {36, 55-58). The exact
mechanisms by which polyamines affect intestinal maturation still have to be
elucidated. In contrast to oral spermine administration, intraperitoneal (i.p.) or
intravascular (i.v.) administration of spermine does not affect intestinal maturation
(59, 60). Interestingly, oral spermine administration induces the release of adreno-
corticotrophin (ATCH) and glucocorticostercids (57, 59, 61), hormones which are
essential for intestinal maturation (62, 63) whereas i.p. or i.v. spermine administration
has no effect on the release of these hormones (60). These observations suggest a link
between oral spermine administration and the pituitary-adrenal axis. [n line with this,
adrenalectomy abrogates the effect of oral spermine administration on lactase specific
activity. However, a direct effect of polyamines on the enterocyte should not be
excluded since adrenalectomy does not completely eliminate the spermine-induced
increase in sucrase and maltase activity (57). Moreover, it has been shown that
polyamines can act directly on gene expression at both transcriptional as well as
postiranslational levels (1-6, 11, 13).

Intestinal immune system

The intestinal immune system also called the gut associated lymphoid tissue (GALT)
consists of three distinet compartments which contain lymphocytes unique to this
mucosal site; the Peyer's patches (PP), the lamina propria and the epithelium (for
reviews see ref 64-68). The PP are aggregates of lymphoid follicles, separated from
the intestinal lumen by specialized epithelial cells, the so-called M cells (69). The
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lamina propria contains diffusely distributed lymphocytes, the so called lamina propria
lymphocytes (LPL). In the intestinal epithelium, the lymphocytes present between the
epithelial cells are the intraepithelial lymphocytes (IEL).

There are distinct differences in phenotype and function between the lymphocytes
in the epithelium and in the lamina propria. LPL are phenotypically and functionally
similar to PP and peripheral lymphoeytes (70). Similarly to peripheral blood
lymphocytes, LPL consist mainly of CD4" (helper) cells, whereas most of the IEL are
of the CD&" (cytotoxic/suppressor) phenotype (65).

IEL are present in an unusual immunological micro-environment in the sense that
they are located in the epithelium between enterocytes, separated from the gut lumen
by tight junctions between epithelial cells and from the lamina propria by the basal
membrane. Interestingly, the intestinal epithelium shares with the thymic epithelium
the same endodermic origin. Furthermore, it has been demonstrated that intestinal
epithelial cells, like thymus epithelial cells, express MHC class II antigens in the
absence of inflammation, suggesting that enterocytes act as antigen presenting cells for
IEL (71, 72). This thymic analogy can even be extended further, as animal studies
have indicated that substantial numbers of TEL mature extrathymically in the intestine
(42, 44, 67, 73-75).

An adequate enteric mucosal immune system is important as a first line of
immunological defense (64, 68). A wide variety of antigens, such as bacteria, viruses,
parasites and food, all of which will provoke a different immune response, may be
present in the intestinal lumen. While a limited protective immune response to
potential pathogens is necessary, a deleterious inflammatory response to foreign
dietary antigens must be suppressed. Normally the immune response to food antigens
will not result in manifest intestinal inflammation. In contrast, in the case of food
allergy such an immune response may result in severe clinical manifest inflammation.
Consequently, in the intestine, perhaps more than in any other organ, immune
reactivity must be tightly regulated (68). The question as to how the mucosal immune
system categorizes antigens and selects a particular response is central to this process
but remains largely unanswered (68, 69). However, the solution to this question is
likely to hold the key for the prevention and control of pathological intestinal
inflammation as observed in food intolerance, e.g. cow's milk intolerance and coeliac
disease, and other inflammatory bowel disorders, including Crohn's disease and
ulcerative colitis.

Development of the intestinal immune system

The newborn's gastrointestinal tract has to adapt to a variety of antigenic (food)
substances and microbial organisms and must develop a mucosal barrier against
penetration of these antigens (68). The observation that the risk of developing
hypersensitivity reactions of the imumediate or delayed type is increased in children in
comparison with adults, suggests that developmental factors are likely to play an
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important, and as yet poorly understood, role in the development of food-sensitive
enteropathies (68).

At weaning, the intestinal immune system undergoes alterations in parallel with the
biochemical and morphological maturation. The number of intestinal lymphocytes,
both IEL and LPL, increases. The number of lymphocytes present in the intestine at
birth is approximately 10% of the number found in adult animals (76, 77). Further,
FACS analysis of CD3” IEL and LPL has indicated that in rodents the major increase
in CD3" T cells in both the lamina propria and the epithelium occurs between the first
and 28" postnatal day (78). Similarly to biochemical maturation, is immunological
maturation also regulated by internal as well as external triggers. For example, the
increase of TCRyd", CD8" thymus-independent IEL starts before weaning and is
therefore at least partly independent of the change of diet. In contrast, the increase of
TCRaf", CD4" and CD5" thymus-dependent lymphocytes is particularly stimulated by
the change of diet occurring at weaning, since the increase of these cells oceurs only
after weaning and has shown to be delayed by prolonged weaning (42, 77, 79, 80).

POLYAMINES AND NITRIC OXIDE IN THE MATURE INTESTINE
Polvamines and mucosal integrity

Several reports have indicated that polyamines play a central role in the development
and regulation of hypo- and hyperplasia of the epithelium in the mature intestine. In
mammals, the gut epithelium has the highest cell turn over rate and hence, the highest
metabolic activity of the body (12). The intestinal lining of mammals is renewed every
2-3 days and the newly formed cells have to differentiate and mature in order to fulfill
their digestive and absorptive functions properly. When compared to most other
tissues, mucosal ODC in the small intestine shows a high basal activity when
compared to most other tissues (2). ODC activity is present in cells of the villus as
well as in proliferating crypt cells, suggesting that polyamines participate in intestinal
cell differentiation as well as proliferation (§1).

The notion that polyamines are essential for the maintenance of intestinal integrity
is derived from studies in which oral administration of DFMO was shown lo cause
depletion of intestinal polyamines, paralleled by villus atrophy (49, 82, 83).

Furthermore, polyamines have been shown to play a role in the maintenance of
mitochondrial integrity in maturing enterocytes (84). As enterocytes migrate along the
villus, mitochondrial function and polyamine concentration in these cells increase in
order to handle the increased metabolic demands placed on the cell by nutrient
absorption (84). DFMO treatment has been demonstrated to disrupt mitochondrial
function and is consequently cytotoxic for enterocytes. The effect of DFMO treatment
on the intestine can be reversed by exogenous (oral) polyamine administration (83).
Moreover, polyamine administration without DFMO treatment increases the rate of
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mucosal growth, as determined by an increase in mucosal DNA, RNA and protein
concentrations in the small intestine, substantiating that under normal conditions
polyamines are important stimulants of gastrointestinal mucosal growth in adult rats
(83).

ODC activity and polyamine synthesis are enhanced when metabolic activity is
increased. Consequently, ODC activity is enhanced during feeding and declines when
intestinal metabolic activity decreases for example during fasting (21, 85) or during
parenteral nutrition (86, 87). The decrease in polyamine levels during fasting is a
result of reduced synthesis due to a decrease in ODC activity and of increased
degradation due to an increase in diamine oxidase (DAQ) activity. DAO metabolizes
putrescine and thereby prevents its use in polyamine biosynthesis. The reverse occurs
during refeeding, i.e. ODC increases and DAO decreases (21, 88). It is often assumed
that the enhanced ODC activity is the principal mechanism of endogenous putrescine
accumulation and subsequent polyamine synthesis. However, it is conceivable that
diminished putrescine catabolism, as a result of reduced DAO activity (89, 90) may be
as important in putrescine accumulation and in the stimulation of tissue growth, as
enhanced putrescine synthesis resulting from increased ODC activity. The relative
contributions of these reciprocative enzyme activities in polyamine metabolism remain
to be established (91). DAQ is synthesized in mature enterocytes and therefore
mucosal DACO activity migth reflect the presence of mature enterocytes (92). DAO
activity is also measurable in serum. In rat a possible correlation exists between
plasma and infestinal DAQO activity, suggesting that serum DAQO activity reflects the
total mass of mature entrocytes and consequently can be used as a marker for intestinal
integrity (92). Further, in human a correlation between mucosal DAO activity and
disaccharidase activity has been found suggesting a relation between DAO activity
and enterocyte function (93). It has been estimated that, except during pregnancy, 95%
or more of the total body stores of DAO are located in the intestinal mucosa (92, 94),
suggesting an important role for DAO in the regulation of intestinal polyamine
metabolism. Although DAO is synthesized by enterocytes, approximately 66% of the
total amount of DAOQO is translocated to the lamina propria where it is bound to
endothelial cells of the capillaries (95). At this location DAO might prevent leakage of
diamines from the intestine into the circulation (95). DAQO might also play a role in the
regulation of extracellular putrescine levels and thereby control the amount of
putrescine available for uptake by intestinal cells.

As described earlier, intestinal epithelial ODC activity and luminal transport of
polyamines to the intracellular compartments contribute to intestinal polyamine
accumulation. However, Pusztai er al. (96) have suggested yet another source of
polyamines. They showed that oral administration of phytohaemagglutinin (PHA), a
kidney bean lectin, induced intestinal hyperplastic growth and accumulation of large
amounts of polyamines in the intestinal tissue without a major increase in QDC
activity. The observation that DFMO treatment does not prevent PHA-induced
intestinal growth, confirms that ODC induction is not essential for intestinal
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polyamine accumulation in this setting (97). Using the same animal model, Bardocz er
al. (98) demonstrated that apical epithelial cell uptake of intraluminal polyamines was
not enhanced after oral PHA administration. In contrast, the basolateral uptake of
polyamines from the circulation was found to be enhanced after oral PHA
administration {98, 99). At the same time PHA administration reduced intestinal DAQ
activity resulting in decreased polyamine degradation (100). Together, increased
basolateral uptake and reduced degradation of polyamines, result in intestinal
polyamine accumulation after PHA administration. Since under normal conditions the
systemic concentrations of polyamines are not sufficient to account for the high levels
of intestinal polyamines observed after PHA stimulation, Pusztai and Bardocz
suggested that polyamines can be mobilized from body stores and transported to the
site. where needed (99, 101). The maintenance of the total polyamine pool is
dependent of polyamines derived from exogenous sources as well as of those derived
from de novo synthesis (12, 30, 33).

Polyamines and intestinal inflammation

Conditions that are characterized by intestinal mucosal damage, such as water-
immersion-induced stress in rats (102), infection (103), ischemia-reperfusion (104,
105), burn injury (106), sepsis (106, 107) and inflammatory diseases (91) are all
accompanied by increased intestinal ODC activity and increased intestinal polyamine
levels, suggesting that polyamines are essential for repair of mucosal injury.
Moreaver, during intestinal adaptation in response to jejunectomy intestinal ODC
activity and polyamine content are increased in parallel with the increase in cell
proliferation (91, 108). Oral DFMO administration prevents this increase in ODC
activity and polyamine levels and abrogates intestinal adaptation in this rat model (83,
108). In contrast, administration of aminoguanidine, which blocks DAO activity (89,
90), has been shown to increase intestinal putrescine concentrations and at the same
time to enhance intestinal adaptation after jejunectomy in rats.

Intestinal damage and inflammation is, next to increased ODC activity, often
associated with elevated intestinal concentrations of inflammatory mediators such as
the cytokines TNF-¢, IL-1 and IL-6 {109, 110). Particularly the pro-inflammatory
cytokines TNF-a and 1L-1 seem to be involved in the upregulation of intestinal
protein synthesis, since intraperitoneal injection of recombinant TNF-« or [L-1
enhanced intestinal protein synthesis in mice (111). Moreover, it was demonstrated
that 1L.-1 is responsible for the upregulation of intestinal ODC activity and increase in
intestinal putrescine and spermidine levels (112, 113).

Polyamines stimulate mucosal repair by activation of tissue transglutaminase
activity which is predominantly present in enterocytes (114, 115). Tissue
transglutaminase catalyzes cross-linking of proteins and uses polyamines as substrate
(116). Transglutaminase activity is required for migration of intestinal epithelial cells
in vifro (117) and for the maintenance of enterocyte adhesion to the basal membrane
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and for enterocyte proliferation in vivo (116). Inhibition of enterocytic polyamine
biosynthesis decreases transglutaminase activity, i.e. protein crosslinking, and
consequently reduces binding of the enterocytes to the extracellular matrix (114, 118).
The importance of transglutaminase activity in mucosal repair is supported by the
observation that administration of dansylcadaverine, a specific inhibitor of protein
cross-linking, to DFMO-treated rats not only prevents transglutaminase activity but
also decreases mucosal repair (115). The observation that this effect cannot be
reversed by addition of exogenous polyamines supports the idea that polyamines
induce mucosal repair by stimulation of transglutaminase activity (113). In conclusion,
these observations show that similar to the neonatal intestine, the mature intestine is
also largely dependent on polyamines for normal intestinal function and particularly
for intestinal repair.

NO and intestinal function

Generally, NO can be synthesized from L-arginine by three different enzymes. Under
basal, physiological conditions, NO is formed by two constitutively expressed
isoforms of NO synthase (NOS). These two enzymes are commonly referred to as
neural and endothelial NOS (nNOS and eNOS, respectively), named after the cell
types initially found to express them. Both constitutive enzymes are dependent on
calcium (Ca™) influx and produce a constant low amount of NO which is necessary
for normal physiological functions (119, 120). Nitric oxide synthesized by eNOS and
nNOS has been demonstrated to protect the intestine by inhibiting leukocyte
adherence (121) and maintaining splanchnic blood flow (122, 123). Neural NOS
derived NO seems to play a role in normal intestinal mobility which is illustrated by
the fact that mobility disorders such as Hirschsprung's disease (124) and hypertrophic
pyloric stenosis (125) are associated with lack of nNOS activity.

NO and intestinal inflammation

In contrast to both constitutive NOS, the inducible enzyme iINOS is independent of
Ca® influx and is generally believed to be responsible for the highly elevated NO
production during inflammation. The quiescent iNOS gene is only activated in states
of severe immune activation (120). Although the ability of the gut to express iINOS
may be of importance for cytotoxic protection, elevated production of NO is not
without potential complications such as increased intestinal permeability (126, 127)
with possible subsequent bacterial translocation (128, 129). Elevated local NO
production has been reported to occur during intestinal inflammation in various
animals models (130-133) as well as in man (134, 135).

Similarly to ODC activity, iNOS activity is induced by pro-inflammatory mediators
such as cytokines (136, 137). Several in vitro studies indicated that particularly IFN-y,
TNF-a, and IL-1 are involved in the regulation of enhanced NO production after

22




































































































































































































































































































































































































































































































































































