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Following massive small bowel resection, the remnant intestine undergoes morphological
and functional adaptive changes. Prior to these adaptive events, short bowel syndrome is
characterized by diarrhea, weight loss, electrolyte abnormalities and multiple nutritional
deficiencies. Accelerated skeletal muscle proteolysis and translocation of amino acids
from skeletal muscle to visceral organs follows surgery. In addition, surgery has
immunosuppressive effects by decreasing lymphocyte populations, granulocyte function.
NK cell cytotoxicity and delayed hypersensitivity skin-test response. Current parenteral
formulations do not provide nutrients specific to the gastrointestinal tract and result in
gastrointestinal atrophy. To determine if SCFA supplementation of TPN influences the
multiorgan response to surgery, male Sprague-Dawley rats underwent an 80% proximal
jejunoileal resection and jugular catheterization. Animals were randomly assigned to
receive standard total parenteral nutrition (TPN) or an isoenergetic, isonitrogenous TPN
supplemented with SCFAs. SCFA-supplemented TPN reduced loss of skeletal muscle
mass by 7 days following surgery which was further supported by decreased urinary 3-
methylhistidine excretion, reduced epitrochlearis muscle protein degradation rate and
higher plasma glutamine concentration. SCFAs enhanced various components of natural
immunity following intestinal resection. SCFA-supplemented TPN prevented the
abnormal hematological profiles exhibited in the standard TPN groups and enhanced the
cytotoxic activity of natural killer cells. SCFA-supplemented TPN enhanced
morphological and function adaptation of the remnant ileum. Abundance of proglucagon

and ornithine decarboxylase mRNA were higher in the SCFA groups suggesting that



these genes may be involved in SCFA-induced intestinal adaptation. To further examine
mediators involved in the enterotrophic response to SCFAs, SCFA-supplemented TPN
was infused for 6 to 72h in rats with normal, unresected small intestine. Jejunal mRNA
abundance of the basolateral glucose transporter, GLUT2, was increased as early as 6
hours following SCFA-supplementation. Systemic administration of SCFAs resulted in
the rapid upregulation of proliferative genes within the ileum such proglucagon, c-myc, c-
Jun, and c-fos. In conclusion, systemic administration of SCFAs benefits multiple organ
systems following surgical trauma. The observation that enterotrophic genes are acutely
upregulated following SCFA administration suggests a potential mechanism whereby
SCFAs modulate intestinal adaptation. With this understanding, nutritionists will be able

to devise new strategies to manipulate the intestine to maximize nutrient utilization.
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CHAPTER 1

LITERATURE REVIEW

OVERVIEW

Massive small bowel resection (MSBR) results in "short bowel syndrome” which is
clinically characterized by diarrhea, weight loss, electrolyte abnormalities and multiple
nutritional deficiencies. Advances with home total parenteral nutrition programs have
provided many patients suffering from short bowel syndrome with nutritional support.
However, information regarding the physiology of intestinal adaptation could lead to

therapeutic refinement.

Resection of a portion of the small intestine is a widely used model for studying the process
of intestinal adaptation whereby the gastrointestinal tract responds to variations in its
environment. Surgical manipulations led Senn to discover the phenomena of intestinal
adaptation over 100 years ago (Senn, 1888). Since that time, efforts have focused on
morphological and functional aspects, underlying mechanisms, and most recently
intracellular and molecular events occurring parallel to the adaptive response. The purpose
of this review is to consider the multiorgan response to surgical stress, the morphological
and functional reactions to intestinal insult, and to explore possible mechanisms of

intestinal adaptation involving various nutritional, humoral and cellular mediators.



(1)

THE MULTIORGAN RESPONSE TO SURGICAL STRESS

The physiological and metabolic response to surgery is predictable and well described.
These responses include altered protein homeostasis (Cuthbertson, 1930),
hypermetabolism (Kinney, 1980), modified carbohydrate metabolism (Imamura et al.,
1975), sodium and water retention (Lequesne et al., 1985), and increased lipolysis
(Meguid et al., 1974). These responses are mediated through complex interactions
between many organ systems including the immune, skeletal muscle and gastrointestinal

systems.

Surgical trauma results in significant abnormalities of cellular immunity (Tellado-
Rodriguez and Christou, 1988) including delayed skin test response (Harvey et al., 1981;
Johnson et al., 1979), impaired natural killer (NK) cell cytotoxic activity (Pollock et al.,
1991) and increased suppressor T-cell abundance (Wood et al., 1984). During the first 7-
10 days following surgery, increased prostaglandin E, production inhibits cytokine
secretion (Faist et al., 1988; Wood et al., 1984), which are believed to mediate multiple

aspects of the stress response.

Alterations in protein and amino acid metabolism following surgery result in a net loss of
lean body mass. Whole-body nitrogen loss increases, primarily due to skeletal muscle
protein degradation (Cuthbertson, 1931). The pattern of intracellular amino acids in
skeletal muscle, the largest pool of free amino acids in the body (Bergstrom et al., 1974),
undergoes characteristic changes. Glutamine and basic amino acid concentrations
decrease, whereas branched-chain and aromatic amino acid concentrations increase
(Vinnars et al., 1975; Askanazi et al., 1980). By the third day following surgery,
intracellular muscle glutamine concentration is markedly depressed (Roth et al., 1985),

yet it remains unclear if low intracellular glutamine alters protein turnover rate (Fang et



al., 1995). These alterations in skeletal muscle intracellular amino acids arise from a
translocation of amino acids from skeletal muscle to visceral organs. Glutamine and
alanine account for 60% of the amino acid nitrogen released by muscle during stress states,
an event which is mediated by glucocorticoid hormones (Souba et al., 1990b). Despite
accelerated skeletal muscle release during critical illness, circulating concentrations of
glutamine are diminished, which indicates that accelerated uptake occurs in other tissues.
The small intestine is the principal organ of glutamine uptake and metabolism in the body in
both the normal and stress states (Souba, 1993).

The gastrointestinal tract has long been viewed as quiescent or inactive during critical
illness. However, in addition to the primary role of digestion and absorption of nutrients,
the intestine acts as a barrier to intralurninal bacteria, preventing host invasion by micro-
organisms or soilage by their toxins. The maintenance of normal epithelial cells prevents
transepithelial migration, and the conservation of tight junctions prevents movement via
paracellular channels (Marin et al., 1983). In addition to the epithelial barrier, a variety of
immunologic mechanisms exist preventing bacterial translocation. Together with
lymphocytes, macrophages, and Peyer's patches, the regional lymph nodes provide an
extensive primary host immune defence system. The intraluminal secretion of secretory
immunoglobulin A (sIgA) provides a specialized defence system and aids in recognition of
appropriate antigens for gastrointestinal absorption while preventing enteroadherance
(Burke et al., 1989). Finally, a backup barrier is supplied by the Kupffer cells of the liver
and the spleen which trap and detoxify bacteria and their products should they penetrate
beyond the epithelium and the regional lymphatic tissue. An intact epithelial barrier and a
normal functioning immune system are both important for adequate barrier function.
However, during states of immunosuppression, the intact mucosa functions solely to
provide an effective barrier, suggesting that cell-mediated immunity serves a secondary or

supportive role to the epithelium (Maddaus et al., 1986).



INTESTINAL ADAPTATION FOLLOWING SURGICAL RESECTION
Proliferative and Morphological Response During Intestinal Adaptation

Following MSBR, investigators have noted dilation, lengthening, and/or thickening of the
remnant intestine (Wilmore et al., 1971; Sigalet et al., 1990). This morphological
adaptation can be attributed primarily to a hyperplastic response (Dowling and Booth,
1967). The remnant segment exhibits an expansion of the proliferative compartment of the
crypts in the postanastomotic area (Hanson and Osbome, 1971; McDermott and Roudnew,
1976), a reduction of the cell cycle time (Hanson and Osborne, 1971; McDermott and
Roudnew, 1976; Loran and Crocker, 1963), and an increased number of cells migrating
more rapidly from the crypts to the villi (Hanson, 1982). The resulting effects are increases
in mucosal cell mass, deoxyribonucleic acid (DNA), ribonucleic acid (RNA), and protein
contents (Williamson, 1978). The magnitude of the adaptive response after MSBR is
greater after proximal as opposed to distal resections (Williamson, 1978), is maximal
immediately downstream of the anastomosis (Williamson, 1982a), and is proportional to the

amount of small intestine resected (Hanson et al., 1977a).

The hyperplastic response to MSBR leads to an increased number of epithelial cells per unit
length of crypt/villus (Hanson et al., 1977a). This enhanced population of cells occurs
secondary to increased cell turnover in the proliferative zone of the crypts (Sagor et al.,
1982; Sagor et al., 1983). Individual enterocytes thus engendered spend less time in the
differentiation zone of the crypt (Menge et al., 1982), and have been considered to be
functionally immature (Menge and Robinson, 1978; Morita et al., 1982). The mechanisms
governing both the proliferative and functional changes following MSBR will be discussed

in a later section.



Functional Response During Intestinal Adaptation

Following intestinal resection, there is evidence that the hyperproliferative state is
accompanied by various functional modifications. Functional parameters noted to be
altered include the digestion and absorption of nutrients due to variation in mucosal enzyme
activities (Weiser, 1973) and the function of brush border membrane transport proteins
(Garvey et al., 1976; King et al., 1981; Kinter and Wilson, 1975).

Following a proximal small bowel resection, the hyperplastic remnant exhibits changes in
the activity of various mucosal enzymes. When related to unit length of intestine the
adapting intestinal remnant displays increased activities of numerous enzymes (Bochanek et
al., 1973; Bury, 1972; Gleeson et al., 1972a; Urban, 1977; Urban and Haley, 1978; Urban et
al., 1982). However, these activities are either unchanged or reduced, when expressed in
terms of the protein or DNA content of the mucosa (Feldman et al., 1976; Gleeson et al.,
1972a, b; McCarthy and Kim, 1973). Thus, alterations in enzyme activities appear to be
involved in the process of intestinal adaptation, however it is difficult to interpret the

influence of intestinal resection on the specific activity of mucosal enzymes.

MSBR has been shown to alter enterocyte absorption of various nutrients. Adaptative
increases of sugar and amino acid uptake (Gleeson et al., 1972b; Robinson et al., 1982;
Thomson, 1986) is thought to result from alterations in the maximal transport rate (Vmax)
as opposed to a change in the Michaelis constant (Ky) or a generalized change in sodium
gradients or intestinal morphology (Karasov and Diamond, 1987). The passive uptake of
lipids responds heterogeneously to MSBR, as the uptake of medium-chain but not long-
chain fatty acids, or saturated but not unsaturated long-chain fatty acids are altered
(Thomson et al., 1986). This kinetic data suggests that through an increased number and

perhaps various qualitative changes of transport proteins, the process of intestinal adaptation



results in the absorption of selected nutrients aimed at meeting altered nutritional
requirements.

The altered nutrient transport that follows MSBR may be due to changes in cell kinetics and
villus transit time. Various researchers have suggested that the increased cell tumover
following MSBR leads to a stimulation of cell migration rate along the villus, resulting in a
reduced life span of the individual cells (Menge and Robinson, 1978). The subsequent
reduction in the life span is not thought to be adequate for enterocyte differentiation thus
rendering a single enterocyte underdeveloped and functionally inept (Menge and Robinson,
1978; Smith, 1984; Smith, 1986). Furthermore, in the latter stages of enterocyte
differentiation, the rate at which absorption increases is doubled (Smith, 1986). This
alteration in the distribution of transporting enterocytes along the villus suggests that
enterocyte differentiation is controlled in part by a positional signal (i.e. the crypt/villus
junction) rather than one based exclusively on enterocyte age (Cheeseman, 1986; King et

al., 1983).

With the recent cloning and sequencing of various nutrient transporters, it is now possible to
characterize functional adaptations at the molecular level (Figure 1.1). The Na*-dependent
glucose co-transporter (SGLT-1) transports glucose and galactose from the lumen across the
brush-border membrane (Semenza et al., 1984; Stevens et al., 1984; Wright, 1993). Energy
for this step is obtained by coupling hexose transport to sodium and electrochemical
gradients. The sodium gradient is maintained by the basolateral Na*, K*-ATPase which
actively transports sodium out of the enterocyte (Crane et al., 1961; Wright et al., 1994).
Fructose is transported across the brush border membrane by the sodium-independent
facilitative transporter, GLUTS (Burant et al., 1992a, b; Crouzoulon and Korieh, 1991;
Davidson et al., 1992; Mahraoui et al., 1992; Rand et al., 1993a, b), which has recently been
localized to the jejunal basolateral membrane in humans (Blakemore et al., 1995). GLUT2,
the basolateral facilitative transporter, shuttles all 3 hexoses between the enterocyte and
systemic circulation (Thorens et al., 1988, 1990; Burant and Bell, 1992; Cheeseman, 1993;
Colville et al., 1993; Maenz and Cheeseman, 1987). It is well established that dietary

substrate can modulate the levels and activity of their respective transporters (Ferraris and



Diamond, 1989; Shirazi-Beechey et al., 1995). A high-carbohydrate or high-protein diet
stimulates intestinal D-glucose or amino acid transport, respectively, within 24 hours of
consumption (Ferraris and Diamond, 1993). SGLT-1 expression dramatically increased in
the ileum of rats, within 6 hours of a 70% intestinal resection (Hines et al., 1994). The
effect of intestinal resection on other nutrient transporters awaits further study.

Although the absorption of various nutrients by the post-resection enterocyte is altered, it is
difficult to interpret the current pool of data as the results conflict in response to variation in
the denominators used to express this data. For example, in vivo studies of the amino acid
transport properties of the intestinal remnant have revealed that the absorptive capacity
related to intestinal length increases, while that related to mucosal DNA content decreases
(Thomson et al., 1989). Thus, the absorption of nutrients is modified following MSBR;
however, it remains difficult to resolve the extent and direction as the alteration depends on

the method of expressing the results.

A large pool of data exists indicating that MSBR leads to alterations in the remnant
segment, however there is a dissociation between the structural and functional changes
following resection (Urban et al., 1982; Urban and Michel, 1983; O’Loughlin et al., 1994).
The increase in in vivo glucose and amino acid absorption per unit intestine length is due to
increased mucosal mass rather than absorptive function per enterocyte and lags behind
structural adaptation (Weser and Hernandez, 1971; Feldman et al., 1976; Urban and Michel,
1983: Garrido et al., 1979). This evidence suggests that the functional adaptation in the
brush border membrane is achieved independently of the morphological adaptation, thus
raising the possibility that separate signals designate the various morphological, digestive,
and transport changes involved in the process of intestinal adaptation.



EFFECT OF NUTRIENTS ON INTESTINAL ADAPTATION

The important role of nutrients in small intestinal mucosal regeneration has long been
recognized. For example, during total starvation or severe protein-energy malnutrition, the
enteric mucosal and muscular layers atrophy to a disproportionate degree compared to the
changes in total body mass and weight of other tissues (Steiner et al., 1968; McManus and
Isselbacher, 1970). The route and type of feeding also influences intestinal cell proliferation
(Levine et al., 1974; Maxton et al., 1987; Ford et al., 1984; Hosada et al., 1989), indicating
that nutrition plays a pivotal role within the complex host of factors that may be involved in

the process of intestinal adaptation.

Total Parenteral Nutrition

Total parenteral nutrition (TPN) is a means of providing protein, carbohydrate, fat,
vitamins, and minerals to those persons who are unable to assimilate nutrients provided via
the gastrointestinal tract. Following MSBR, TPN is frequently administered to prevent
dehydration and malnutrition. If intestinal adaptation is insufficient, partial or total
dependence on parenteral nutrition may be required to support the patient, sometimes
permanently. Although TPN has proved to be life-sustaining for many patients, this mode
of therapy is frequently associated with debilitating complications (catheter sepsis,
micronutrient deficiencies, bone demineralization; Burnes et al., 1992; Leaseburge et al.,
1992; Koo, 1992), as well was significant costs estimated to be $75,000 - 150,000 US per
patient year (Howard et al., 1991). When coupled with research suggesting that the use of
standard TPN inhibits the process of intestinal adaptation following MSBR (Koruda et al.,
1988b), one could speculate that use of this necessary form of nutritional support in the

transitionary period prior to intestinal adaptation may be detrimental to the adaptive



response and confine its users to long-term use for maintenance of an adequate nutritional

status.

Morphological and proliferative changes occur in the gastrointestinal tract of animals
nourished totally by parenteral feeding (Johnson et al., 1975; Levine et al., 1974; Hosada et
al., 1989). Johnson and associates (1975) demonstrated that rats maintained on intravenous
feeding for up to 3 weeks exhibited significant decrease in weights of the oxyntic gland area
of the stomach, small intestine, and pancreas compared to controls fed an isocaloric oral
diet. The small intestine of the parenterally fed animals exhibited significant loss of DNA,
and a near doubling of the RNA:DNA ratio. More recently, mild villus atrophy and a
reduced level of incorporation of *H-thymidine were observed in intestinal biopsies from
children receiving TPN when compared to orally fed children exhibiting symptoms of
intestinal disturbances (i.e. abdominal pain or chronic diarrhea; Rossi et al., 1993). This
study suggests that the intestinal response to TPN in humans is in general agreement with
the hypoplastic effect observed in animals.

The use of TPN has also been shown to inhibit several functional parameters of the small
intestine (Levine et al., 1974). Rats receiving TPN showed a marked decrease in brush
border enzyme activity, primarily in the proximal small intestine. Human small intestinal
biopsies revealed that short-term TPN resulted in reduced activity of lactase, sucrase, and
palatinase (Inoue et al., 1993a). In addition, the use of TPN leads to significant changes in
the glycoprotein profile in the rat small intestine, suggesting a strong dependency of
glycoprotein synthesis on luminal substances (Miura et al., 1992). Recent evidence from
human subjects further indicated functional changes following TPN, as shown by a 24-44%
decrease in carrier velocity of many substrates including D-glucose, L-alanine, L-arginine,

and L-leucine across brush border membrane vesicles (Inoue et al., 1993a).

Although TPN is a popular method of nutritional support for critically ill patients, it fails to
support gut mucosal structure or function and has been associated with immunosuppression
(Alverdy et al., 1988, 1992; Moore et al., 1989). Marin and associates (1983) suggest that
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patients may encounter septic episodes by way of transepithelial bacteria migration and
movement through paracellular channels due to leaky tight junctions. This altered mucosal
permeability may further compromise the intestinal-barrier function and contribute to the
chronic hypermetabolism and multiorgan system failure so common to critically ill patients
(Wilmore et al., 1988). It is noteworthy that clinical evidence regarding the occurrence of
bacterial translocation in humans receiving TPN is lacking (Sedman et al., 1995; Alpers and
Stenson, 1996).

In general, when oral or enteric feeding is not possible, the intestinal mucosa can be
expected to atrophy. Although mechanistically unclear, this response may be due to
incomplete understanding of normal nutritional requirements, the bypassing of important
intestinal regulatory mechanisms and/or omission of nutrients and growth factors essential
or conditionally essential for the gastrointestinal tract. As the use of TPN in the
transitionary period preceding intestinal adaptation is often required to prevent malnutrition
secondary to malabsorption, future investigations should focus on the mechanism of
intestinal adaptation with the goal of supplementing standard TPN solutions with the factors

involved in the hyperplastic response.

Luminal Nutrition

The use of TPN has afforded indefinite survival and consequently enhanced the prognosis
that patients with short bowel syndrome would have received only 15 years ago. Goulet and
associates (1991) recently reported an increase in survival of children with less than 40-cm
of small intestine from 42% before 1980 to 94% in the decade since. However, the
successful role of TPN in providing nutritional support for these patients somewhat
obscures the reduction in intestinal adaptation that occurs if the intestine is robbed of the
stimulus of continued enteral nutrition (Booth, 1994; Johnson et al., 1975a; Wilmore et al.,
1988).
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A large pool of evidence supports the trophic role of luminal nutrients in the process of
intestinal adaptation (Booth, 1994; Dowling, 1974; Morin et al., 1981). Young and Weser
(1974) found that rats having undergone a 50% proximal intestinal resection had a much
greater degree of hyperplasia in the remnant segment than those having had a 50% distal
resection. Much of the evidence supporting the concept that luminal nutrition is trophic to
the small bowel mucosa has been appealing in that it is gradient based. The proximal small
intestine is routinely exposed to the highest concentrations of nutrients, perhaps explaining
the presence of intestinal villus height and crypt depth gradients, the hyperplasia of the
distal remnant following a proximal bowel resection, and the observation that the
transposition of proximal and distal gradients results in hyperplasia of the former distal
segment, and hypoplasia of the proximal segment now located distally (Johnson, 1982).
However, one must be cautious in suggesting that the topical exposure to nutrients is
exclusively trophic to the small bowel mucosa, without considering the neural stimulation,
endogenous secretions, and gastrointestinal hormones whose release these luminal stimuli
provoke (Altmann, 1971; Johnson, 1977; Frankel et al., 1994; Thomson et al., 1989;
Roberge and Brubaker, 1991).

The specific dietary components of the luminal nutrition supplied have also been shown to
alter the morphological and functional characteristics of the adaptive response. Weser and
colleagues (1986) demonstrated that disaccharides are more trophic to the rat small bowel
than monosaccharides. In addition, high protein diets have been noted to stimulate amino
acids transport across the jejunum in vivo (Scharrer, 1972) as well as in vitro (Lis et al.,
1972). Finally, free fatty acids appear to be even more potent than long chain triglycerides,
protein, starch or medium chain triglycerides in enhancing many morphological aspects of
intestinal adaptation (Morin et al., 1981, Grey et al., 1984). However, amongst long chain
fatty acids, eicosapentanoic and docosahexanoic acids are more effective in inducing
structural changes associated with adaptation than less highly unsaturated fats (Vanderhoof
et al., 1994). The constituents of the diets responsible for enhancing intestinal form and
function still require additional research efforts. Once the trophic dietary constituents have



been identified, diets can be formulated to optimize the morphological and functional
changes associated with intestinal adaptation in patients with short bowel syndrome.

Currently, ample attention is being focused on fuels known to be specific to the intestine -
such as glutamine and short-chain fatty acids - and examining the role that they might play
in the process of intestinal adaptation.

Glutamine

Glutamine is the most abundant amino acid in the blood and free amino acid pool of the
body. In addition to being an important vehicle for the transfer of nitrogen between tissues
(Souba, 1987), glutamine is a regulator of protein synthesis (Hammarqyist et al., 1989), the
most important substrate for renal ammoniagenesis (Welbourne et al., 1986), and an
essential precursor for nucleic acid biosynthesis in all cells (Frisell, 1982). Furthermore,
glutamine is a key energy source for rapidly dividing cells such as renal tubular cells,

lymphocytes, fibroblasts and epithelial cells of the intestinal mucosa (Windmueller, 1982).

The gastrointestinal tract is the principal organ of glutamine utilization with most of the
uptake occurring via sodium-dependent transport in the small intestinal epithelial cells that
line the villi (Said et al., 1989). Functionally, glutamine metabolism by the small intestine:
a) provides a major source of energy for the gut; b) provides amide nitrogen that may
support nucleotide biosynthesis; and, c) processes nitrogen and carbon from other tissues
for further metabolism in the liver and kidneys (Souba, 1993).

The enterocytes glutamine as a respiratory fuel and dispose of the majority of glutamine
nitrogen as ammonia, alanine, and citrulline. The gastrointestinal tract is well suited to
metabolize glutamine since the ammonia produced readily diffuses into the portal blood and

is extracted by the liver before reaching the systemic circulation. Other major fuels used by
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the intestine are the ketone bodies, B-hydroxybutyrate and acetoacetate. Glucose and free
fatty acids contribute relatively little energy (Windmueller, 1982).

Researchers have provided convincing evidence that glutamine is important for
maintenance of intestinal metabolism, structure, and function. O'Dwyer and collegues
(1989) demonstrated the ability of glutamine-supplemented TPN to protect against mucosal
atrophy and improve nitrogen retention as compared to standard TPN in rats. The addition
of glutamine to TPN resulted in significant increases in mucosal weight, DNA and protein
contents, and villus height at an optimal dose of 2 g/100 mL.. More recently, Inoue and
associates (1993b) reported that following starvation atrophy, rats fed glutamine-
supplemented TPN had significant improvement of intestinal mucosal weight, nitrogen
content, villus height, mucosal thickness, and mucosal disaccharidase activity as compared
to rats fed standard TPN. Similarly, following MSBR, alanyl glutamine-enriched TPN
significantly enhanced intestinal adaptation (Tamada et al., 1993). These results reveal that
glutamine-supplemented TPN can maintain small bowel mucosa and enhance mucosal cell
proliferation following stress, thus preventing the villous atrophy associated with standard

hyperalimentation.

The mechanisms by which glutamine exhibits trophic effects on the small intestine are

thought to include :

1) a direct effect as a substrate of metabolic pathways of enterocytes
by stimulation of trophic factors (i.e. precursors for DNA
biosynthesis; Klimberg et al., 1990);

2) an increase in villus height due to augmented cell turnover (Barber
et al., 1990; Souba et al., 1990a; Fox et al., 1988);
3) induction of accelerated enterocyte maturation (as measured by

high diamine oxidase activity; Luk et al., 1967);

4) stimulation of pancreas secretions (Altmann,1971);
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5) increasing protein synthesis in intestinal epithelial cells
(Higashiguchi et al., 1993);

6) influencing proliferative hormonal levels (i.e. stimulation of
proglucagon-derived peptides, etc.; O’Dwyer et al., 1989).

In addition to maintaining the intestinal barrier to intraluminal bacteria, glutamine-
supplemented TPN has been shown to protect against bacterial translocation through
immunoenhancement (Castell et al., 1994). Alverdy and associates (1988) demonstrated
that standard hyperalimentation results in a significantly lower sIgA concentration, which
was positively cormrelated with bacterial translocation from the gut. On a cellular level,
animals maintained on glutamine-supplemented TPN did not differ significantly from chow
fed animals. However, the group receiving standard nutrient solutions displayed significant
decreases in sIgA and gut lamina propria plasma cells and intraepithelial lymphocytes
(Alverdy et al., 1992). Thus, glutamine may be an important nutrient for mucosal immune

function during parenteral support.

The effects of glutamine as a conditionally essential nutrient for systemic immune function
has received recent attention. In vitro studies of peripheral human lymphocytes revealed a
correlation between glutamine concentration and lymphocyte proliferation (Parry-Billings et
al., 1990). Glutamine also appears to be important for the normal function of phagocytotic
cells such as macrophages (Wallace and Keast, 1992) and neutrophils (Ogle et al., 1994).
Thus, several studies from various researchers conclude that glutamine is important for
several organ systems, suggesting that glutamine is a conditionally essential amino acid

during critical illness.

However, due to instability, a short shelf-life and its classification as a non-essential amino
acid, glutamine is not included in clinically available TPN solutions, ultimately
compromising the nutritional status and prognosis of the critically and chronically ill.
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Short-Chain Fatty Acids

Short-chain fatty acids (SCFAs) are produced in the mammalian intestinal tract as a by-
product of anaerobic bacterial metabolism of carbohydrate. Acetate, propionate, and
butyrate account for approximately 85% of formed SCFAs and are produced intraluminally
in a nearly constant molar ratio of 60:25:15 (Cummings, 1984). Among their various
properties, SCFAs are freely absorbed by intestinal mucosa, have a relatively high energy
content, are readily metabolized by intestinal epithelium and liver, stimulate sodium and
water absorption in the colon, and are trophic to the intestinal mucosa (Rombeau and
Kripke, 1990).

Absorption of SCFA varies among locations (Veldzquez et al., 1996a), but is believed to
occur via three mechanisms: 1) passively in the lipid-soluble undissociated form, likely
coupled to a Na™-H" exchanger; 2) a SCFA™- HCO; exchange; and 3) diffusion of the
anionic form through paracellular functions (Argenzio and Whipp, 1979; Ruppin et al.,
1980; Rechkemmer et al., 1988; Engelhardt, 1995). Once absorbed, the three major SCFA
are readily metabolized by colonocytes (Cummings, 1981; Roediger, 1982; Engelhardt and
Rechkenmer, 1983; McNeil, 1984; Marty and Vernay, 1984; Awad et al., 1990; Topping et
al., 1993). Uptake and metabolism of SCFA is rapid and complete as '“CO, appears in the
breath 10 to 15 minutes after administration, and 50% of 1-'*C-labelled acetic and propionic
acids and 63% of butyric acid appear as '%CO, in the breath within 6 hours (Hoverstad et al..
1982).

Butyrate appears to be the fuel of choice for colonocytes (Desmoulin et al., 1985; Roediger.
1982; Ardawi and Newsholme, 1985; Marsman and McBumey, 1995), as it suppresses
glucose oxidation by about 50% (Roediger, 1980). In single substrate systems, about 75%
of the oxygen consumed by the colonocytes was attributable to butyrate oxidation
(Hoverstad et al., 1982).



The provision of energy results from the production, absorption, and metabolism of SCFAs.
It has been estimated by colonic luminal perfusion studies that the human colon has the
ability to absorb up to 540 kcal/day in the form of SCFAs (Ruppin et al., 1980). However,
in addition to providing energy, SCFA production may influence gastrointestinal function
beyond the colon.

There is a growing body of research supporting a trophic role for SCFAs in the small
intestine. Intestinal adaptation to resection is increased with the ingestion of fermentable
dietary fiber (Koruda et al., 1986; Kripke et al., 1988). Reduction of cecal SCFA content
with antibiotic treatment decreases post-resection adaptation (Aghdassi et al., 1994)
whereas, intracolonic infusion of SCFAs in germ-free animals stimulates mucosal growth in
the small intestine (Sakata, 1987; Frankel et al., 1994). TPN supplemented with SCFAs
significantly reduces the ileal mucosa atrophy associated with TPN (Koruda et al., 1990)
and enhances adaptive markers following small bowel resection (Koruda et al., 1988b).
The provision of triacetin in TPN increases circulating acetate concentrations, improves
protein metabolism and reduces intestinal mucosal atrophy in hypermetabolic burned rats
(Karlstad et al., 1992). Using in vivo models, SCFAs stimulate intestinal epithelial cell
proliferation and mucosal growth (Sakata, 1987; Kripke et al., 1989; Frankel et al., 1994),
however in vitro SCFAs inhibit epithelial cell proliferation (Sakata, 1987; Marsman and
McBurmney, 1996). The differential response of SCFAs on proliferation in vivo and in vitro
may reflect osmolarity/intracellular pH changes that can’t be regulated in vitro (Marsman
and McBurney, 1996) or a systemic mechanism, which may include neural (Frankel et al.,
1994; Sakata, 1976) and hormonal elements (Thompson et al., 1996).

Researchers have speculated on several mechanisms by which SCFAs may influence small
intestinal mucosal proliferation. SCFAs, particularly acetate, increase intestinal blood flow
which may enhance mucosal proliferation (Dowling, 1982). Intravenous infusion of
SCFAs, especially butyrate, increase pancreatic secretions (Harada and Kato, 1983; Al-
Mukhtar et al., 1983) and although not extensively studied, are suspected to stimulate

enterohormone secretions, such as proglucagon-derived peptides (Koruda et al., 1990;
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Thompson et al., 1996; Gee et al., 1996). Apart from the colonic mucosa, the main site of
SCFA metabolism is the liver (Remesy et al., 1980). The hepatic metabolism of SCFAs
results in the production of the ketone bodies - acetoacetate and B-hydroxybutyrate, as well
as the amino acids - glutamine and glutamate (Desmoulin et al., 1985; Cross et al., 1984).
Ketone bodies and glutamine are major respiratory fuels of the small intestine. Thus, it
appears that via common hepatic metabolism to the preferred intestinal fuel sources, both
the portally delivered and intravenously infused SCFAs would have similar effects on the

intestinal mucosa.

Current parenteral nutrition formulations do not provide nutrients specific to the
gastrointestinal tract. Glutamine is absent from contemporary solutions and ketone
generation is suppressed as these solutions contain glucose. In addition, dietary fiber is not
presented to the colon thereby suppressing the synthesis of SCFAs by the enteric flora.
Thus, one could speculate that current therapy may in effect starve the gut and result in
diminished intestinal adaptation and unsatisfactory outcomes for patients with short bowel

syndrome.

HUMORAL REGULATION OF INTESTINAL ADAPTATION

Intestinal adaptation is a complex physiological process which is not completely
understood. A common mechanism by which the physical presence of food, glutamine and
SCFAs have been postulated to influence small intestinal mucosal proliferation is through
the stimulation of humoral factors. Isolated loops of bowel normally become hypoplastic.
However, following MSBR, this process is reversed and hyperplasia occurs (Hanson et al.,
1977b; Williamson and Bauer, 1978; Gornacz et al., 1984). This phenomena argues
strongly for the presence of a humoral mitogenic factor. The remainder of this review will
concentrate on discussing several of the humoral mediators thought to be involved in

intestinal adaptation.
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Cholecystokinin

Cholecystokinin (CCK), a hormone produced by the endocrine cells of the duodenum and
upper jejunum, is secreted in response to products of fat and protein digestion. As CCK is
responsible for increased exocrine secretion of the pancreas and for contraction of the gall
bladder, it is difficult to distinguish the possible direct trophic effect of CCK on the
gastrointestinal tract from the indirect effect mediated through pancreaticobiliary secretion.
Following MSBR, plasma CCK levels rose in parallel with plasma enteroglucagon,
increases in crypt cell production rate, and were positively correlated with percentage of
intestine resected (Gornacz et al., 1984). Nonetheless, the role of CCK in intestinal
adaptation following MSBR is believed to be limited, as infusion of CCK into the intestinal
lumen resulted in no alterations in hyperplasia (Dowling, 1982).

Neurotensin

Neurotensin is a tridecapeptide found mainly in the central nervous system and in the
mucosal endocrine cells (N cells) in the jejunum and ileum (Helmstaedter et al., 1977).
Following MSBR, neurotensin-like immunoreactivity is increased in the jejunum and ileum
only in response to intragastric installation of fat (Olsen et al., 1987). When administered
subcutaneously into rats fed a liquid elemental diet, neurotensin effectively reversed the

associated jejunal mucosal hypoplasia.

Evers and associates (1991) demonstrated a rapid and nutrient-independent increase in
neurotensin messenger RNA (mRNA) levels less than 24 hours following MSBR. These
researchers suggest that the trophic effects of neurotensin are mediated both indirectly by
stimulation of pancreatic juice and directly via a systemic effect on the hypoplastic mucosa

(Evers et al., 1989). de Miguel and associates (1994) support this hypothesis by speculating
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that neurotensin is effective due to it’s ability to stimulate the release of enterotrophic

proglucagon-derived peptides.

Gastrin

Following MSBR, serum concentrations of gastrin are elevated resulting in acid
hypersecretion (Straus et al., 1974; Williams et al., 1985). Gastrin is clearly trophic to the
stomacu (Johnson, 1987; Johnson et al., 1975b) but mediation of growth beyond the
stomach is controversial (Hakanson et al., 1986; Reilly et al., 1995). The adaptive
response to refeeding does not correlate with plasma gastrin concentration (Goodlad et
al., 1987a, b). Induced endogenous or exogenous hypergastrinaemia in rats has no
enterotrophic effects beyond the oxyntic stomach (Hakanson and Sunder, 1991) and
jejunum (Mayston and Barrowman, 1973). Thus, while gastrin may be important for
gastric adaptation following intestinal resection, it appears to be excluded from the

adaptive response of the residual small bowel.

Bombesin

Bombesin, a tridecapeptide which stimulates gastrin release and gastric acid secretion, is
also known as gastrin-releasing peptide. Bombesin has been shown to enhance intestinal
growth and differentiation in the suckling rat (Lehy et al., 1986). Although bombesin was
noted to stimulate proglucagon-derived peptide release, it did not increase cell proliferation
following MSBR (Sagor et al., 1985). Bombesin has been shown to increase intestinal
secretion of sIgA as well as to augment systemic immunity (Debas and Mulvihill, 1991; Jin
et al., 1989). Bombesin may also be important for barrier function in rats as it protects
against both diet- and burn-induced bacterial translocation (Yuval et al., 1994; Coffey et al.,
1988, Haskel et al., 1994). Bombesin is not thought to have a direct role in intestinal



adaptation, however its ability to augment plasma insulin, enteroglucagon, neurotensin and

the release of intestinal CCK (Sagor et al., 1985) may influence intestinal adaptation.

Growth Hormone

Growth hormone is a potent anabolic agent that dramatically affects carbohydrate, protein
and lipid metabolism (Lehman and Cerra, 1992; Byme et al., 1993). Growth hormone is
secreted, under the control of neuroendocrine peptides, by the anterior pituitary gland
intermittently every 6 - 8 hours (Barber et al., 1989). Stress, exercise, deep sleep, or a
decrease in serum glucose are known to increase growth hormone, whereas the aging
process and parenteral nutrition have been implicated in its decrease (Barber et al., 1989).
Growth hormone affects many biochemical processes in the body including the
promotion of reduced carbohydrate uptake in the muscle, deposition of lean muscle mass
(Ziegler et al., 1992), increased total body and liver protein synthesis (Lehmann et al.,
1990; Clemmons et al., 1987; Snyder et al., 1988) and fat mobilization and oxidation with
increased ketogenesis (Ward et al., 1987). In addition, growth hormone increases the
transport and reduces the oxidation of amino acids (Lehman and Cerra, 1992). However,
adverse effects such as hyperglycemia with or without insulin resistance, fluid retention,
headache, weakness and localized muscle pain have been reported during growth
hormone administration (Lehman and Cerra, 1992; Ziegler et al., 1992; Lehmann et al.,
1990; Ward et al., 1987).

Exogenous administration of growth hormone has been shown to influence intestinal
adaptation after extensive intestinal resection in animals (Shulman et al., 1992; Hart et al.,
1987). Growth hormone is also known to increase colonic mass and biomechanical
strength (Christensen et al., 1990), increase water and sodium absorption (Mainoya,

1982) and appears to regulate amino acid absorption (Inoue et al., 1994). In humans with
short bowel syndrome, the combined administration of exogenous growth hormone,

glutamine and a diet high in complex carbohydrates and fiber and low in fat results in



enhanced nutrient absorption from the remnant bowel (Byrne et al., 1995). Further
investigation is merited to assess the efficacy of growth hormone therapy in patients with

short bowel syndrome.

Insulin-like growth factors

The insulin-like growth factors (IGFs) 1 and 2 are small homologous peptides related to
insulin by structure and function (Herington, 1991). Both IGFs serve as powerful mitogens
for a variety of mammalian cell types. IGF-1, previously known as somatomedin C, is
thought to mediate the growth-promoting effects of growth hormone, while the role of IGF-
2 appears to primarily involve fetal growth (Herington, 1991).

The liver is the principal site of production of IGFs; however, the IGFs can be produced
locally and may be important for local or paracrine actions. Both of the IGF-1 and IGF-2
genes are expressed in the adult rat intestine (Lund et al., 1986). In situ hybridization of
human fetal intestine has localized both IGFs mRNA in the intestinal lamina propria (Lobie
et al., 1990). Although the non-hepatic production of IGF-1 is generally assumed to be
under local control, the presence of receptors for growth hormone throughout the
gastrointestinal tract supports the concept that pituitary regulation of local IGF-1 synthesis
also occurs (Lobie et al., 1990).

Endogenous IGF-1 functions at a local and systemic level to increase amino acid uptake,
cellular proliferation and differentiation, and suppress protein degradation (Froesch et al.,
1985). Parenteral administration of high dose IGF-1 or lower doses of the synthetic
analogue des-(1-3) IGF-1 has been shown to promote growth of the gastrointestinal tract
(Lemmey et al., 1991). Following MSBR, the level of IGF-1 mRNA in the residual bowel
increases, whereas the level of insulin-like binding protein-3 (IGFBP-3) drops precipitously
(Albiston et al., 1992; Mantell et al., 1993). As IGFBP-3 modulates the actions of IGF-1 in
vivo, a decrease in ileal IGFBP-3 synthesis after MSBR may increase the local IGF-1
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bioactivity. The administration of IGF-1 following intestinal resection augments
morphological adaptation (Lemmey et al., 1991; Mantell et al., 1993; Vanderhoof et al.,
1992) and colonic mucosal proliferation and water absorption (Mantell et al., 1995). It
would seem likely that IGF-1 does play a role in mediating the adaptation seen after MSBR.
This effect is believed to be paracrine in nature, perhaps involving communication between
the mesenchymal and epithelial compartments (Taylor and Fulicr, 1994).

Epidermal Growth Factor

Epidermal growth factor (EGF), a 53-amino acid polypeptide, has been associated with the
regulation of a wide variety of physiologic and pathophysiologic processes including
cellular growth (Gospodarowicz, 1981), tissue repair (Chabot et al., 1983), and neoplasia
(Bans-Schlegel and Quintero, 1986). EGF is a potent mitogen (Richman et al., 1976), both
in vitro and in vivo, for a variety of cells, including the rapidly renewing small intestinal
cells (Marti et al., 1989). A major source of EGF is the submaxillary gland, however
synthesis also occurs in the Brunner's glands of the duodenum and the Paneth cells of the

small intestine (Skov-Olsen and Nexo, 1983).

EGF is present in moderately large quantities in breast milk, suggesting a role in the growth
and differentiation of the gastrointestinal tract. In support of this hypothesis, exogenous
administration of EGF appears to be required for development and maintenance of the
intestinal epithelium (Al-Nafussi and Wright., 1982; Ulshen et al., 1986; Goodlad et al.,
1987c, 1988; Bragg et al.,1990). Infusion of EGF into the ileum of adult rats resulted in
more than a 200% increase in the ileurn mean mucosal ODC activity, more than a 100%
increase in mean deoxyribonucleic acid specific activity and crypt labelling index, and a
25% increase in mean DNA content of the mucosa. The local infusion of EGF into the
ileum was shown to effect a distant segment as all measurement except DNA content

increased in the jejunum. Furthermore, the stimulation of mucosal ODC activity by



intraluminal administration of EGF was dose-dependent, reaching a maximal level within
the dose range studied. Thus, the presence of EGF leads to substantial increases in ODC
whose presence is obligatory for the post-resection increase in proglucagon-derived peptides
(Ulshen et al., 1986). In a later study, Goodlad and associates (1988) confirmed that EGF
had a significant effect on intestinal epithelial proliferation throughout the gut of
parenterally fed rats, but it could not fully compensate for the lack of luminal contents.
Bragg and collegues (1990) have also found that infusion of EGF prevents the TPN-induced
intestinal hypoplasia and suggests this may be due to maintenance of mucosal proliferative

activity and brush border enzyme activity.

As EGF has been shown to exert trophic effects on the small intestinal mucosa, the changes
in mucosal substrate consumption that complement this cellular proliferation were explored.
Schwartz and Storozuk (1988) found a significant increase in substrate absorption following
systemic and luminal exposure to EGF. In addition, the subcutaneous administration of
EGF led to a two-fold upregulation of glutamine transport activity in jejunal brush border
membrane vesicles. Kinetic studies of the glutamine transporter showed that the increase in
transport was the result of a 70% increase in Vyax which likely indicates an increase in de
novo biosynthesis of transporter proteins following the EGF administration (Salloum et al.,
1993). The application of EGF to the jejunum in vivo or in vitro upregulates glucose-
coupled Na* absorption (Schwartz and Storozuk, 1985; Opleta-Madsen et al., 1991) and
microvillus brush border surface area within 30 minutes, implying a role in the acute

regulation of intestinal transport (Hardin et al., 1993).

EGF has been shown to enhance both morphological and functional indices in the small
intestine, however the effect of supplemental EGF on the process of intestinal adaptation is
largely unknown. Following proximal intestinal resection in rabbits, long-term treatment
with EGF increased maltase activity and dramatically upregulated glucose absorprtion.
These functional adaptations were not associated with hyperplasia identifying EGF as a
modulator of nutrient transport function specifically (O’Loughlin et al., 1994). However,
EGF administration following MSBR in rats resulted in the normal structural adaptive



responses (Chalet et al., 1994). Future studies examining the effect of EGF enriched
parenteral solutions on the structural and functional adaptations to massive small bowel

resection are warranted.

Polyamine synthesis

Polyamine synthesis within the gastrointestinal tract appears to be mandatory for the
initiation of the rapid cellular growth and differentiation that occurs during intestinal
adaptation to MSBR. The decarboxylation of the precursor, omithine, by omithine
decarboxylase (ODC) is the first and rate-limiting step in polyamine biosynthesis. In
quiescent cells the activity of ODC is low, however it increases markedly during the initial
stages of cell proliferation and differentiation (Tabor and Tabor, 1984). This elevation in
ODC is often one of the earliest events during the transition from quiescence to
proliferation, is associated with the rapid accumulation of cellular polyamines (Pegg and
McCann, 1982), and is believed to directly mediate cellular transformation as a potential
protooncogene (Auvinen et al., 1992; Wang et al., 1993).

Luk and Baylin (1983) demonstrated that increased mucosal ODC activity and increased
polyamine content are intimately associated with the rapid increase in cell proliferation
during the adaptive response of the residual intestine after MSBR. Following a 50%
intestinal resection, ODC increased 170-fold compared to a 9-fold increase in transected
controls. Furthermore, indices of mucosal cell proliferation, including new DNA synthesis,
crypt cell proliferation, and crypt cell labelling index, were all highly correlated with the

time course of the increase in ODC activity.

To determine if the intestinal mucosal adaptation process is directly dependent upon
polyamine biosynthesis, Luk and Baylin (1984) used the specific irreversible ODC
inhibitor, a-difluoromethyl ornithine (DFMO) to suppress the increases in intestinal

mucosal ODC activity and to assess the resultant effects on intestinal adaptation.



Suppression of ODC activity with DFMO was associated with an 87% suppression of DNA
synthesis, and complete abolition of intestinal adaptation, as manifested by the absence of
intestinal weight gain, increases in mucosal thickness or increase in crypt cell production in
vivo. More recently, Taylor and associates (1992) observed a modest 1.3-fold increase in
ODC mRNA levels after MSBR, which is present at 18 hours and remains relatively
constant thereafter. Their findings were confirmed by Rountree and colleagues (1992) who
noted that the changes in ODC mRNA levels following MSBR were independent of

luminal nutrition.

Proglucagon-derived Peptides

Proglucagon-derived peptides are a group of previously ill-defined glucagon-like
immunoreactive peptides, which were identified primarily in the ileum and colon of various
species (Larsson et al., 1975). Proglucagon is a 160 amino acid polypeptide encoded by the
glucagon gene (Bell et al., 1983b). Molecular studies have demonstrated that both the rat
and the human have single copy glucagon genes (Bell et al., 1983a; Heinrich et al., 1984)
originating from the same proglucagon mRNA molecule found in both the intestine and
pancreas (Novak et al., 1987). However, within each of these organs proglucagon
undergoes differential processing (Figure 1.2), so that the major product in the pancreas is
glucagon, whereas those in the gastrointestinal tract include glicentin [corresponding to
amino acids 1-69; PG-(1-69)], a C-terminal extended form of glucagon [oxyntomodulin;
PG-(33-69)], GLP-1 [PG-(78-108)], GLP-2 [PG-(126-158)], and intervening peptide-2 [PG-
(111-123)] (Mojsov et al., 1986; Orskov et al., 1986, 1987). Prohormone convertases, PCl1
(also known as PC3) and PC2 are calcium-dependent serine proteases that are responsible
for endoproteolytic processing of prohormones found in neuroendocrine cells throughout
the body (Steiner et al., 1996). These prohormone convertases cleave at lysine-arginine or
arginine-arginine sequences to generate peptides which have the C-terminal end removed by
the exopeptidase, carboxypeptidase E (Steiner et al., 1996). Using transformed cell lines, it

appears that PC1 is responsible for the processing of proglucagon to glicentin,



oxyntomodulin, GLP-1 and GLP-2 in the transfected cells (Rouillé et al., 1995; Dhanvantari
et al., 1996; Rothenberg et al., 1996). This organization is consistent for the human (Bell et
al., 1983a), rat (Heinrich et al., 1984), bovine (Lopez et al., 1983) and guinea-pig (Seino et
al., 1986) sequences. However, angler fish (Lund et al., 1982), catfish (Andrews and
Ronner, 1985), and chicken (Hasegawa et al., 1990) proglucagon contain only one GLP.

The L cells in which proglucagon is processed arise from “pluripotent” stem cells which
also give rise to enterocytes, goblet cells and Paneth cells (Potten and Loeffler, 1990). The
density of the L cells increase from duodenum to colon in a number of mammalian species
(Evans and Potten, 1988). L cells are preferentially located in the crypts of Lieberkuhn
(Ravazzola et al., 1979) and possess a longer turnover time than the enterocytes (Evans and
Potten, 1988). The enteroendocrine L cells are triangular in shape, with their apex in
contact with the lumen and their secretory granules predominantly clustered at the
basolateral surface. The disposition of secretory granules in the L cells at the basolateral
surface is believed to facilitate the release of peptides into the circulation in response to
luminal signals (Nilsson et al., 1991; Roberge and Brubaker, 1991). Proglucagon gene
expression, biosynthesis, and secretion is regulated by a cAMP-dependent pathway
(Drucker and Brubaker, 1989). It is unknown whether nutrient signals increase L cell
cAMP; however, the effects appear to be mediated via several second messenger systems
(Brubaker, 1988). Using a fetal intestinal cell monolayer culture, Brubaker and Vranic
(1987) have demonstrated that several peptides including gastric inhibitory peptide, gastrin
releasing peptide, calcitonin gene related peptide can regulate proglucagon-derived peptide
secretion. However, PYY, neurotensin, VIP, and CCK are amongst those without an effect

(Brubaker, 1991).

There is some understanding of the physiological role of pancreatic-derived glucagon, but
that of the intestinal glucagon gene products are only starting to be understood. In models
where intestinal adaptation must occur, various researchers have noted enteroglucagon

immunoreactivity to be increased (Jacobs et al., 1981; Al-Mukhtar et al., 1983; Bristol and

Williamson, 1988). Similarly, in diseases such as celiac disease, where an adaptive



response occurs, plasma enteroglucagon levels are elevated (Besterman et al., 1978).
Finally, villous hyperplasia was reported in a patient with a renal enteroglucagonoma
(Gleeson et al., 1971); intraperitoneal injection of tumour extract resulted in intestinal
enlargement in mice (Dowling, 1982). Albeit circumstantial, these observations have
provided evidence that enteroglucagon is trophic for the small bowel and may mediate the
humoral component of the adaptive response (Bristol and Williamson, 1988).

The insulinogenic relevant form of GLP-1 is not the full 1-36 amide molecule produced by
pancreatic a-cells, but rather the truncated 7-37 molecule resulting from a monobasic
cleavage in intestinal L cells, which is amidated to a 7-36 amide. GLP-1 is a potent inhibitor
of pentagastrin-induced gastric acid secretion via stimulation of cAMP production
(Schmidtler et al., 1991). However, much recent attention has been focused on its
insulinotrophic (incretin) effect (for review, see Drucker, 1990; Goke et al., 1991). In
addition to its role as an incretin in several species including man, infusion of
supraphysiological levels of GLP-1 (7-36 amide) into subjects with non-insulin dependent
diabetes mellitus (NIDDM) improved their response to exogenous insulin. Unlike gastric
inhibitory peptide, GLP-1 (7-36 amide) maintains its insulintropic activity in NIDDM
(Nauck et al., 1993). The incretin effect displayed by GLP-1 (7-36 amide) appears to be
mediated via inhibition of the sulphonylurea-sensitive potassium channel in the pancreatic

B-cell, rendering the cells glucose competent (Holz et al., 1993).

Despite its sequence conversion within many animal species, a role for GLP-2 as an inducer
of basolateral glucose transport has only recently been described (Cheeseman and Tsang,
1996). Glicentin and oxyntomodulin are believed to play a trophic role in the intestine.
Plasma levels of both glicentin and oxyntomodulin are increased following a 50% proximal,
but not distal, intestinal resection (de Segura et al., 1994). Itis of interest that a greater
capacity for intestinal adaptation exists when the ileum is conserved (Appleton et al., 1987).

This phenomena might be related to the preservation of L cells in such models.



The past decade has brought the molecular characterization of proglucagon which enables a
closer examination of the changes occurring during intestinal adaptation. Taylor and
associates (1990) were the first to analyze the changes in gene expression during the
adaptive response. Following MSBR, proglucagon mRNA in the residual terminal ileum
are increased three-fold, peaking two days following surgery. This increase in proglucagon
gene expression is partly dependent on luminal nutrition, as demonstrated by significantly
higher levels in fed rats as compared to fasted rats at 48 hours post-MSBR (Taylor et al.,
1990). Upregulation of proglucagon gene expression following MSBR has been reported
by other researchers (Rountree et al., 1992; Bilchik et al., 1995). Although much less
abundant, parallel changes were also observed in the mRNA levels of CCK and PYY
(Taylor et al., 1992; Fuller et al., 1993), but not in the levels of several other genes
indicating specificity of the observed responses. The rise in proglucagon mRNA after
proximal intestinal resection is not inhibited by DFMO, despite inhibition of intestinal
adaptation. This study indicates that proglucagon-derived peptides are possible modulators
of adaptive bowel growth but cannot stimulate growth when ODC activity is inhibited
(Taylor et al., 1992).

In situ hybridization and electron microscopy has revealed that increased proglucagon gene
expression represents an increase in the synthetic activity of the L cell rather than an
increase in L cell number (Fuller et al., 1993; Buchan et al., 1985). In addition, following
MSBR the normal relatively basal disposition of the L cells in the crypt-villus unit is lost, as
enterocyte proliferation leads to L cell displacement onto the villi (Fuller et al., 1993).

Monoclonal antibodies to ‘enteroglucagon’ have been used to show minimal effects on the
adaptive response following MSBR (Gregor et al., 1987; Gregor et al., 1990). However,
this data is unconvincing as the ability of the antisera to neutralize the relevant proglucagon
peptide product remains unknown. Future studies will require more precise definition of
the proglucagon-derived peptide being examined in an effort to identify the proglucagon-
derived peptide responsible for mediating the adaptive response (Rountree et al., 1992).



Secretion of proglucagon-derived peptides in response to nutrient ingestion has been
demonstrated. Plasma GLP-1 concentration rises within 15 - 30 minutes in response to oral
ingestion of a mixed meal and remains elevated for several hours (Kreymann et al., 1987;
Gutniak et al., 1992; Elliott et al., 1993). Luminal glucose perfusion of the ileum or colon
stimulates GLP-1 release (Orskov et al., 1986; Shima et al., 1990; Plaisancié et al., 1995).
Ingestion of fermentable fibers have been recently noted to increase ileal proglucagon gene
expression, plasma GLP-1 (Reimer and McBurney, 1996), glicentin and oxyntomodulin
concentration (Gee et al., 1996), presumable due to the fermentative end products - SCFAs.
Using a colonic perfusion model, no effect of SCFAs on GLP-1 secretion were noted
(Plaisancé et al., 1995). This may be due to site specific regulation differences in the ileum
and colon or experimental aberration as other inconsistencies exists. The intracolonic
perfusion of oleic acid did not modify GLP-1 release (Plaisancé et al., 1995) whereas oleic
acid in isolated perfussed rabbit left colon induced glicentin and oxyntomodulin release
(Ballantyne et al., 1989). Similarly, luminal stimulation by a fat emulsion in the rat ileum
evoked a delayed increase in plasma glicentin and oxyntomodulin levels in vivo (Roberge
and Brubaker, 1991) and in fetal rat intestinal cultures (Rocca and Brubaker, 1995). The
release of proglucagon-derived peptides is believed to occur synchronously (Orskov et al.,
1986).

Recently, Bamba and associates (1994) reported that plasma glicentin and oxyntomodulin
levels were further increased following proximal small bowel resection in rats consuming a
pectin-containing elemental diet than in rats consuming a fiber-free elemental diet. The
effect of systemically administered nutrient on proglucagon expression following MSBR is

unknown.
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Peptide YY

Peptide YY (PYY), 2 36 amino acid peptide, is co-localized with the proglucagon-derived
peptides in the L cells of the colon and ileum (Ali-Rachedi et al., 1984; Bottcher et al.,
1984). Plasma PYY levels parallel the rise in proglucagon mRNA levels following MSBR
and have therefore been suggested to be a possible humoral growth factor (Adrian et al.,
1987; Goodlad et al., 1989). However, more recent studies have suggested that its role in
intestinal adaptation is that of an ‘ileal brake' (Spiller et al., 1988; Goodlad et al., 1990) to
decrease motility and allow increased contact time between nutrients and the epithelium
(Goodlad et al., 1990). PYY is released from the L cells in a dose-dependent fashion
following colonic perfusion with the SCFAs, acetate and n-butyrate (Longo et al., 1991)
suggesting that L-cells secrete peptides in response to SCFAs.

CELLULAR REGULATORS OF INTESTINAL PROLIFERATION

Cellular proliferation is achieved over the course of a series of defined events - initial
signaling, followed by the induction of a program of gene expression which uitimately
culminates in DNA synthesis and cell division (Pardee, 1989). The initial signaling phase
is rapid, beginning with a 2-3 hour ‘commitment’ period, after which proliferation
proceeds in a relatively autonomous manner (Crabtree, 1989). During this commitment
period the expression of a number of proto-oncogenes, or ‘early response genes’, is
activated (Ullman et al., 1990). This altered gene expression is essential for the initiation
of proliferation and may therefore be considered a crucial regulatory point, both during
entry into, and subsequent progress through, the cell cycle (Pardee, 1989; Crabtree, 1989:
Ullman et al., 1990).
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There has been particular interest in the class of early response genes that encode DNA
binding proteins which regulate gene transcription within the nucleus, as these may
represent part of the final common pathway of cell cycle control (Kerr et al., 1988). The
expression of certain early response genes, including c-myc, c-jun and c-fos increase
rapidly but transiently in response to cellular stimulation by mitogens or growth factors
(Kelly et al., 1988; Muller et al., 1984). The expression of early response genes may
trigger secondary changes in gene activity and is thought to ultimately activate complex
genetic programs, such as those controlling cell growth, differentiation or response to
environmental information (Figure 1.3).

c-myc

The earliest discovered nuclear oncogene, c-myc, encodes for a nuclear phosphoprotein
that functions as a transcriptional factor controlling cell division, differentiation and
apoptosis (Marcu et al., 1992, Varmus, 1984). The Myc protein interacts with Max, a
basic helix-loop-helix zipper protein, and the Myc-Max heterodimeric complexes
stimulate transcription and cell proliferation (Gu et al., 1994). Decreased expression of c-
myc gene by the antisense oligomer complementary to the c-myc initiation codon and
downstream sequences prevents the transition from the G1 phase to the S phase in the cell
cycle and is associated with inhibition of cell proliferation in a variety of cell types
(Heikkila et al., 1987; Holt et al., 1988).

One of the physiological functions of the c-myc genes is the intracellular transduction and
multiplication of growth-promoting signals derived from stimulated growth-factor
receptors at the cell surface (Rottleb et al., 1995). In resting cells or in terminally
differentiated cells, c-myc expression is shut off. Similarly, in vitro systems are
commonly used in differentiation assays and differentiation is typically accompanied by

an early reduction of c-myc expression (Westin et al., 1982; Lachman et al., 1985). The
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decrease in c-myc expression is essential, allowing the subsequent steps of differentiation
to take place. Differentiation can be blocked by constitutive expression of c-myc (Marcu
et al., 1992) or induced by suppression of c-myc translation through anti-sense RNA or
anti-sense oligonucleotides. Following intestinal resection in rats, there is a rapid and
marked induction of c-myc expression which culminates in stimulation of DNA synthesis
in ileal crypt epithelial cells 24 hours later (Sacks et al., 1995). This rapid c-myc response
was in the absence of enteral nutrition, thus future studies should focus on the modulation
of early response genes by specific nutrients in the first few hours following intestinal

resection.

c-jun and c-fos: The AP-1 Transcription Factor

c-jun and c-fos encode for DNA binding proteins that dimerize to form the AP-1
(Activator Protein-1) transcription factor (de Groot et al., 1990). AP-1 DNA binding
regulates multiple genes involved in cellular growth and differentiation (de Groot et al.,
1990). The Fos- and Jun-related proteins form homodimeric and/or herodimeric
complexes that are stabilized by noncovalent interactions between the leucine-zipper
domains present in all Fos and Jun proteins (Bohmann et al., 1989; Angel et al., 1988;
Curran and Franza, 1988; Rauscher et al., 1988; Bohmann and Tjian, 1989). Jun-Jun or
Jun-Fos dimerization has been shown to be necessary for DNA binding and
transcriptional activation (Halazonetis et al., 1988; Nakadeppu et al., 1988; Tumer and
Tjian, 1989). AP-1 binding sites are frequently found in promoters or enhancers of genes
that are inducible by a variety of extracellular signals or growth factors indicating that the
transcriptional activation of genes in response to trophic stimuli is indeed exerted by AP-
1. Such mechanisms could implicate AP-1 in the induction of the ‘first wave’ of gene

transcription that follows cell stimulation.
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Nutrient Regulation of c-myc, c-jun and c-fos

Studies of fasted and fed animals have demonstrated that intraluminal nutrients stimulate
the expression of early response genes. c-fos and c-jun expression is upregulated in the
proliferative period that is induced by intraluminal nutrients following fasting (Hodin et
al., 1994; Holt and DuBois, 1991). Using a nutrient deprivation model, IPEC-J2 cells
treated with glutamine for 20 minutes to 12 hours showed c-jun induction at 20 minutes
followed by a rapid decline to baseline (Kandil et al., 1995). This data suggests that the

initial step in glutamine-stimulated proliferation may involve c-jun expression.

In vitro work has demonstrated that the SCFA, butyrate alters c-myc (Rabizadeh et al.,
1993; Rottleb et al., 1995), c-fos (Souleimani and Asselin, 1993) and c-jun (Nishina et al.,
1993, Rabizadeh et al., 1993) expression thereby modulating proliferation and
differentiation. Until recently, butyrate was believed to lack biological effects on
oncogene expression in vivo due to it’s rapid metabolism (Miller et al., 1987). However,
earlier this year Veldzquez and associates (1996b) reported that the injection of butyrate
into the colonic lumen increases c-Jun protein abundance in association with changes in
crypt compartment-specific proliferation in normal rat colon in vivo. The effect of
systemic SCFA administration on early response genes following the trophic stimuli of

intestinal resection is unknown.

SUMMARY

As revealed by the discussion of the preceding studies, a complex relationship exists among
many of the factors involved in intestinal adaptation. Descriptive commentaries of the
actual process of intestinal adaptation are somewhat unclear as the structural and functional

changes appear to occur independently. Additional research regarding the impact and
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interaction of gut specific fuels and humoral factors is warranted in an attempt to achieve
mechanistic understanding. Ultimately, the knowledge derived will provide practical
information enabling the revision and improvement of current parenteral solutions for

patients with intestinal disease or injury.

AIMS AND SCOPE OF RESEARCH

Following massive small bowel resection, the remnant intestine undergoes morphological
(i.e. dilation, lengthening and thickening) and functional (i.e. hyperproliferative, digestive
and absorptive) adaptive changes (Wilmore et al., 1971; Sigaletet al., 1990). Prior to
these adaptive events, patients with short bowel syndrome present with diarrhea, weight
loss, electrolyte abnormalities and multiple nutritional deficiencies (Dudrick et al., 1991).
Various other metabolic consequences of surgery occur. Accelerated skeletal muscle
proteolysis and translocation of amino acids from skeletal muscle to visceral organs
follows surgical stress (Souba and Wilmore, 1983). In addition, surgery itself has been
shown to have immunosuppressive effects by decreasing helper and suppressor
lymphocyte populations (Hansbrough et al., 1984), granulocyte function (Christon, 1985),
NK cell cytotoxicity (Pollack et al., 1991) and delayed hypersensitivity skin-test response
(Johnson et al., 1979).

The successful role of TPN in providing nutritional support for these patients somewhat
obscures the reduction in intestinal adaptation and mucosal atrophy that occurs if the
intestine is robbed of the stimulus of continued enteral nutrition (Booth, 1994; Johnson et
al., 1975a; Wilmore et al., 1988). TPN is also associated with immunosuppression as
reflected by an increased incidence of infections in TPN- versus enterally-fed patients
(Kudsk et al., 1992; Mainous et al., 1991; McGeer et al., 1990; Moore et al.. 1992). The
mechanism for increased susceptibility to infection and immunosuppression associated
with TPN is not known, however detrimental changes have been reported in both

nonspecific (Cleary and Pickering, 1983 Fraser et al., 1983; Hawley and Gordon, 1976:
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Monson et al., 1988; Pollack et al., 1991) and cell-mediated immunity (Gogos et al.,
1990; Kinsella et al., 1990; Sedman et al., 1991; Shou et al., 1994; Wolfe et al., 1982).
The inability of the immune system to resist infection can lead to hypermetabolism and
sepsis. These multiorgan abnormalities have prompted the addition of specific nutrients
to current parenteral nutrient formulations in an attempt to enhance outcomes in the

critically ill.

Current parenteral formulations do not provide nutrients specific to the GI tract. The
addition of SCFAs to TPN has been shown to prevent TPN-associated mucosal atrophy
(Koruda et al., 1990) and enhanced morphological markers of adaptation to small bowel
resection in rats (Koruda et al., 1988b). The effect of SCFA-supplemented TPN on other
organs known to be affected by intestinal resection, such as the skeletal muscle and
immune systems, is unknown. Additional research regarding the impact and interaction
of gut specific fuels and humoral factors is warranted in an attempt to achieve
mechanistic understanding. Ultimately, the knowledge derived will provide practical
information enabling the revision and improvement of current parenteral solutions for

patients with intestinal disease or injury.

The objectives of this thesis research are:

1) to identify mechanism(s) by which SCFAs are trophic to the
gastrointestinal tract;

2) to provide insight into regulatory mechanisms of intestinal adaptation, in
both resected and normal nonresected intestine, and;

3) to determine if SCFA supplementation of TPN influences the multiorgan

response to surgical trauma.
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These aims will be achieved by testing the following hypotheses:

Hypothesis 1: SCFA supplemented-TPN enhances structural and functional
aspects of intestinal adaptation following intestinal resection, and
is associated with immunoenhancement and reduced skeletal

muscle catabolism.

Chapter 2 established the TPN / intestinal resection model in rats and corroborates the
effect of SCFA-supplemented TPN on structural aspects of intestinal adaptation. Chapter
3 describes SCFA induced changes in functional markers of intestinal adaptation at the
cellular level. Chapter 4 investigates the effect of systemic SCFAs on immune function
following surgical trauma. Chapter 5 examines SCFA-supplemented TPN on skeletal
muscle wasting following intestinal resection. Chapter 6 provides preliminary evidence
regarding the mechanism by which SCFAs mediate the multiorgan response to SCFAs

following intestinal resection.

Hypothesis 2: Systemic SCFAs rapidly modulate the gene expression of factors

believed to be essential intestinal regulation.

Chapter 2 investigates the effect of SCFA-supplemented TPN on the expression of
enterotrophic genes (i.e. proglucagon, ornithine decarboxylase) following intestinal
resection. Chapter 7 describes the enteroplastic response and associated gene expression
to SCFA s in parenterally-supported rats with an intact small intestine. Chapter 8
examines acute enteroplastic responses and expression of early response genes due to

systemic SCFA administration in normal rats.

Chapter 9 summarizes the testing of these hypotheses and discusses the knowledge
derived while accomplishing the specific objectives.
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CHAPTER 2

SHORT-CHAIN FATTY ACIDS INCREASE PROGLUCAGON
AND ORNITHINE DECARBOXYLASE MESSENGER RNAS
FOLLOWING INTESTINAL RESECTION IN RATS*’

INTRODUCTION

Massive small bowel resection results in “short bowel syndrome” which is clinically
characterized by diarrhea, weight loss, electrolyte abnormalities and multiple nutritional
deficiencies (Dudrick et al., 1991). Advances with home total parenteral nutrition (TPN)
programs have proven to be life sustaining for many patients (Purdum and Kirby, 1991;
Tilson, 1980; Daniano et al., 1989; King et al., 1987), however the systemic
administration of nutrients inhibits both morphological (Johnson et al., 1975; Levine et
al., 1974; Hosada et al., 1989; Rossi et al., 1993; Inoue et al., 1993; Miura et al., 1992)
and functional (Levine et al., 1974; Inoue et al., 1993; Miura et al., 1992) aspects of
intestinal adaptation. Ultimately, it is the adaptive ability of the remnant bowel to
compensate for the absence of the resected portion that will determine the patient’s

prognosis.

The mechanism by which exogenous nutrients enhance intestinal adaptation is unclear but

are thought to act either directly by providing protein and energy for the mucosal cells of

! A version of this chapter has been published. Tappenden KA, Thomson ABR, Wild GE, McBurney MI.
JPEN 1996:20:357-362.
2 Awarded, in part, the American Institute of Nutrition/Procter & Gamble Graduate Student Research
Award at the Federation of American Societies for Experimental Biology, April 1995, Atlanta, Georgia and
?ub[ished. in part, in abstract form, The FASEB Journal 1995:9:4999.

Awarded, in part, the Mary Ecclestone Graduate Student Award of the Canadian Society of Nutritional
Sciences at the 38" Annual Meeting of the Canadian Federation of Biological Societies, June 1995,
Saskatoon, Saskatchewan, and published, in part, in abstract form Can Fed Proc 1995:38:322J.
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the small intestine (Philpott et al., 1993) or indirectly by triggering the release of
secondary factors (Hughes et al., 1978; Weser et al., 1977; Gelinas and Morin, 1980;
Goodlad et al., 1987; Bristol and Williamson, 1988; Dworkin et al., 1976).
Enteroglucagon is a group of previously ill-defined glucagon-like immunoreactive
peptides, which are secreted from enteroendocrine L-cells found predominantly in the
ileum and colon of various species (Larsson et al., 1975). Many studies have established
a strong correlation between cell proliferation during intestinal adaptation and elevated
plasma levels of enteroglucagon (Sagor et al., 1982; Dowling, 1982; Bloom and Polak,
1982; Sagor et al., 1983; Gornacz et al., 1984; Al-Mukhtar et al., 1982). To further
support the hypothesis that proglucagon-derived peptides are enterotrophic hormones,
adaptive hyperplasia is associated with increases in intestinal proglucagon mRNA (Hynes
et al., 1988; Rountree et al., 1992; Taylor et al., 1990). Rountree and associates (1992)
have shown that the sustained increase in proglucagon mRNA following intestinal
resection requires luminal nutrition but there is an absence of information regarding the

effect of specific nutrients on proglucagon gene expression.

Ornithine decarboxylase (ODC), the rate limiting enzyme in polyamine synthesis, plays
an important role in the regulation of intestinal growth (Luk et al., 1980; Luk and Baylin,
1983; Yang et al., 1984; Maudsley et al., 1976; Tabata and Johnson, 1986; Seidel et al.,
1984; Wang et al., 1991; Wang and Johnson, 1991). Following proximal bowel
resection, intestinal ODC activity increases very rapidly and is considered to be a marker
of the onset of adaptive growth (Luk and Baylin, 1983). In further support of the role of
ODC during intestinal adaptation, Luk and Baylin (1984) showed that inhibition of
mucosal ODC activity with a-difluoromethyl ornithine, a specific, irreversible ODC
inhibitor, completely abolishes markers of intestinal adaptation. It is possible that ODC
and subsequent polyamine synthesis may represent a final pathway through which trophic

substances, such as enteroglucagon, stimulate intestinal adaptation.

TPN supplemented with short chain fatty acids (SCFAs), the byproduct of dietary fiber

fermentation in the colon, has been shown to prevent TPN-associated mucosal atrophy
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and thus facilitate adaptation to small bowel resection in rats (Koruda et al., 1988; Koruda
et al., 1990). It has been postulated that SCFAs may influence small intestinal mucosal
proliferation by increasing pancreatic secretions (Harada and Kato, 1983; Al-Mukhtar et
al., 1983), small intestinal blood flow (Dowling, 1982) and, although not extensively
studied, through stimulation of enterohormone secretions (Koruda et al., 1990). In this
study, we sought to determine if systemic SCFA administration enhances intestinal
adaptation through regulation of the mRNA abundance of trophic factors, specifically

proglucagon and ornithine decarboxylase.

MATERIALS AND METHODS

Animals

Forty-six adult male Sprague-Dawley rats (weighing 236 +7 g), obtained from Health
Sciences Laboratory Animal Services (University of Alberta, Edmonton, Canada), were
acclimatized and housed in individual metabolic cages in a temperature and humidity
controlled facility with 12 hour light/dark exposure. Four days prior to surgery, the
animals were given free access to a nutritionally complete elemental diet and drinking
water. The elemental diet was given to minimize the effect of residual dietary fiber
fermentation and therefore decrease SCFA production in the gastrointestinal tract prior to
the onset of the experiment. All procedures received ethical approval from the University
of Alberta Animal Policy and Care Committee and are consistent with the guidelines of
the Canadian Council in Animal Care.

Surgical Model

Prior to surgery, animals underwent a 12 hour food restriction, were weighed and
anesthetized with halothane. Animals underwent superior vena cava cannulations and
swivel placement as outlined by Popp and Brennan (1981). Subsequently, all animals
were subjected to an 80% jejunoileal resection, leaving 1-cm of jejunum distal to the

ligament of Treitz and 15-cm of ileum proximal to the ileocecal junction. The 15-cm



intestinal segment proximal to the ileocecal valve was measured using a 15-cm length of
3-0 silk suture placed along the anti-mesenteric border of the gently stretched small
intestine. Thus, all animals were left with an equivalent length of distal ileum and 1-cm
of proximal jejunum. Bowel continuity was restored by an end-to-end jejunoileal
anastomosis with interrupted 6-0 silk sutures. The abdomen was closed with interrupted

3-0 dexon sutures. Sterile instruments and aseptic technique were used at all times.

Postoperative Care and Nutrient Solutions

Postoperatively, animals were randomly assigned to receive either standard TPN or TPN
supplemented with SCFAs. Within these two diet groups, animals were further
randomized to receive the parenteral solutions for either 3 or 7 days. The TPN solutions
(Table 2.1) were prepared daily under a laminar flow hood to maintain optimal sterile
conditions and were filter sterilized before infusion (0.22um millipore filter, Millipore
Corporation, Bedford, MA). The SCFAs - acetate, propionate and butyrate - were added
as sodium salts (Sigma Chemicals, St. Louis, MO) in the molar proportions found
physiologically in the colon of man (Cummings, 1984) and at concentrations
demonstrated by Koruda and associates (1988) to reduce TPN mucosal atrophy following
massive small bowel resection. The diets were infused daily to provide 205 nonprotein
kJ and 425 mg nitrogen with a nonprotein energy in a volume of 52.8 mLs. The nutrient
solutions were administered using a Harvard infusion pump (Harvard Apparatus,
Wellesley, MA). All animals had free access to drinking water throughout the study
period.

Tissue Preparation

On the third (TPN-3, n=12; SCFA-3, n=11) and seventh (TPN-7, n=11; SCFA-7, n=12)
postoperative days, animals were weighed and anesthetized with halothane. The intestine
was rapidly excised from the ligament of Treitz to the ileocecal valve, freed of its
mesenteric fat, rinsed in ice-cold saline and weighed. A S-cm section of tissue, located 2-
cm distal to the anastomosis, was removed, snap frozen in liquid nitrogen and stored at -

72°C for subsequent RNA isolation and quantification. A 2-cm segment of distal ileum
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(2-cm proximal to the ileocecal valve) was opened longitudinally, rinsed further with ice-
cold saline, blotted dry and the mucosa was completely removed by scraping with a glass
slide. The mucosal and submucosal portions were then weighed. An additional 2-cm
segment (located 4-cm proximal to the ileocecal valve) was stored at -72°C until assayed
for DNA (Prasad et al., 1972) and protein (Lowry et al., 1951).

Northern Analysis

Total RNA was isolated and quantified according to the method of Chomzynski and
Sacchi (1987). Northern blot analysis of proglucagon expression was performed as
described by Taylor et al. (1990), with minor modifications. Briefly, 15 pg of total RNA
was fractionated on a 1.5% (w/v) agarose gel containing formaldehyde (0.66 M) and
transferred to a positively charged nylon membrane (Boehringer Mannheim, Laval, PQ).

The RNA was crosslinked to the membranes by exposure to ultraviolet light.

The 440 basepair proglucagon cDNA probe (Taylor et al., 1990), a gift from Peter J.
Fuller of Prince Henry’s Institute of Medical Research in Melbourne, Australia, was
labelled by nick translation (Random Primers DNA Labelling System, Life Technologies,
Burlington, ON) with [*?P]-dATP (3000Ci/mmol, Amersham Canada, Oakville, ON).
Membranes were prehybridized for 2 hours at 65°C in prehybridization buffer [6 x SSPE
(0.18 M NaCl, 0.01 M sodium phosphate, | mM EDTA, pH 7.4),0.1% SDS (wt/vol), 5 x
Denhart’s solution (0.5 g Ficoll 400, 0.5 g BSA (frakcia v)]. Following prehybridization,
membranes were incubated for 16 hours at 68°C in an identical volume of fresh
hybridization buffer, but with the addition of the proglucagon [>*P]-ATP-labelled cDNA
probe.

The 2158 basepair ODC cDNA was labelled with digoxigenin using random primed
labelling technique (Feinberg and Vogelstein, 1983). The digoxigenin-labelled ODC
cDNA probe detected two major transcripts of 2.6 kb and 2.2 kb (Blackshear et al., 1989).
Prehybridization and hybridization techniques were carried out according to optimized
standard protocols for use with digoxigenin-labelled cDNA probes (Boehringer
Mannheim Canada, 1994).
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Following hybridization, the blots were washed once at room temperature in 2 x SSC,
0.1% SDS, and then twice for 20 minutes at 68°C. The blots were exposed to KODAK
XARS film (Eastman Kodak, Rochester, NY) using an intensifying screen (Dupont
Canada, Mississauga, ON) at -70°C. Relative mRNA concentrations were determined
using laser densitometry (Model GS-670 Imaging Densitometer, Biorad Laboratories
(Canada) Ltd., Mississauga, ON). RNA integrity and loading accuracy were confirmed
by quantification of the 288 ribosomal unit from the ethidium bromide stained
membranes. This technique of using 28S ribosomal units has been used in models of
intestinal adaptation to compensate for any loading discrepancies, variations in RNA

integrity, or nonspecific changes in RNA abundance (Winesett et al., 1995).

Statistics

The effect of time on body weight was determined for each group by repeated measures
analysis of variance (ANOVA). Differences between treatments were determined using a
randomized block ANOVA. Sources of variation were blocks (experimental day = 12),
diet (d=2), time (t=2) and diet interacted with time. Comparisions within the diet by time
interaction were made using student’s t-test. Statistical significance was defined as
p<0.05. Computations were done using the general linear model procedure in SAS

(Version 6.04, SAS Institute, Cary, NC). All data are presented as mean + SEM.

RESULTS

Body Weight

All animals received continuous nutrient infusion throughout the study period and grew
an average of 2.4 g/day (Figure 2.1). Change in body weight did not differ between diet
groups (Day 3, +10+ 5 g; Day 7, +17 £ 6 g). All animals grew at a rate comparable to
nonsurgical, ad libitum chow fed controls (data not shown) indicating the adequacy of the

nutritional support provided.
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lleal Parameters

The weight of the whole ileum and ileal mucosa were measured to quantitate the extent of
adaptive growth which had occurred by 3 and 7 days after surgery. Total ileal weight
(mg/cm) was significantly elevated (p<0.05) in the SCFA group when compared to the
TPN group at both time points (Table 2.2). This change was consistent in both the
mucosal and submucosal portions (Table 2.2). Ileal protein concentration was
significantly lower (p=0.0001) in the TPN group by day 7, but did not differ between diet
groups 3 days following surgery (Table 2.3). Ileal DNA (p<0.03) and RNA (p=0.0004)
concentrations were significantly higher in the SCFA groups when compared to the TPN
groups at both time points (Table 2.3).

Proglucagon mRNA

Northern analysis confirmed the presence of the 1.2 kb proglucagon mRNA species in the
ileal total cellular RNA. As shown in Figure 2.2, ileal proglucagon mRNA abundance
was significantly higher (p<0.05) in the SCFA group as early as 3 days following surgery.
These levels observed at day 3 were sustained until day 7 (Table 2.4).

Ornithine decarboxylase mRNA

Northern analysis confirmed the presence of the 2.6 and 2.2 kb ODC transcripts (Figure
2.3). The level of abundance of ornithine decarboxylase mRNA was greater (p<0.05) in
the ileum in those animals receiving SCFA supplemented TPN at both time points

following surgery (Table 2.4).
DISCUSSION
The morphological and functional responses of intestinal adaptation to jejunoileal

resection are well characterized. However little is known about the mechanism regulating

this phenomena. Traditionally, two broad categories of regulatory processes have been
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examined - luminal factors and systemic factors (Philpott et al., 1993). There are
substantial bodies of literature supporting the role of each of these regulatory processes
however evidence is lacking regarding the interaction of the two, or more specifically the
ability of specific nutrients to alter systemic factors.

TPN alimentation provides an ideal model with which to study the role of specific
nutrients in intestinal adaptation following resection. The use of TPN following resection
allows examination of distinct nutrients while enabling the provision of adequate
nutrition support. Massive small bowel resection in rats reliably produces a syndrome
characterized by massive prolonged diarrhea, malabsorption of enteral nutrients, negative
nitrogen balance and loss of body weight (Roth et al., 1995). Consequently, the use of
oral diets in these animals results in malabsorption and malnutrition thus confounding
nutrient effects with those of under-nutrition and lower body weigkt. In addition, the
systemic provision of nutrients eliminates direct contact of intraluminal nutrients with the
epithelial cells and subsequent secretion of trophic upper gastrointestinal secretions.
Finally, the ability of systemically administered nutrients to prevent TPN associated

mucosal atrophy thus enhancing intestinal adaptation is of significant clinical relevance.

Tota! and mucosal weight and ileal DNA, RNA and protein concentrations were used as
indices of intestinal adaptation. One week following surgery all adaptive markers were
significantly enhanced in the SCFA group. With the exception of ileal protein
concentration these adaptive markers were increased at day 3 postsurgery. The increase
in DNA as early as day 3 is to be expected as an increase in the incorporation of *H-
thymidine into DNA has been shown as early as 24-36 hours after resection in the rat
(Miazza et al., 1982). The delayed increase in ileal protein concentration may support the
hypothesis that during adaptation individual enterocytes spend less time in the
differentiation zone of the crypts (Menge et al., 1982) and may be functionally immature
(Menge and Robinson et al., 1978; Morita et al., 1982). Furthermore, as DNA is a more
specific indicator of cellularity than protein, this nonparallel response may indicate that

SCFAs cause trophism by initially increasing cell number rather than size.
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There is a strong correlation between plasma levels of enteroglucagon and the adaptive
growth of the ileum following resection (Dowling, 1982; Bloom and Polak, 1982; Bloom
et al., 1979), supporting the possibility that enteroglucagon is an enterotrophic hormone.
Rountree and coworkers (1992) showed that sustained increases in intestinal proglucagon
mRNA following resection in rats requires luminal nutrition. In their study, the effects of
luminal nutrition were compared to those of fasting. It is unclear whether their results
suggest a need for luminally provided substrate or the generalized requirement for
nutrients during this hypermetabolic postsurgical period. Gee and associates (1996)
recently demonstrated that the ingestion of fermentable, nonabsorbed carbohydrate were
an important stimulus for the release of enteroglucagon. Reimer and McBurney (1996)
reported that the ingestion of dietary fiber significantly increases proglucagon gene
expression in rats which are associated with significantly greater plasma concentrations of
glucagon-like peptide-1 thirty minutes after an oral glucose gavage. The present study is
the first to show that SCFAs upregulate proglucagon mRNA following resection.
Physiologically, SCFAs are a logical mediator of enteroglucagon release as the
enteroendocrine L cells, which secrete enteroglucagon, are located in the terminal ileum
and colon (Bloom, 1980) - a strategic position for monitoring the presence of
malabsorbed food and SCFA release. The specific mechanism by which SCFAs increase
intestinal proglucagon gene expression is not known but may involve cAMP-dependent
pathways (Rocca and Brubaker, 1995).

We found that the adaptive growth at day 3 was associated with increased ileal ODC
mRNA suggesting that SCFAs may influence ileal DNA, RNA and protein concentration
by increasing ODC mRNA abundance. This may be a reflection of increased gene
transcription or mRNA stability. Although not statistically significant, the relative
abundance of ODC mRNA in the TPN group over time resembled the rapid increase and
subsequent return to normal levels by day 4 reported by Rountree and colleagues (1992).
In this study, the sample collection occurred at day 3 which may have been too late to

detect this difference as ODC mRNA was reported to have peaked 48 hours after surgery.
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The physiological significance of SCFAs ability to maintain the level of ODC until day 7
is unclear but the polyamines synthesized by ODC are thought to stabilize nucleic acids
and influence protein synthesis (Das and Kanungo, 1982; Fozard and Koch-Weser, 1982).

This study suggests that intravenous administration of SCFAs upregulate proglucagon
and ornithine decarboxylase mRNAs to enhance intestinal adaptation following massive
small bowel resection. The proliferative response in this study cannot be attributed to one
particular SCFA. However, available evidence suggests that butyrate may be important
in inducing these effects. Butyrate is a preferred oxidative fuel (Marsman and McBurney,
1996) and of the three major SCFAs, the effects of colonic mucosal proliferation are
thought to be mostly due to butyrate (Sakata, 1987; Kripke et al., 1989). Lupton and
Kurtz (1993) reported that amongst the SCFAs examined, the strongest positive
correlation with in vivo cell proliferation was found with colonic butyrate concentrations.
More recently, butyrate has been reported to increase c-Jun expression in normal rat
colon in vivo (Veldzquez et al., 1996) suggesting that butyrate may regulate cellular

proliferation by modifying transcriptional factors.

Plasma concentrations of proglucagon-derived peptides were not measured in this study
but have been reported to increase with the long-term ingestion of nonabsorbed,
fermentable carbohydrate and to decrease with the removal of fiber from the diet (Gee et
al., 1996). These observations are consistent with reports that conditions rendering the
distal bowel to greater nutrient loads produce hyperplasia (Williamson, 1982; Hanson et
al., 1977; Williamson et al., 1978; Altmann and Leblond, 1970; Dowling and Booth,
1967; McDermott, 1979; Rijke et al., 1977), increased plasma enteroglucagon plasma
concentrations (Morita et al., 1982; Besterman et al., 1978a, b; Bloom et al., 1972; Holst
et al., 1979), and increased plasma glucagon-like peptide-1 concentrations 30 minutes
after an oral glucose gavage (Reimer and McBumey, 1996). Indeed, one mechanism
whereby luminal nutrition modulates small bowel adaptation may be via effects on large
bowel fermentation and SCFA production and subsequent upregulation of proglucagon

and ornithine decarboxylase gene expression. Studies underway in our laboratory suggest
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that intravenous SCFA also upregulate proglucagon gene expression in non-resected
animals receiving TPN (Tappenden & McBumey, unpublished data). The exact molecular
mechanism(s) whereby SCFAs initiate and moderate intestinal adaptation needs further
examination although this study provides evidence that these substances may act directly

on the expression of enterotrophic genes.
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Table 2.1
Composition of Nutrient Solutions

TPN' TPN+SCFA®
_Ingredient
Dextrose (g/L) 204 199
Nitrogen® (g/L) 8 8
Lipid* (g/L) 26 26
NaCl (mmol/L) 60 L
Sodium acetate (mmol/L) - 36
Sodium propionate (mmol/L) - 15
Sodium butyrate (mmol/L) - 9
KCIl (mmol/L) 20 20
KPQO; (mmol/L) 15 15
C¢H;,0-¢1/2Ca (mmol/L) 8 8
MgS0O4 (mmol/L) 3 3
Multivitamins® (mL/L) 10 10

'TPN represents a standard total parenteral nutrient formulation.

>TPN+SCFA represents a standard total parenteral nutrient formulation plus the short-
chain fatty acids as indicated.

310% Travasol® (Baxter, Toronto, Ontario)
420% Intralipid"‘D (Kabi Pharmacia, Baie D’urfe, Quebec)
SMulti-1000® (Sabex Inc., Boucherville, Quebec)
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Figure 2.1 The Effect of Short-Chain Fatty Acid-Supplemented Total Parenteral
Nutrition on Total Body Weight Following Intestinal Resection.

Values are means + SEM. ¢ TPN; o SCFA. As body weight did not differ between the 3

and 7 day diet groups within diets, these values were pooled (Day 0-3 TPN, n=23; Day 4-
7 TPN, n=11; Day 0-3 SCFA, n=23; Day 4-7 SCFA, n=12). Total change in body
weight over time did not differ between diet groups.
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Figure 2.2 The Effect of Short-Chain Fatty Acid-Supplemented Total Parenteral
Nutrition on Ileal Proglucagon mRNA Abundance Following Intestinal Resection.
Values are means + SEM. Abbreviations: TPN-3, standard total parenteral nutrition
(TPN) for 3 days following surgery (n=11); TPN-7, standard TPN for 7 days following
surgery (n=12); SCFA-3, short-chain fatty acid (SCFA) supplemented TPN for 3 days
following surgery (n=11); SCFA-7, SCFA supplemented TPN for 7 days following
surgery (n=12). The provision of SCFA-supplemented TPN for 3 and 7 days following

intestinal resection increased (p<0.05) ileal proglucagon expression.
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Figure 2.3 The Effect of Short-Chain Fatty Acid-Supplemented Total Parenteral
Nutrition on Ileal Ornithine Decarboxylase mRNA Abundance Following Intestinal
Resection.

Values are means + SEM. Abbreviations: TPN-3, standard total parenteral nutrition
(TPN) for 3 days following surgery (n=11); TPN-7, standard TPN for 7 days following
surgery (n=12); SCFA-3, short-chain fatty acid (SCFA) supplemented TPN for 3 days
following surgery (n=11); SCFA-7, SCFA supplemented TPN for 7 days following
surgery (n=12). Omithine decarboxylase mRNA was higher (p<0.05) in the SCFA-
supplemented TPN groups both 3 and 7 days following surgery.
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CHAPTER 3

SHORT-CHAIN FATTY ACID-SUPPLEMENTED TOTAL
PARENTERAL NUTRITION ENHANCES INTESTINAL
FUNCTION FOLLOWING MASSIVE SMALL BOWEL
RESECTION **

INTRODUCTION

Extensive removal of the intestine results in short bowel syndrome such that adequate
intestinal adaptation and a return to enteral feedings may be unlikely. Following
intestinal resection, total parenteral nutrition (TPN) is frequently administered to prevent
diarrhea, dehydration, electrolyte disturbances, malabsorption and progressive
malnutrition. TPN is a key therapeutic modality responsible for prolonging the lives of
patients with short bowel syndrome (Purdum and Kirby, 1991; Tilson, 1980; Caniano et
al., 1989; King et al., 1987). However, the use of TPN following resection is associated
with intestinal atrophy and impaired functional activity (Johnson et al., 1975; Levine et
al., 1974; Feldman et al., 1976; Morin et al., 1978; Castillo et al., 1991; Inoue et al., 1993;
Miura et al., 1992). Byme and associates (1995) provided preliminary evidence that
nutrient absorption after massive small bowel resection can be enhanced with the
combined administration of glutamine, growth hormone and a modified diet providing
hope that enteral therapy may be an alternative to long-term TPN dependence. It is
possible that existing TPN formulations can be modified to stimulate intestinal adaptation

prior to the introduction of enteral feeding.

* A version of this chapter has been accepted for publication, Tappenden KA, Thomson ABR, Wild GE,
McBurney MI. Gastroenterology, in press.

5 Awarded the American Society for Parenteral and Enteral Nutrition 1996 Dietitian Research Award at the
20" Clinical Congress in Washington, D.C. and published, in part, in abstract form. JPEN 1996:20:60.
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TPN supplemented with short-chain fatty acids (SCFAs), the byproduct of dietary fiber
fermentation in the colon, has been shown to prevent TPN-associated mucosal atrophy
and thus facilitate morphological adaptation to small bowel resection in rats (Koruda et
al., 1988; Chapter 2). The effect of SCFAs on the functional aspects of intestinal
adaptation remains unknown but it is reasonable to assume that SCFA-induced intestinal
hypertrophy requires a concomitant increase in transport of other nutrients such as
glucose, amino acids and lipids. The hypothesis that SCFA supplementation of TPN
results in increased glucose transport and mRNA abundance of intestinal glucose

transporters was tested in the present study.

MATERIALS AND METHODS

Animals

Forty-eight adult male Sprague-Dawley rats (weighing 249+10 g), obtained from Health
Sciences Laboratory Animal Services (University of Alberta, Edmonton, Canada), were
acclimatized and housed in individual metabolic cages in a temperature and humidity
controlled facility with 12 hour light/dark exposure. Four days prior to surgery, the
animals were given free access to a nutritionally complete elemental diet (Marsman and
McBurney, 1995) and drinking water. The elemental diet was given to minimize the
effect of residual dietary fiber fermentation and therefore decrease SCFA production in
the gastrointestinal tract prior to the onset of the experiment. All procedures received
ethical approval from the University of Alberta Animal Policy and Care Committee and

are consistent with the guidelines of the Canadian Council in Animal Care.

Surgical Model
Prior to surgery, animals underwent a 12 hour food restriction, were weighed and
anesthetized with halothane. Animals underwent superior vena cava cannulations and

swivel placement as outlined by Popp and Brennan (1981). Subsequently, all animals
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were subjected to an 80% jejunoileal resection, leaving 1-cm of jejunum distal to the
ligament of Treitz and 15-cm of ileum proximal to the ileocecal junction. The 15-cm
intestinal segment proximal to the ileocecal valve was measured using a 15-cm length of
3-0 silk suture placed along the anti-mesenteric border of the gently stretched small
intestine. Thus, all animals were left with an equivalent length of distal ileum and 1-cm
of proximal jejunum. Bowel continuity was restored by an end-to-end jejunoileal
anastomosis with interrupted 6-0 silk sutures. The abdomen was closed with interrupted

3-0 dexon sutures. Sterile instruments and aseptic technique were used at all times.

Postoperative Care and Nutrient Solutions

Postoperatively, animals were randomly assigned to receive either standard TPN or an
isoenergetic, isonitrogenous TPN supplemented with SCFAs. Within these two diet
groups, animals were further randomized to receive the parenteral solutions for either 3 or
7 days. The TPN solutions (Table 2.1) were prepared daily under a laminar flow hood to
maintain optimal sterile conditions and were filter sterilized before infusion (0.22um
millipore filter, Millipore Corporation, Bedford, MA). The SCFAs - acetate, propionate
and butyrate - were added as sodium salts (Sigma Chemicals, St. Louis, MO) in the
concentrations used by Koruda and associates (1988) and in the molar proportions found
physiologically in the colon (Cummings, 1984). Weak anions, such as SCFAs, exert a
stabilizing influence on anionic lipid stabilizers and use of the more stable calcium
gluconate, instead of calcium chloride further improved the admixture stability (Driscoll,
1995). All solutions were compounded (Keck-Jones, 1994) and handled according to
guidelines that ensured safe administration (Driscoll, 1994). The diets were infused daily
to provide 52 kcal and 425 mg nitrogen with a nonprotein kilocalorie-to-nitrogen ratio of
116. The nutrient solutions were administered using a Harvard infusion pump (Harvard
Apparatus, Wellesley, MA). All animals had free access to drinking water throughout the
study period.
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Tissue Preparation

On the third (TPN-3, n=12; TPN+SCFA-3, n=12) and seventh (TPN-7, n=12;
TPN+SCFA-7, n=12) postoperative days, animals were weighed and anesthetized with
halothane. The intestine was rapidly excised from the ligament of Treitz to the ileocecal
valve, freed of it’s mesenteric fat, rinsed in ice-cold saline and weighed. A 2-cm section
of tissue, located 2-cm distal to the anastomosis, was removed, snap frozen in liquid
nitrogen and stored at -70°C for subsequent RNA isolation and quantification
(Chomzynski and Sacchi, 1987). A 1-cm segment (located 1-cm proximal to the
ileocecal valve) was stored at -70°C until assayed for DNA (Prasad et al., 1972) and
protein (Lowry et al., 1951). Finally, a 10-cm segment of ileum, located 4-cm distal to
the anastomosis was removed for intestinal glucose uptake studies and mucosal wet

weight determination.

Measurement of Transport Kinetics

Determination of transport kinetics was done as previously described (Thomson and
Rajotte, 1983). Briefly, the 10-cm segment of ileum removed from each animal was
opened along it’s mesenteric border and the mucosal surface was carefully washed with
cold saline to remove visible mucus and debris. Pieces of intestine (l-cmz) were cut out
and the tissue was mounted as flat sheets in incubation chambers containing oxygenated
Kreb’s bicarbonate buffer (pH 7.4) at 37°C. Tissue discs were preincubated in this buffer
for 15 minutes to allow equilibration at this temperature. After preincubation, the
chambers were transferred to other beakers containing [*H}-inulin and various [*C}-
probe molecules in oxygenated Krebs bicarbonate (pH 7.4 and 37°C). The concentration
of solutes was: D-glucose 4, 8, 16, 32, or 64 mM, and L-glucose 16 mM. The
preincubation and incubation solutions were mixed at identical stirring rates with circular
magnetic bars, and the stirring rates were precisely adjusted by means of a strobe light. A
stirring rate of 600 rpm was selected to achieve low effective resistance of the intestinal
unstirred water (Thomson and Dietschy, 1980). The experiment was terminated by
removing the chambers and quickly rinsing the tissue in cold saline for approximately 5

seconds. The exposed mucosal tissue was then cut out of the chamber with a circular
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steel punch. For all probes the tissue was dried overnight in an oven at 55°C . The dry
weight of the tissue was determined, the sample was saponified with 0.75 